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UTILITY OF A TEMPORARY AFTERSHOCK WARNING
SYSTEM IN THE IMMEDIATE AFTERMATH OF LARGE

DAMAGING EARTHQUAKES

P. E. Harben, S. P. Jarpe, S. Hunter, and C. A. Johnston
Lawrence Livermore National Laboratory

P.O. Box 808, Livermore, CA 94551

ABSTRACT

An aftershock warning system (AWS) is a real-time warning system that is deployed
immediately after a large damaging earthquake in the cpiccntral region of the main shock.
The primary purpose of such a system is to warn rescue teams and workers within dam-
aged structures of imminent destructive shaking. We have examined the utility of such a
system (1) by evaluating historical data, and (2) by developing and testing a prototype sys-
tem during the 1992 Landers, California, aftershock sequence.

Analyzing historical data is important in determining when and where damaging aftershocks
are likely to occur and the probable usefulness of an AWS in a particular region. As part of
this study, we analyzed the spatial and temporal distribution of large (magnitude >5.0) after-
shocks from earthquakes with magnitudes >6.0 that took place between 1942 and 1991 in
California and Nevada. We found that one-quarter of these large aftershocks occurred from
2 days-2 months after the main event, nearly one-half occurred within the first two days of
the main event, and greater than one-half occurred within 20 km of the main shock's epicen-
ter. We also reviewed a case study of the 1985 Mexico City earthquake, which showed that
an AWS could have given Mexico City a warning of ~6() sec before the magnitude 7.6 after-
shock that occurred 36 hr after the main event.

We deployed a four-station prototype AWS near Landers after a magnitude 7.4 earthquake
occurred on June 28, 1992. The aftershock data, collected from July 3-10, showed that the
aftershocks in the vicinity of the four stations varied in magnitude from 3.0-4.4. Using a
two-station detection criterion to minimize false alarms, this AWS reliably discriminated
between smaller and larger aftershocks within 3 sec of the origin time of the events. This
prototype could have provided 6 sec of warning to Palm Springs and 20 sec of warning to
San Bernardino of aftershocks occurring in the main-shock epicentral region.

Although a number of conditions must occur for an AWS deployment to be beneficial, on a
worldwide scale our results show that maintaining a deployment-ready AWS is justified and
that a robust system can be developed at a modest cost. We recommend that such a system
be operated under the auspices of the United Nations Education, Scientific, and Cultural
Organization (UNESCO) or a similar organization with pre-approved transportation for sys-
tem hardware and personnel to assure the most rapid deployments possible.

INTRODUCTION Under some circumstances, a temporary AWS, deployed in
the vicinity of the main shock's epicenter, can provide these

Large aftershocks pose a substantial risk to workers in workers with some warning before strong shaking from a
structures damaged by large earthquakes. These workers l a r 8 c aftershock begins,
include structural damage assessment/repair crews and medi-
cal rescue teams who are activated to rescue survivors, treat A n A W S consists of 3 to 10 temporary seismic stations scat-
injuries, and recover the remains of those who did not survive. t c r c d around the expected aftershock's epicenter region.
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These remote field stations radioielemetcr the data from
stiong-motion-instruments in real lime to a central field
station. The central station analyzes the incoming data in
real time and issues a warning cither directly or by satellite
or radiotelemetry link to a large area-wide radio transmitter.
The workers monitor a special assigned radio frequency with
standard portable radios or pagers. An audio signal alerts the
workers at the onset of a large aftershock and provides some
lead time for the immediate evacuation of unsafe structures.
Furthermore, the AWS warning can give facilities a few sec-
onds time in which to shut down machinery, turn off elec-
tricity, and close valves on gas mains before a major
aftershock arrives.

During the aftermath of the Loma Priela earthquake, the
United States Geological Survey (USGS) deployed an AWS
to provide aftershock warnings to the California state trans-
portation crews working on the severely damaged Cypress
overpass structure [ 1 ]. In this case, three seismometers wore
deployed in a 5-km-aperture array. When amplitudes in
excess of magnitude 3.5 were detected simultaneously at all
three stations, a warning signal was broadcast that provided

audio and visual alarms to the workers. Since seismometers
were used rather than strong-motion acccicrometers, the
system could not distinguish between a magnitude 3.5 after-
shock and a larger one because the seismometers would
physically saturate above magnitude 3.5. Although this
resulted in an unacceptable number of minor shock warn-
ings, this system amply demonstrated that significant warn-
ing lime could be achieved. A particular magnitude 4.4
aftershock was timed to show that the workers received 11
sec of warning before the /"-wave arrived and 23 sec of
warning before the S-wave arrived; the slower traveling S-
wave is usually the most damaging wave.

The utility of an AWS depends on a number of factors, some
related to the design and deployment of the AWS system and
others related to the location and size of the main shock. An
effective AWS system must be designed lo discriminate
between minor and major aftershocks to minimize false
alarms. Furthermore, the system must be capable of rapid
deployment since many large aftershocks occur within only
hours lo days after the main
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Figure 1. Plot of warning time vs distance from the aftershock zone before S-wave arrival.
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event. The system must also effectively and reliably commu-
nicate the warning signal to the workers during slrong-
ground-motion conditions.

To a great extent, a particular earthquake's location and
mechanics determine if deployment of an AWS is feasible
and useful. If large aftershocks occur near or on the main
event's fault plane, the epicenter, focal depth, and fault strike
of the main earthquake relative to the major centers of dam-
age will determine the amount of warning time that can be
expected. Figure 1 is an aftershock zone plot that gives the
warning time for S-wave amvals, assuming a propagation
velocity of 3.7 km/sec. If the expected warning time is only a
few seconds, it is questionable whether an AWS deployment
would prove useful. If the expected warning time is tens of
seconds, such as the Loma Prieta aftershocks relative to the
Cypress structure workers, an AWS deployment would be
useful. The number and size of aftershocks decay with time.
For any particular earthquake, the decay rate cannot be pre-
dicted, however, we can examine the aftershock statistics for
large numbers of past earthquakes to determine the average
number of large aftershocks thai take place after main
events. This is important in determining the general utility of
an AWS deployment since, even under the best circum-
stances, it must be assumed that 12 to 48 hr will elapse after
a major earthquake before an AWS system can be deployed.
Finally, an AWS deployment assumes that the aftershocks
are spatially constrained to the degree that a relatively small
number of sensors can effectively monitor the aftershock
region. This is not always the case; for example, the 1992
Landers, California earthquake unleashed a series of after-
shocks and related earthquakes that covered a large region
on a number of faults.

In this study, we examine the utility of an AWS deployment.
We begin by reviewing the aftershock sequences of all major
earthquakes (M > 6.0) occurring within California and
Nevada during the past 50 years. These earthquakes are eval-
uated to determine baseline statistics for AWS deployment
utility with respect to the ensemble aftershock times and rel-
ative locations compared to the main events. We present one
case study of a large damaging earthquake and attempt to
evaluate how an AWS deployment could have been utilized
and how effective it would have been in this particular
instance. We then present results from the deployment of a
prototype AWS in the cpicentral region of the Landers earth-
quake to address the reliability and magnitude-discrimina-
tion capability that might be expected under actual field
conditions.

AFTERSHOCK WARNING SYSTEM
CONCEPT

An AWS is a simple concept consisting of 3-10 field
stations, a central field station with communications, an area-
wide transmitter, and monitoring receivers (Figure 2). Each
field station has a three-component strong-motion instrument
as the sensor and is installed near the epicenter of the main
shock to monitor for aftershocks. The central field station
receives the telemetered signals from all of the field stations,
analyzes these data in real time to determine if an alarm con-
dition exists, and transmits alarm signals to an area-wide
transmitter. The area-wide transmitter broadcasts the alarm
signal to the entire warning area. The monitoring receivers,
located with the rescue crews and workers, receive the area-
wide warning broadcast and issue an audio alarm warning of
imminent strong motion from a large aftershock.

Monitoring Receiver

Area-Wide Transmitter Repeater Station

Remote Stations

Main Shock

, After Shock

Figure 2. The concept and components of an AWS system are shown.
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The area-wide transmitter could be part of an existing, func-
tioning radio station. A warning band frequency could be
temporarily assigned to this station, and warning-system
users would simply tune their portable radios to the assigned
frequency to monitor for aftershock warnings. Other
communication schemes are possible. For instance, the cen-
tral station could transmit the alarm signal to a satellite that
retransmits the signal to the warning region on a reserved fre-
quency band lo which the monitoring receivers (pagers) have
been tuned. Although this scheme would eliminate the inter-
face and retransmission problems associated with using an
existing or special broadcast station, satellite dish alignment—
and hence communication of the alert signal from the central
field station—is a potential difficulty during strong motion
conditions. Furthermore, a warning signal delay of up lo 1
sec is introduced by satellite communication. Finally, access
and interface to the particular satellite system covering the
warning region might be difficult to arrange on short notice.

An AWS represents a compromise between a simple and
practical network designed for easy and rapid fielding and a
large seismic network capable of accurate determinations of
earthquake magnitude and location. The AWS would be used
for providing warnings during relatively short deployments
(~2 months), consequently site and local geological calibra-
tion would, in general, not be properly accounted for.
Although the AWS must have some means of determining
earthquake magnitude for warning purposes, it cannot (and
need not) be highly accurate in magnitude determinations.
We assume that as long as an AWS can provide a basic mag-
nitude discrimination function that has a low false alarm
rate, then the system will be useful for warning purposes.

AFTERSHOCK SEQUENCES FROM
RECENT LARGE CALIFORNIA
AND NEVADA EARTHQUAKES

Using the USGS historical earthquake data base, we
identified all magnitude >6 earthquakes for the lasi 50 years
(between 1942 and 1991) in the region between 32° and 42°
north latitude and between 114° and 125° west longitude
(California and Nevada). For each of these main events, an
aftershock sequence was defined as all events with magni-
tudes >5 that occurred not more than one year after the main
event and occurred within a square centered at the main
event's epicenter with 160-km sides (i.e., all aftershocks
within 80 km north, south, east, and west of the main event's
epicenter). Although this definition of an aftershock is
clearly arbitrary and may incorporate related earthquakes,

related swarms, or unrelated earthquakes into the aftershock
sequence, it is satisfactory for the purpose of evaluating the
utility of an AWS deployment.

Twenty-six main events were identified. The total number of
aftershocks with magnitudes >5 for all the main events was
118; 13 had magnitudes >6. Six main events had no after-
shocks with magnitudes >5. We treated the entire aftershock
set as an ensemble to determine relative time and location
variation statistics of the aftershocks relative to their corre-
sponding main shocks.

Figure 3 is a plot of the cumulative number of aftershocks
greater than magnitude 5 in the ensemble aftershock set as a
function of time after the main events. If we assume that,
after the main shock, about 48 hr will elapse before an AWS
system can be deployed, an average of almost half of the
large aftershocks would occur before the deployment. If we
further assume that an AWS will probably not be deployed
for longer than two months, then we find that an average of
about one quarter of the large aftershocks can be expected to
occur during the AWS deployment.

In Figure 4, we plot the distance of each aftershock in the
ensemble from the epicenter of its main event. The plot
shows that 63% of the aftershocks occur within a 40 x 40 km
square centered on the main event's epicenter (i.e., within 20
km north, south, east, and west of the main event's epicen-
ter). The plot docs not account for relative location errors
that could be significant, particularly for the less recent
earthquakes. The up triangle symbols are the aftershocks
from the 1952 Kern County earthquake, the down triangle
symbols arc for the July 6, 1954, earthquake near Fallon,
Nevada, and the square symbols are for all other earth-
quakes. Special symbols were used for the 1952 and 1954
earthquakes lo help explain the large proportion of after-
shocks concentrated in the northeast quadrant of the plot.
These two earthquakes account for 38% of the total number
of aftershocks in the ensemble and for most of the after-
shocks in that quadrant.

Recent large earthquakes in California and Nevada suggest
that the temporal and spatial distribution of aftershocks sig-
nificantly constrain the utility of an AWS deployment.
Assuming spatial and temporal independence of aftershocks,
we can expect about one quarter of the total number of large
aftershocks to occur during the deployment period and
somewhat greater than half of these to occur near or within
the AWS deployment region (i.e., within 20 km of the main
shock's epicenter).
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earthquake sequence, V are for the 1954 Fallon, Nevada earthquake
sequence, and • are for all others. The data set covers the states of
California and Nevada between 1942 and 1991.

Fourth DOE Natural Phenomena Hazards Mitigation Conference - 1993

456



A CASE STUDY: 1985 MEXICO CITY
EARTHQUAKE

The earthquake lhai occurred on September 19,1985 in
the Michoacan Gap off the Pacific coast of Mexico and dev-
astated Mexico City is a case in which an aftershock warning
system would have been useful. The main shock's epicenter
(magnitude 8.1) was about 320 km from Mexico City (Fig-
ure 5), yet it caused widespread loss of life and destruction in
Mexico City. The severity of damage in Mexico City, con-
sidering the very long distance from the earthquake's epicen-
ter to Mexico City, was due to an unusual combination of
factors: Mexico City's local geology, the propagation path's
geology, and the earthquake's magnitude. This unusual com-
bination of factors would have provided unusually long
warning times from an AWS. Such an aftershock warning
system, consisting of field stations paralleling the coast,
would have provided at least 60 sec of warning to residents
of Mexico City before the damaging waves from offshore
aftershocks arrived [2]. The Mexico City main shock was
followed, 36 hr later, by a large magnitude 7.6 aftershock,
which was responsible for numerous deaths ami further dam-
age to structures already weakened by the main shock. It is
very likely that lives could have been saved if an AWS had
been available to be deployed before this aftershock.

FIELD TEST OF A PROTOTYPE AWS

We developed and fielded a simple prototype lo assess
the general utility of an AWS. Each of the four field stations
consisted of a commercial three-component strong-motion
force-balanced accclcromctcr and an integrated data-acquisi-
tion and transmission unit. The strong motion sensor was
buried in a shallow hole with the sensor cable connected to
the acquisition and transmission unit, which was placed on
the ground surface. The acquisition and transmission unit
was contained in an environmentally sealed box about the
size of a car battery and with a weight of about 10 kg. The
box contained a 12-bit gain-ranging digitizer, a continuous
radiotclcmetry module, and a battery pack to power the sys-
tem continuously for two weeks. A 1-m-long antenna
extended from the top of the acquisition and transmission
unit. With this unit, linc-of-sight radiotclemctry could be
received up to 20 km away.

The central receiver and analysis unit was mounted in a
small portable trailer that was located within line-of-sight
and radiotcJcmctry distance of all field stations. The central
analysis unit used a programmable communications board to
receive and analyze the incoming radioiclemctcrcd digital
data. The central analysis unit could receive up to 21 data

7

Main s

300 km

Figure 5. The location of the Mexico City earthquake and major aftershock relative to Mex-
ico City. The locations of hypothetical AWS field stations are also shown.
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channels simultaneously (i.e., seven, three-component sta-
tions). A simple analysis algorithm was employed that
allowed up to seven assigned thresholds, where each thresh-
old was a chosen value of absolute acceleration. When any
incoming data channel exceeded a given threshold, the chan-
nel was assigned the number of that threshold. The threshold
number status of all channels was output every half second.
An example output for a three-component station could be
132: 1 indicates that threshold 1 was exceeded by the vertical
component, 3 indicates that threshold 3 was exceeded by the
north-south component, and 2 indicates that threshold 2 was
exceeded by the east-west component. To avoid rapid
changes in threshold numbers as acceleration lime histories
moved between positive and negative accelerations, we used
an exponential decay factor to retard the decay in threshold
numbers but not impede the instantaneous increase in any
threshold number. The decay factor was determined in a way
to guarantee that the threshold number corresponding to any
instantaneous increase in acceleration that exceeded a higher
threshold was retained for at least one output cycle (0.5 sec).
Consequently, any constant amplitude acceleration, exceed-
ing a given threshold with a frequency >1 Hz resulted in a
constant status stream consisting of that threshold number.

34.40

34.30 -

We deployed and tested the AWS in the vicinity of Landers,
California, shortly after the magnitude 7.4 earthquake that
occurred on June 28,1992. Four field stations were deployed
along a line roughly paralleling Hwy 62 along the Yucca and
Morongo valleys (Figure 6). Although the Landers earth-
quake presented an excellent opportunity to test an AWS, it
should be recognized that, in this case, the very large
regional distribution of aftershocks and related earthquakes
is not consistent with an actual AWS deployment scenario.
We therefore restricted our AWS aftershock analysis region
to a rectangle roughly centered about the four field stations.
This region extended between 34° and ()-20 min north lati-
tude and 116° and 20-40 min west longitude.

We analyzed the lime period from 0700 GMT on July 3 to
(XXX) GMT on July 10. We compared AWS events equal to or
exceeding threshold 2 at one or more stations with the USGS
preliminary list of aftershocks, and we matched 20 aftershocks
that varied in magnitude from 2.9-4.4 at threshold levels 2-5.
All USGS-lislcd earthquakes in the time period and region of
analysis that were equal to or greater than magnitude 3.5 were
detected by the AWS. The AWS detected 65% of all USGS-
listcd magnitude 3.0-3.5 earthquakes in the time period and
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Figure 6. Map showing the locations of the prototype AWS field stations deployed near
the Landers earthquake, x indicates the aftershocks recorded and analyzed in the rect-
angular analysis region; • indicates the main shock; and O indicates the station
locations.
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region of analysis. Of eight aftershocks detected by the AWS
that exceeded threshold 3 at two stations or more in the analy-
sis time period, all could be matched with a corresponding
earthquake in the USGS list of aftershocks.

The 20 aftershocks matched with the USGS earthquake list
form the data set for the following analysis. An AWS "detec-
tion time" was defined in three ways:

Method 1. The earliest time any station exceeded thresh-
old 1.
Method 2. The earliest time two stations simultaneously
exceeded the same largest threshold.
Method 3. The earliest time the largest 'threshold was
exceeded at one station.

These detection times were compared with the earthquake
origin times given in the USGS earthquake list. This com-
parison yielded a detection time referenced from the earth-
quake origin time. Figure 7 shows our results. The number of
earthquakes in each half-second time bin is shown as a histo-
gram for each of the detection methods listed above. As
expected, method 1 provides the shortest times, but it clearly
cannot give any information on earthquake size other than
the fact that the accelerations exceed the lowest threshold for
at least one station. Method 2 has about a second longer
average detection lime and more spread in the dctcdion
times than method 1. Method 2, however, has the distinct
advantage of using thresholds from two stations before
declaring a detection, thereby significantly lowering the false
alarm rate. Furthermore, a rough estimate of magnitude al
detection time can be made based on the maximum thresh-
olds at two stations. Method 3 is similar to method 2 in the
average and spread of detection times and can provide an
estimate of magnitude from the maximum threshold reached.
Method 3 uses only one station, however, and would be sub-
ject to more false alarms than method 2.

On the basis of these detection-time data and assuming that
an AWS warning would be based on exceeding predeter-
mined threshold levels, method 2 is preferred. This method
requires an average of one second longer to "detect" an event
than method 1 but can estimate magnitude. Method 2 has
similar detection times to method 3 but has the advantage of
using two stations in the detection, which should lower false
alarm rales.

We compared AWS-deteclcd aftershocks spanning magni-
tudes from 2.7 to 4.4 with the corresponding threshold levels

exceeded. These results arc shown in Figure 8, using the aver-
age peak threshold from two stations for each aftershock.
Between magnitudes 2.7 and 3.4, the average peak thresholds
from two stations arc between threshold I (10 counts or 0.003
g) and threshold 2 (50 counts or 0.015 g). Between magni-
tudes 3.4 and 4.0, the threshold levels are between thresholds
1 and 3 (100 counts or 0.03 g). Above magnitude 4.0, the
threshold levels are above threshold 4 (200 counts or 0.06 g).
Larger magnitude earthquakes roughly correlate with higher
two-station thresholds and, for the purposes of an AWS warn-
ing, provide a satisfactory discriminant between small after-
shocks that would cause no damage and larger aftershocks that
could cause damage and would require an AWS warning.

CONCLUSIONS

Based on recent historical earthquakes in California
and Nevada, an AWS system would have limited utility if
reserved for that region only. Only about one-quarter of the
large aftershocks in this region can be expected to occur dur-
ing a reasonable deployment period. Slightly over half of
these can be expected to occur close enough to the epicenter
to allow for significant lead time. Finally, only a fraction of
the large earthquakes occur close enough to large population
centers to do major damage and yet far enough away lo ben-
efit from an AWS warning.

However, if one considers the utility of an AWS system on a
worldwide basis, then the particular combination of circum-
stances that favor an AWS deployment is much more likely
to occur. Since an AWS can be easily developed and main-
tained, we conclude mat, on a worldwide basis, il makes
sense to have an AWS system ready to deploy. Such a system
is in the spirit of the International Decade for Natural Hazard
Reduction and could be administered under the auspices of
UNESCO.

The weak link in an AWS, and the link requiring some capital
investment, is the communications and interface between the
central field station where the warning signal originates and
the area-wide transmitter that is monitored by rescue and dam-
age assessment crews. A radiotelcmetry link is probably ihe
most reliable communications system during strong motion
conditions, but is limited by Itnc-of-sight. When linc-of-sile to
an area-wide transmitter is not possible (which is usually the
case), then repealers are required. This adds to the capital
investment required and to the deployment difficulties.
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Figure 7. Histograms showing the detection time after the
aftershock origin time for three different AWS detection
criteria.
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Figure 8. Acceleration in counts using a two-station peak-threshold criteria is shown as a
function of aftershock magnitude as determined by the USGS California seismic network.
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SEISMIC UPGRADING OF THE W E R
MODEL 213 MAIN CIRCULATING PIPE

Frantisek Kaspar,Ladislav Pecinka
and Jifi £darek

Nuclear Research Institut pic
Integrity and Material Division

250 68 Rez near Prague
Czech Republic

ABSTRACT
Due to several deficiences of the seismic

design of the second generation NPPs with VVER
440 Model 213 the seismic reevaluation is of
primary importance. In present the effort is
concentrated on the primary piping, pressuriser
surge lines, feed water and steam pipings and LP
ECCS piping. This task consist of two phases. In
the first one the HCLPF values are evaluated for
present design and than the upgrading using
viscous dampers is performed. In the second one
the LBB methodology is applied. It had been shown
that the LBB requirements are stronger than the
seismic margin review ones according EPRI
methodology.

INTRODUCTION
The second generation NPP's

W E R 440 Model 213 are operated
in the former Soviet Union, Czech
Republic, Slovak Republic and
Hungary. The criticism of this
units is less in comparison with
the first generation units with
reactor W E R Model 230 because of
the significant enhancements of
safety level had been introduced
in the RPV cladding and circumfe-
rential weldments quality, ECCS,
confinement, general level of
maintenance and codes and stan-
dards which were applied in the
design phase. In present the IAEA
audits and missions are concen-
trated on the safety analysis
(small LOCA, ATVS,feed water or
steam pipe rupture), I&C quality
and redundance, fire protection
and internal missiles. The impor-

tant part in this analysis play
also the reevaluation of seismic
margins of all safety important
pipings e.g. main circulating pi-
ping, pressuriser surge lines,
feed water line, steam piping and
pressuriser cold spray piping.
For this purposes two different
method are used
- the seismic margin review
according EPRI

- the LBB methodology.
The scope of this analysis is
discused further.

CODES AND STANDARDS USED FOR
DESIGN

The VVER 440 Model 213 was
designed according document "Ge-
neral Provisions for Assuring Sa-
fety during Design, Construction
and Operation of NPP's (OPB-74)"
issued jointly by the State
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Committee for Utilization of Ato-
mic Energy, the Ministry of
Power and Electrification and the
Ministry of Public Health of the
former Soviet Union. The OPB-74
was later detailed by a series
Standard Technical Documents
(NTDs). For material properties
and items used in design, the
GOST, and OST standards were
used. The GOST is a state stan-
dard fully used by the industry.
OST is a branch standard which
pertains within a given industry
or ministry. In some cases the
designer stated technical speci-
fications. As experience vas
accumulated in the operation and
construction of the NPPs, the
NTDs was subject to changes with
new revisions replacing the old
ones. After 1980 the new series
of NTDs was issued by the Inter-
national Committee for Economic
Cooperation Interatomenergo (MHS
IAE ) which was mandatory for all
nuclear industry and NPPs owners
in the former Soviet Union and
countries of the former Economi-
cal Cooperation Council. In pre-
sent this NTDs are in Czech
Republic effective but some US
NRC Regulatory Guides (mainly RG
1.60, 1.61, 1.92, 1.122), IAEA
Safety Guides and ASME Code Sec-
tion III and XI are implemented
also.

COMPARISON OF ASME CODE SECTION
III, DIVISION 1 AND RELATED NTDs

For material properties and
items used in the design and NPPs
life extension the following NTDs
are in Czech Republic (in the
Slovak Republic also) effective
- definitions and glossaries
.38.431.50-83 Definition and

glossaries
.38.432.50-83 General Rules

- assessments of basic dimensions
.38.433.51-83 Allowable stresses
.38.433.52-84 Design of cylin-

drical, conical, spherical,
eliptical and flat elements

loaded by inner and outer
pressure

.38.433.53-84 Design of flanges,
rings and joint elements

.38.433.54-84 Stress indices for
strength reduction by wholes
and weldments

- design by analysis
.38.434.51-83 General rules
.38.434.52-83 Stress categories
.38.434.53-83 Static analysis
.38.434.54-84 Cyclic loading
.38.434.54-85 Simplified cyclic

analysis of pipings and items
of NPPs (attachment to NTD
38.434.54-85)

.38.434.55-84 Analysis of brit-
tle fracture

.38.434.57-83 Vibration margin
analysi s

.38.434.58-84 Seismic analysis

In present Russian Federation are
all this NTDs concentrated in
"Code for the Strength Calcula-
tion of NPP Equipment and Pi-
pings", PNAE G-7-002-86, issued
in 1989 ( in Russian only ).
Comparison between the list of
the calculation and analysis
procedure of the results required
obtained using the ASME Code
section III and above mentioned
NTDs did not revealed any basic
differences. The static strength
criteria in accordance with ASME
Code and NTD 38.433.51-83 are
presented in tables Tl - T3. It
is seen that the NTD requirements
are more conservative in many
aspects.
For seismic analysis the NTD
38.434.58-84 and ASME Code Sec-
tion III, Appendix N are simila-
ry. In NTD the SSE and OBE are
introduced (callled MDE - Maximum
Design Earthquake and DE - Design
Earthquake) and the response
spectrum method or direct inte-
gration of equation of motion are
recommended. The allowable stres-
ses are given in the table T3.
Because of all VVER Model 213
units can be classified as
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Category of
stresses

ASME

Pm

NTD

[o}1

[<r]2

[<T]RV

Allowable
limit

ASME

S

3 t"without
creep

NTD

[a]

1.3[a]

(2.5-a)
*b:£ 2b

Table Tl
conditions

normal operation

R1
Note:[a] = min {

p0.2 R1

1.5 2.6

R20

m
= min {

p0.2 R20m

1.5

p0.2

1. 1

R m

a =
p0.2

b = R p 0 . 2

for austenitic steels

Category
of
stresses

(cr)1

(<02

(ff)RV

Allowable limit

ASME

R 2 S m
Kp0.2

IYR*"1

0 8cf 2

unlimited

NTD

1.2 [<r]

1.6 [a]

unlimited

Category
of
stresses

00 i

(<02
(<0RV

Allowable limit

ASME

0.7R^

limit load

unlimited

NTD

1.4 [o-]

1.8 [a]

1.8 [a]

unlimited

Table T2 : upset conditions

Table T3 : accidental conditions
(including seismic event)

"older", for seismic reevaluation
the seismic margin assessment
according [1] is used. The EPRI
methodology and CDFM method takes
the place. As the support of this
assessments, the RG 1.92 is re-
commended. For the LBB applica-
tion, the former Czechoslovak
Atomic Energy Commission issued
procedure [2] based on the US
NRC 10CFR Part 50 GDC No.4 [3].

THE SEISMIC REQUALIFICATION AND
UPGRADING

The NPPs VVER Model 213
operated in Czech Republic (NPP
Dukovany, units No. 1 - 4) and
Slovak Republic (NPP Bohunice,
units No. 3 and 4) was designed
as non-seismic. The NPP Mochovce
(Slovak Republic) was designed as
partially seismic, in present is
under construction. Starting from
1985 it has become necessary to
assess the capability of all this
NPPs to withstand earthquakes
exceeding their original design
with SSE intensity of 6° MSK 64
and PGA = 0.06g because of
following situations
- the perception of seismic
hazard in the plant vicinity
has changed since design of the
plants

- the seismic design criteria
have been revised substantially
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- the criticism of IAEA missions
and citizien activity organiza-
tions.

The new SSE intensities were
established as following
- for NPP Dukovany 6° MSK 64 with
PGA O.lg, site specific accele-
rograms

- for NPP Bohunice 8° MSK 64 with
PGA 0.25g, site specific acce-
lerograms

- for NPP Mochovce 6° MSK 64 with
PGA O.lg, design response
spectrum according RG 1.60.

Note : the site specific accele-
rograms was obtained from Vorld
Earthquake Bank on the basis of
seismotectonic and seismostatis-
tic analysis of the plant vicini-
ty.
The floor response spectra of the
main reactor building including
confinement are developed in
standard way, the broadening and
smoothing is according RG 1.122.
In present all primary circuits
(ID 500), feed water lines
a steam pipings are reevaluated.
Note, that the VVER 440 Model
213 primary circuit is typical
with six loops arrangement, two
motor operated isolation valves
(hot and cold) and horizontal
steam generator. The pendulum mo-
tion of the SG influenced the
first eigenfrequency.The typical
values for non-seismic design are
given in the table T4.
For the upgrading the viscous
dampers GERB manufactured in Ger-
many are used. They are installed
on the SG (elimination of the
pendulum motion) and on the main
circulating pump suction elbow.
It had been numericaly verified
that this instalation decrease
the stresses on the RPV safeends.
Other typical places for dampers
instalation are the pressuriser
surge lines, the pressuriser
pressure vessel and the feed wa-
ter and steam lines. As a measure
of the upgrading effectivness the
HCLPF according CDFM method is

fl

f2

f3

U
f5

*6

loop w i th
pressurizer

0.323

1 .661

2.464

2.73

3.258

3.472

loop without
pressurizer

0.307

1.67

3.272

3.834

6.476

9.383

Table T4

MCP

surge
line

steam

FV

LP ECCS

non-sei srnic

HCLPF

0.058g

0.06g

0.21g

O.lg

0.055g

loop
No.

upgraded

1,6

1 ,6

HCLPF

0. 2.8g

0.42g

0.45g

0.46g

0.43g

loop
No.

1,6

1.6

Table T5

used. The typical results of the
design study for the NPP Bohunice
are presented in table T5.
Note that the soil is sand and
gravel type. After upgrading both
f^ eigenfrequencies shifts to
1.502 Hz (see table T 4 ) .
The NPP Dukovany with rock soil
base is in the same way reevalua-
ted. The minimal HCLPF value for
nonseismic design is O.lg (RPV
safeend).
In the next future, all high
energy pipings with ID higher
than 100mm will be reevaluated.
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LEAK BEFORE BREAK APPLICATION
According [2] the following

requirements have to be met.
Firstly it has to be shown that
fatigue damage is low. The NDE
non-detected flaw according ASME
Code, Section XI is defined and
the fatigue damage assessment is
carried out using actual loading
regimes and numbers of cycles.
The conditions for low fatigue
damage has to be fulfilled.
The second requirement deals with
corrosion damage. There is no
indication of corrosion damage in
the plant piping. Although this
condition has been met, a corro-
sion damage database is being
prepared as part of the current
programme and results are now be-
coming availabel. The third
requirement concerns the safety
coefficients of all welds. For
each of the analysed weld
a through-wall crack of the
length corresponding to the 3.8
1/min leak rate under normal ope-
ration conditions (NOC) multip-
lied by safety coefficient 10 is
postulated. So defined crack
lenght is henceforth noted ^iea]fi
and compared with two different
crack lenght corresponding to
instability under NOC + SSE
loading. First we introduce the
critical through-wall circumfe-
rential crack lenght correspon-
ding to plastic collapse
"'"crit SSE' Then the following
condition must be fulfilled :

lcrit,sse/1leak > 2- Second the
justification that brittle frac-
ture will not occur is carried
out. The R6, LBB.NRC and KVU/MPA
methodologies are used. The safe-
ty coefficient must be higher
than 1.
The LBB programme is supported by
large scale experiments. Detailed
informations are given in [4].

CONCLUSIONS
Our experiences confirm that

the non-seismic design of the

primary piping of the NPPs VVER
440 Model 213 has the seismic
margin only up to SSE with PGA
O.lg. For higher values the
upgrading is needed. For this
purposes the viscous dampers GERB
are used. The LBB methodology is
applied on the NPPs in Czech and
Slovak Republic. It had been
shown that the LBB requirements
are stronger than the standard
seismic margin review according
to the EPRI methodology.
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LIFE SAFETY AND SEISMIC HAZARDS
SELECTING BUILDINGS FOR REVIEW
AND QUESTIONS STILL TO ANSWER*

M. Dean Keller, P.E.
Los Alamos National Laboratory

MS M984, P.O. Box 1663
Los Alamos, New Mexico 87545

ABSTRACT

Los Alamos National Laboratory (LANL) is situated on the eastern flank of the
Jemez Mountains in which lies the Valles Caldera, a volcanic center that erupted 1.1
to 1.5 million years ago. Los Alamos is also situated within the western margin of the
Rio Grande Rift system, where there is a possibility for seismic activity. Within the
Los Alamos area are numerous faults, some within a kilometer or two of LANL
structures, some even closer. Many of the permanent structures within Los Alamos
were designed and constructed in accordance with applicable building codes in the
1950s. These codes have now been determined to be deficient with respect to both
forcing functions of seismic events and structure design.

LANL, in response to a letter from the University of California dated October 29,
1990, started a Seismic Hazards Investigation Program to determine the
characteristics of a probable seismic event at Los Alamos, and to determine the
ability of the existing structures to withstand the forces generated by such an event.
The Seismic Hazards Investigation program uses paleoseismic methods to determine
seismic characterization and a systematic method to investigate existing structures,
systems and components for their ability to resist seismic forces. This paper presents
the methodology evolved to determine the above.

This work was performed under the auspices of the US. Department of Energy by the Los Alamos National
Laboratory under contract W-7405-ENG-36.
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INTRODUCTION

The last comprehensive seismic hazards study at Los
Alamos National Laboratory (LANL) was conducted by
Dames and Moore [1] for the Los Alamos Plutonium
Facility in 1972. Since that time, the state-of-the-art for
determining seismic hazards has improved, especially in
the field of paleoseismic investigations across known
faults. LANL personnel have been investigating known
faults and, through a paleoseismic study of one fault, the
Guaje Mountain fault, have determined that a seismic
event of around magnitude 7 occurred within the last
4,000 to 6,000 years.

A contract was let to Woodward-Clyde Federal
Services (WCFS) in March 1991, for a seismic hazards
investigation using paleoseismic trenching. The draft
final report, "Seismic Hazards Evaluation of the Los
Alamos National Laboratory," [2] was delivered to LANL
on June 11,1993. Presently, peer review is taking place
and a final report is scheduled for delivery by
December 30,1993.

Preliminary results calculated from field work done
at LANL indicate that the values for the probabilistic
peak ground accelerations (PGA) in UCRL (15910)
Report, "Design and Evaluation Guidelines the
(University of California Radiation Laboratory) for
Department of Energy' Facilities Subjected to Natural
Phenomena Hazards," [3] are not far from state-of-the-
art site determinations, but the specified response
spectrum is too high at the lower frequencies and too
low at the higher frequencies. PGA values were
determined by WCFS at site specific locations, along
with site specific response spectra, based upon the
distance from known faults and stratigraphy determined
from bore-holes at four locations.

Concurrently with the start of the WCFS work,
LANL personnel were investigating LANL structures.

SELECTING STRUCTURES, SYSTEMS
AND COMPONENTS (SSCs)

Two databases concerning LANL structures were
available. One, maintained by the Engineering Division,
included number of personnel, square footage, date of
construction, type of construction (steel, concrete,
masonry, etc.) and location (Technical Area [TA] and
building number). Another database, maintained by the
Health and Safety Division, contained similar data and
included hazards such as asbestos, chemicals and
radiation. Both were used to begin a comprehensive

database to contain information necessary for the
seismic study.

To develop a working database with appropriate
seismic and structure information, it was necessary to
determine if a large number of LANL buildings were
substandard according to current building codes.

In overview, 2,292 "structures" needed to be
reviewed for seismic-related structural problems. A
January 1986, Civil Engineering magazine article,
"Rebuilding Mexico City," [4] gave an accounting of
types of structures and years of construction of those
structures that suffered complete or partial collapse. It
was noted that flat slab and concrete frame construction
accounted for a large number of failures. The
California Seismic Safety Commission (SSC 79-01),
"Evaluating the Seismic Hazard of State Owned
Buildings," [5] pointed out that nonductile concrete
frame structures were problematic (see Table I, Life
Safety Ratios and Goals for Buildings in Zone A, in Ref.
[50]. A review of past Uniform Building Codes (UBCs)
[6], and past American Concrete Institute (ACI) 318
"Building Code Requirements for Reinforced Concrete"
[7] indicated a change in design philosophy in the 1967
UBC and the 1971 ACI codes. In those issues, for the
first time ductility in concrete frames was required.

A listing of LANL concrete frame structures was
obtained from the Engineering Division database, and it
was determined that in the 1950s many large structures
were constructed using nonductile concrete frames.

The article in Civil Engineering magazine indicated
that nonductile concrete frame structures were subject
to collapse. SSC 79-01 also stated that nonductile
concrete frame structures were subject to collapse and
emphasized the health and safety aspect of the number
of persons in the buildings through the equivalent
continuous occupancy (ECO) factor in their benefit cost
ratio (BCR) equation. Advanced Technology Council
(ATC) publications indicated that loss of life and
collapse after seismic events frequently occurred in
nonductile reinforced concrete structures and
unreinforced masonry structures.

The following parameters were then accepted as a
basis for selecting structures for initial review.

1. Structures of reinforced concrete with a rigid
frame structure were to be reviewed.
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2. Structures designed prior to 1970 were to be
reviewed.

3. Structures that contained, during a normal
working day, 40 or more persons, were to be
reviewed.

Initially, 14 structures with these characteristics
having a total square footage of 1,743,409 and housing
2,021 persons, were selected. The 14 structures
represented, according to the Engineering Division
database, about 26% of the permanent LANL space and
about 20% of the LANL personnel in permanent space.
It was estimated that, cost-wise, this selection would
represent about 80% of the LANL problem structures.

The Engineering Division data file was not always
correct on the type of frame; therefore, review of these
structures using as-built drawings was necessary. One
example was the Administration Building, housing 961
persons, which was listed as a masonry building when the
structural framing system was actually of nonductile
reinforced concrete.

All LANL structures will be reviewed before the
completion of the Seismic Program Plan and the Seismic
Building Database.

METHOD OF ANALYSIS

Evaluation of structures started with the Chemistry
and Metallurgy Research (CMR) Building, a two-story
nonductile reinforced concrete structure. A cross-section
along a column line was considered typical for the wing
of the building. A dynamic analysis computer program
that accepted the response spectra in UCRL 53582, Rev.
1, was used. With the response spectra, and using
ultimate load factors, the first column in the structure
was at design stress when the structure was subjected to
0.05 g. This structure was a moderate hazard building,
so the dynamic analysis was appropriate. As stated in
UCRL 15910, F u (allowable inelastic demand-capacity
ratio) was set equal to 1. The CMR building was
determined to be below code standards by this analysis.
In addition, another analysis of the structure was
accomplished by a team of structural engineers and
produced similar results (0.02 g).

Ductility Factor Rw

The next building to be reviewed was the
Administration Building in TA-3. This building is four
stories high with a partial basement and has 14 in. x 14
in. columns with 4 #6 vertical bars and #2 ties at 12 in.

on center. This type of construction does not meet
current code requirements.

Rw had to be determined so it could be used in a
UBC analysis. We determined that if Rw were set
equal to 1 with the 1988 UBC base shear formula, then
very high forces would be calculated, and the results
would not be indicative of what we needed to determine.
Nonductile moment frame obstruction is not allowed in
Zone 2 (LANL is located in Zone 2B). We decided
instead of the Rw (static force procedure) analysis, to
use a dynamic analysis with F u equal to 1 and not use
the UBC formula. This resulted in a peak ground
acceleration of about 0.04 g at design stresses. The old
response spectra (see Ref. [3]) was used; the
Administration Building structure will be reviewed after
a new PGA and response spectra are established.

The Administration Building poses a problem in
analysis. This structure would be an ordinary moment-
resisting frame (OMRF), which is prohibited in Seismic
Zones 2A, 2B, 3 and 4. The above method of analysis
(using a dynamic analysis) would be the more desirable
approach, but which factors of safety should be used?
One question is whether the one-third increase in
allowable stress is reasonable considering that the
structure type is prohibited. "Bird-caging" (reinforcing
bars yielding into a bird-cage shape) could take place at
below allowable stresses. Another question is what
guidance should be used regarding the level of stress at
which the under-reinforced columns would fail. The
above questions are not addressed in the UBC, and the
guidance in UCRL 15910 covers only part of the
problem, this guidance should be increased. Empirical
data, from the engineering community, regarding the
above questions would be greatly appreciated as well as
load testing information for determining strength of
under reinforced structural concrete members.

Prioritization of Structures

Using the dynamic analysis computer program, other
structures were selected and placed in categories. Some
structures were placed in the "very poor" category by
observation, such as the three school buildings being
leased by LANL. Considering that before Zone 2B was
established for those Zone 2 areas in the western United
States, most values of base shear using the UBC were
about 0.05 g. Those structures where seismic
requirements did not govern construction (such as wood
structures and some one-story steel and masonry
structures) could survive forces greater than 0.05 g.
These structures, which are being reviewed by
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observation or walk through, will be analyzed prior to
obtaining authorization to upgrade.

Thirteen buildings were rated "very poor" (0.01 to
0.09 g), 8 were rated "fair" (0.16 to 030 g) and 2 were
rated "good." More buildings would have been reviewed
but a large amount of effort was required for the
paleoseismic investigation.

Priority-wise, those structures housing 40 to 1000
persons will be reviewed first. There are 56 structures of
this type. They house a total of 7,889 persons.

Next, those structures housing 20 to 39 persons will
be reviewed. There are 52 structures of this type. They
house a total of 1,522 persons.

The next group to be reviewed is structures housing
1 to 19 persons. There are 170 structures of this type.
They house a total of 1,284 persons.

In addition, 144 structures with zero occupants will
be reviewed.

The Health and Safety group which is responsible for
the development of Safety Analysis Reports (SAR) is
represented on our seismic review team, and will be
consulted to determine if there are SSCs that deserve a
higher priority because of health and safety or mission-
dependent reasons.

We plan to follow a prioritization schedule for those
structures having a high priority status because they
house a large population, have very poor resistance to
seismic forces, and/or are determined for other reasons
to merit a priority status. It is not considered crucial
which fiscal year the upgrade is accomplished, as long as
the upgrade is accomplished within the limits of the
governing legislation, and the Administration Building
will be given the earliest upgrade possible. Program
sponsorship, mission dependency or other schedules may
drive the FY in which a structure will be upgraded.
With seismic activity probability calculated in thousands
of years, the difference of one or two fiscal years does
not seem overwhelmingly significant from a statistical
point of view. From a project completion point of view,
however, the matter of scheduling and prioritizing is
important.

DEFINE THE PACKAGE

When a structure (or group of structures) is selected
for correction of seismic deficiencies, it must be
remembered that the SSCs are being considered. The

structural strength of the frame is of primary concern,
but so are any safety systems, and those items neglected
in the past such as suspended lights, sprinkler pipes,
book cases, etc.

The main Library at LANL should be strong enough
to resist an earthquake in keeping with its hazard
classification, but the book shelves may fail. Therefore,
the complete package will consist of the structural
upgrades as well as all internal and external
modifications necessary to provide protection for the
occupants of the building. Some of this work should be
contracted; some could be accomplished by
administrative order.

MARGINAL STRUCTURES

DOE publication DPOM-FS-300, "Treatment of
Proposed Backfits," has screening criteria that should be
used. If a substantial safety improvement could be
accomplished with an upgrade, a Request for
Authorization to implement should be used. If the value
of the structure compared with the relative strength of
the structure is a "close call," then a cost-benefit analysis
needs to be done to determine if the structure should be
strengthened. These marginal structures would usually
be considered lower in priority than those structures that
have a high risk associated with the structure in its
nonstrengthened condition.
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METHODOLOGY RECAP

The methodology expressed in this paper is to
establish a database of existing SSCs; prioritize structures
by population, mission and danger to general population
or environment; and use a dynamic analysis on all
structures to assure a uniform comparison.

The UBC analysis, using the Rw specified, will not
be as conservative as a dynamic computer analysis.
General and low-hazard structures are reviewed at
allowable stress, and moderate and high hazard
structures are reviewed using the ultimate design
method. Judgement, or additional guidance in UCRL
15910, will still be needed to assure a successful seismic
Hazards Investigation Program. Site-specific seismic
PGA and response spectra should be used.

It is necessary to establish a database and contract
for a seismic hazards investigation. The sort capability
on database programs will allow the engineer to study by
population, and other factors, until a more specific
method of prioritization is established.
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LOSS EXPERIENCE FROM NATURAL PHENOMENA HAZARDS
IN THE

DEPARTMENT OF ENERGY

(50 years of Natural Phenomena Hazard Losses)

by

James R. Hill
U.S. Department of Energy

Washington, D.C.

ABSTRACT

This paper presents a historical perspective on losses due to natural hazard incidents
(1943-1993) at Department of Energy (DOE) and predecessor agencies including the
Atomic Energy Commission (AEC) and the Energy Research and Development Agency
(ERDA). This paper also demonstrates how an existing DOE resource can be used to
gain valuable insight into injury or property damage incidents. That resource is the
Computerized Accident/Incident Reporting System (CAIRS) module of DOE's Safety
Performance Measurement System. CAIRS data selected the 1981-1991 DOE
injury/illness reports, from all the accident reports of the AEC that cited a natural
phenomena hazard as either the direct or indirect cause of the injury/property damage.
Specifically, injury or property damage reports were selected for analysis if they had a
causal factor link to severe weather or natural phenomena hazard categories. Natural
phenomena hazard categories are injury/property damage caused by hurricane/tornado,
earthquake, lightning, or flood. Severe weather categories are injury/property damage
associated with other than normal weather conditions.

Approximately 3,500 CAIRS and AEC injury or property damage reports were
considered to have either a direct or in indirect causal link to at least one of the severe
weather or natural phenomena hazard categories. These reports, which represent 1 to 2
percent of the total DOE injury or property damage reports, documented nine deaths
(1981-1991) 2,600 injuries (1981-1991), and more than $30,000,000 in reported losses
(1943-1993).

The lessons learned, as a result of reviewing case histories, are presented, as are
suggestions on how to reduce the likelihood of future injuries/property damage as a
result of similar events. A significant finding, is that most injuries and property
damage were the result of an indirect casual link to a natural phenomena hazard and
thus, may be more preventable than previously thought possible. The primary
message, however, is that CAIRS and other incident data bases are valuable resources
and should be considered for use by those interested in identifying new ways of
protecting the health and safety of the worker and for reducing building losses due to the
effects of natural phenomena hazards.

INTRODUCTION into the opportunities for reducing the impacts of future
losses [ 1 ]. Efforts to mitigate natural phenomena hazards

This paper presents a historical perspective on losses have been ongoing for thousands of years, but the complex
due to natural phenomena incidents (1943-1993) at DOE infrastructure of our current world requires creative and
and predecessor agencies including the AEC and the cost-effective mitigation strategies. This historical view
ERDA. Historical information on life and property losses has and continues to support planning for: 1) loss
from natural phenomena hazards can provide an insight reduction strategies for DOE; and 2) participation in the
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International Decade of Natural Hazard Reduction [2] and in
the United States (U.S.) Decade for Natural Disaster
Reduction [3,4].

Another purpose of this paper is to demonstrate how
an existing DOE resource, the Computerized
Accident/Incident Reporting System (CAIRS) [5] module
of the DOE Safety Performance Measurement System
(SPMS) can be used to gain insight concerning how and
why DOE personnel have been injured or how buildings
and property have become damaged as a result of specific
natural hazards. Though any number of hazards (e.g.,
excessive noise, radiation, confined spaces, or toxic
materials) could have been selected for this demonstration,
we chose to study those DOE injury or property damage
cases that were considered to be, either directly or
indirectly, attributable to a natural phenomena hazard. For
the purpose of this paper, natural phenomena hazards will
refer to injury or property damage associated with the
traditional categories of natural phenomena
(hurricane/tornado, earthquake, lightning, flood, volcano)
and will also include injury or property damage associated
with severe weather. Severe weather is taken to mean
weather conditions other than normal weather conditions
for the area (i.e., a 100 year storm is a severe weather
condition).

METHODOLOGY

Traditionally, natural phenomena hazards are thought
of as catastrophic events, ranging from tornadoes and
hurricanes to earthquakes and volcanic eruptions. As
indicated, the scope of this study was expanded to include
severe weather related events that caused reportable injury
or property damage or loss. The focus of the study was on
property damage and losses due to natural phenomena
hazards. A manual search of records was required for the
period 1943-1973 [6] and a computerized search was
available for records for the remaining years. The injury
records were searched for the period 1981-1991 only, to
gain an insight into the contribution to total impacts.
Note that costs related to (e.g., medical and hospital
treatment or lost work days) injury/death and illness are not
assigned or maintained for incidents caused by natural
phenomena hazards.

Approximately, 3,500 injury or property damage
reports from CAIRS and AEC were considered to have a
direct or indirect causal link to catastrophic or weather
natural hazards categories. These reports, which represent
1-2 percent of the total DOE injury or property damage
reports, documented 9 deaths (1981-1991), 2,600 injuries
(1981-1991), and more than $30,000,000 in property
damage and loss (1943-1993).

For comparison, another DOE study [7] on
injury/illness incidents for the period 1981-1991 found

3,100 reports with direct or indirect causal links to natural
well as environmental (plant and animal) hazards
categories. These reports, representing about eight percent
of the total DOE injury/illness reports, representing about
eight percent of the total DOE injury/illness reports,
documented nine deaths and more than 30,000 lost work
days (the equivalence of some $40,000,000). Most of the
injuries were caused by weather phenomena.

FINDINGS

DOE properly damage for incidents due to natural
phenomena hazards reported during the past 50 years (1943-
1993) totaled $30 million. Losses due to all phenomena
are tabulated by state in Table 1. The largest incident loss
for various natural phenomena hazards are provided in
Table 2. Losses due to specific nalural phenomena hazard
are shown in Table 3. Loss data for the DOE power
administrations was not readily available; however,
informal estimates indicate annual cost of $500,000 to
$ 1,000,000 for retrofit of electric transmission systems due
to the effects of wind and other natural phenomena for the
Western U.S. Much of the loss occurs in relatively few
incidents. A listing of the 31 largest losses to occur in
DOE is shown in Table 3, where some losses exceeded
$5,000,000 annually. It is felt that the losses reported
herein underestimate the real losses to DOE. Some
reasons for the underestimate are as follows:

1) dollar values have not been corrected to today's
dollar;

2) reporting system leads to some severe weather or
natural phenomena injury or property damage
events to be reported as other than damage due to
the above;

3) over the 50-year period, many older losses were
not reported;

4) DOE, as an Agency, has grown over the 50-year
period so older reports don't reflect all the
facilities currently under DOE responsibilities;
and

5) no cost has been allocated to loss of use of a
facility.

Looking at just the natural phenomena hazard losses in
Table 3 for the years of 1989-1992, the minimum annual
cost of injury/property damage to DOE is calculated to be
$3.0 million annually. Based upon reported and estimated
loss information and the above reasons for underestimate of
losses, natural phenomena incidents cause $2-5 million
annually in damage to DOE property.
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TABLE 1
LOSSES DUE TO TYPES

OF NATURAL HAZARDS BY STATE
DOE 1943-1993

DOLLAR LOSS ($000)

F
oui

D

PI

w

3
M

i
S
s1
ft.MM
CM

2
M

ioi

3
^ *
n
§

STATE

California
Colorado
Florida
Hawaii
Idaho
Illinois
Kentucky
Louisiana
Maryland
Missouri
New Mexico
Nevada
New York
Ohio
Pennsylvania
Pacific
South Carolina
Tennessee
Texas
West Virginia
Washington
Wyoming

SEISMIC

3429*

**

-

-

_
1000

_
_
-

-
-
-

WIND

246
1097
237
210
120
510

-
415

-
42

384
40
64

292
12

399
1604
523

3000
40

337
10

FLOOD

258
1347
231

_
66
14

-
_

188
478
299

9

_
-
_

110

_
-

66
16

HAIL, SLEET
SNOW. RAIN

_
87

_
_

12
36

-

-
4

38
8

20

-

597
250

2380
.
8
-

LIGHTNING

7
21
39

_
69
50

.
33

-
5

112
76

295
9

33
_

135
45
25

.
335

34

FREEZING

5617
161

54
88

-

-
11
74

_
50
43

3
.

182
17
54

-
106

-

SUBSIDENCE

370

23

-

19
-
-
-
-

-
-
-

TOTAL

9927
2713

507
210
321
698

23
448
188
540
907

1133
429
363
48

399
2628

835
5459

40
852

60

TOTALS 4429 9582*** 3082 3440** 1323 6460 412 28728

(Estimated losses for the 50 years that were not categorized for hazard types totaled 1680)

*
**

***

Doesn't include research outage due to Loma Prieta.
Mt. Borah earthquake of 1985 resulted in minimal damage.
Losses with both wind and hail damage allocated between wind and hail.



TABLE 2
DEPARTMENT OF ENERGY

LARGEST LOSS BY TYPE OF NATURAL HAZARD
($000)

YEAR DESCRIPTION LOSS ($000)

1990 San Francisco Bay Area Freeze 5,600

1980 Livermore. California. Earthquakes 3,416

1980 Amarillo, Texas, Wind and HajJ Storm 2,546

1967 Amarillo, Texas, Wind and Hail Storm 1,872

1986 Golden, Colorado, Flood 1,174

1993 Oak Ridge. Tennessee. Tornado 500

1973 Aiken. South Carolina. Sleet 393

1973 Berkeley. California. Landslide 370

1983 Bayou Choctaw, Louisiana, Hurricane 268

1976 Argonne, Illinois, Tornado 285

1993 Oak Ridge, Tennessee, Snow 250

1952 Pacific Typhoon 250

1989 Brookhave, New York, Lightning 240

1984 Pinellas. Florida. Rain 231

1980 Washington and Idaho. Volcanic Ash *

Losses not reported
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TABLE 3
MAJOR DOE LOSSES

DUE TO NATURAL PHENOMENON

o

O
w
w
3

x

i
2
£

i

HAZARD

Earthquake
Wind/Hail
Freeze
Freeze
Wind/Hail
Wind/Tornado
Freeze
Flood
Earthquake
Wind
Wind
Tornado
Flood
Sleet
Landslide
Tornado
Wind/Rain
Flood
Typhoon
Snow
Lightning
Rain
Wind/Flood
Wind
Wind
Hurricane
Flood
Flood
Hail
Wind
Earthquake

$LOSS
(000)

3416
2546
2000
2000
1872
1600
1500
1174
1000
658
650
500
449
393
370
285
268
258
250
250
240
231
224
221
210
210
200
188
174
166

*

YEAR

80
84
90
90
67
89
90
86
92
89
90
93
61
73
73
76
83
83
52
93
89
84
80
88
80
92
83
72
77
80
89

1943-1993

STATE

California
Texas
California
California
Texas
South Carolina
California
Colorado
Nevada
Texas
Colorado
Tennessee
Missouri
South Carolina
California
Illinois
Louisiana
California

Tennessee
New York
Florida
New Mexico
Ohio
California
Hawaii
Colorado
Maryland
Texas
Colorado
California

LOCATION

Livermore
Amarillo
Stanford
Livermore
Amarillo
Aiken
Tupman
Golden
Mercury
Amarillo
Rocky Mountains
Oak Ridge
Kansas City
Aiken
Berkeley
Argonne
Bayou Choclow
Santa Barbara
Pacific
Oak Ridge
Long Island
Clearwater
Albuquerque
Fernald
Tupman
Hawaii
Golden
Baltimore
Amarillo
Golden
Stanford

DESCRIPTION

0.25G, 2 major shocks
106 MPH wind, baseball-size hail
Damage Klyston colling systems
Damaged piping systems
Damage to buildings and equipment
Damaged pine trees at Savannah River Site
Compressors damaged
Runoff flooded equipment
Earthquake damaged buildings
101 MPH wind, gravel broke glass
Strong winds crashed helicopter
Damaged buildings
Hurricane Carla
Damaged pine trees
6 weeks of heavy rain
Damaged equipment and buildings
Hurricane Alicia
Spread contamination
Damage
Transformers and roof damage
Ignition of gases
Rain caused electrical short
Hurricane Allen, flooding
Damage to trailer and equipment
Building burned
Damaged 22 buildings
Damaged transmission lines
Explosion from water/calcium reactions
Damaged buildings and vehicles
Loosened bolts on equipment
Research out of service for over 6 months

* Costs not available



Information is also collected on injuries caused by natural
phenomena hazard, but no dollar loss is assigned even
where medical treatment and lost work is involved. A
comparison of the number of injuries caused by various
natural phenomena hazards during a ten-year period is given
in Table 4. Nino fatalities were reported that were directly
attributed to severe weather conditions for the period 1981-
1991.

Hurricane damage to DOE facilities is minor compared to
the overall U.S. statistics. However, six of the eight
hurricanes that damaged DOE sites (Table 5) were among
the 31 largest DOE natural phenomena incidents.

The DOE Computer Assisted Incident Reporting System
(CAIRS) maintains records of reported incidents caused by
fire and other accidents and annual [8] and quarterly |9]
statistical reports are compiled for incidents including
natural phenomena. Special investigations arc conducted
for incidents involving fatalities and large property damage.

The DOE manages or operates research, production, oil
reserves, and power distribution facilities valued at over
$120 billion. These activities are carried on in over
10,000 buildings (>IO sq. meters) in nearly all states.
Total new construction averages $1 to $2 billion annually
[10].

Losses due to natural phenomena hazards account for about
5 percent of all losses reported from 1943 to 1975. For
the period 1984 to 1988 natural losses were one percent of
the total incidents but accounted for 20 percent of the total
dollar loss. For the period 1990-1993, natural loss damage
increased an order of magnitude over all previous years.

A few comments on DOE's upgrading program for natural
phenomena should provide a perspective on past losses.
The Lawrence Berkeley Laboratory was one of the first
DOE sites to complete a site-wide earthquake mitigation
program [11]. Including other facilities that would have
suffered structural damage, upgrading substandard buildings
at LBL saved over $50 million during the Loma Prieta
Earthquake [12]. The total cost to upgrade these buildings
since 1971 is $4 million. LBL will spend another $10
million over the next few years to complete its seismic
upgrade program in preparation for the great earthquake that
is sure to come. In the meantime, the work accomplished
thus far has produced large cost savings for the DOE. The
LBL experience in the implementation of its seismic-
upgrading program served as a basis for the development of
the Seismic Safety Guide that was prepared for the Office
of Safety and Quality Assurance, DOE. This Guide
provides managers of facilities with practical guidelines for
administering a comprehensive earthquake safety program.

C O N C L U S I O N S

This presentation provides a perspective of DOE losses
during the past 50 years even though loss data was not
readily available for all DOE operations. As such, this
paper is considered as the starting assessment needed to
provide an informed view on key damaging events.
Review of the reported historical losses has provided an
opportunity to create an awareness of the extent and
location of a wide variety of natural phenomena hazards
that have caused damage at most DOE sites.

Some observations to consider arc:

• Mitigation strategies including design change can
achieve reductions in wind damage.

• The cosl of repair, upgrade, and related activities
alter the 1980 Livermore, California earthquake
was approximaiely $60 million, but only 54
million in damage was reported.

• Most damage occurred to conventional
construction.

• Lightning damage review may provide insight for
design standards change.

• Flood storm water damage occurred where least
expected.

The DOE has, and continues to, seek ways of reducing
losses that can result from specific acts of nature. Many
buildings and other structures have been upgraded, several
standards and guidelines have been developed, using
"lessons learned" from earthquakes, wind, tornadoes,
floods, lightning, and volcanic ash. To date, losses from
such acts have resulted primarily in property damage, loss
of facility use. in personnel injuries, or death. While death
is certainly possible from catastrophic acts of nature, they
are much more likely to occur in DOE as a result of one of
the less spectacular acts of nature, such as snow, ice, or
wind storms.

Other earthquake. Hood and wind upgrading programs at
several DOE sites were reported at the 1985, 1989, and
1991 DOE Natural Phenomena Conferences [13, 14, I5[
and seismic mitigation activities for DOE have been
reported annually to Congress beginning in 1983 [16].
The information presented in this paper has assisted in
determining upgrading priorities as well as in
recommending changes to design standards.
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TABLE 4
DEPARTMENT OF ENERGY

INJURY INCIDENTS DUE TO NATURAL HAZARDS
1981 -1991

WEATHER RELATED

ICE/SNOW/RAIN/WET/MUD 1578

SLIP/FALL/TRIP 1562

WIND 587

VISABILITY (FOG & OTHER) 67

HOT/COLD TEMPERATURES 17

TOTAL CASES - 2560

(Some cases are reported in more than one category.)

ACTS OF NATURE EVENTS*

HURRICANE/TORNADO 7

EARTHQUAKE 12

LIGHTNING 9

FLOOD 12

TOTAL CASES - 40

* Includes direct event, pre-event, and post-event injuries.
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TABLE 5

DEPARTMENT OF ENERGY
HURRICANE LOSS SUMMARY

YEAR

1961

1983

1952

1980

1992

1972

1986

1959

1943 -1993

LOSS $000

449

268

250

224

210

188

95

50

1734

HURRICANE

CARLA

ALICIA

TYPHOON

ALLEN

INIKI

AGNES

Not Named

GRACIE

8 EVENTS

LOCATION

KANSAS CITY, MISSOURI

BAYOU CHOCTAW, LOUISIANA

PACIFIC

ALBUQUERQUE, NEW MEXICO

HAWAII

BALTIMORE, MARYLAND

BAYOU CHOCTAW, LOUISIANA

AIKEN. SOUTH CAROLINA

7 STATES
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WORST CASE SELECTION

H. Toturgul and K. Lanham
Ebasco Services, Inc.

P.O. Box 1232
Spring City, TN 37381-1232

ABSTRACT

For large safety related DOE facilities, re-evaluation of features to ensure the
mitigation of natural phenomena hazards can be costly and require long schedules
to implement. This is especially true for features which are numerous and diverse
such as building steel structures, concrete structures, masonry/tile walls, tanks,
equipment and their anchorages, penetrations to containment vessels, steel
platforms, embedded plates, conduit, conduit supports, cable tray, cable tray
supports, HVAC ductwork, duct supports, piping and pipe supports. To reduce
the cost and time required for re-evaluation, worst cases can be selected from
populations of civil features with similar attributes based on drawing reviews, field
investigations and review of any available existing calculations. If worst cases
then qualify by evaluation or testing, it is reasonable to accept an entire population
of features as justified. In addition, when modifications are required for worst
cases, further investigation to assess the remaining non-worst case population for
the presence of critical attributes, and conditions that contribute to the need for
modification of worst cases, can be performed. However to ensure valid results,
the methodology and process must be systematic, logical, based on applicable
design criteria, traceable, independently verifiable, and reproducible. This paper
will offer approaches developed from experiences implementing worst case
qualification programs for the upgrade of existing facilities.

INTRODUCTION

During the past thirty years, production and
utilization facilities have evolved into extremely
sophisticated complexes with ever increasing
regulatory requirements. The evolution of
regulatory requirements for production and
utilization facilities has brought about significant
changes concerning seismic input, analysis and
design criteria. Consistent design and evaluation
guidelines for DOE facilities have been developed in
the natural phenomena area only in recent years.
These guidelines (DOE Order 6430.1 A) consist of
deterministic procedures which are intended to
conform to standard practices. DOE facilities
containing hazardous materials, which if damaged

have the potential to threaten public safety or the
environment, should have a very low probability of
damage due to natural phenomena hazards
(earthquake, wind, tornado and flood), while other
industrial grade facilities should have design
consistent with conventional building codes such as
the Uniform Building Code. Specifically, this paper
will address worst case selection considerations with
respect to structural applications for upgrade of
existing DOE critical facilities, including those that
house nuclear reactors and special facilities that
contain low-level radiation waste processing or in
general require shielding, containment or support to
prevent the uncontrolled release of fission products to
the environment as required by DOE Order 6430.1 A
and 10CFR50. The historical evolution has, in
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general, given more attention to major safety issues
(e.g., areas of safety such as pressure vessel design,
emergency core cooling, and safe shutdown
capability are constantly being reviewed and re-
evaluated). However, for some older complexes, a
substantial number of alternative issues have largely
been ignored, including:

1. Adequate structural analysis of building bracing
and safety-related tanks

2. Adequate seismic qualification of safety-related
electrical components, including their anchorage
and structural support

3. Adequate seismic qualification of small bore
piping and associated pipe supports

4. Protection of safety-related equipment from
tornados and tornado-generated missiles

5. Missing documentation for structural design

Re-evaluations utilizing worst case selection
methodology are particularly suited to the upgrade
of existing facilities for the above issues, can
shorten schedules and reduce cost. Worst case
selection is the concept that the most critical features
or "worst cases" can represent a population of
features. Worst case selection methodology is an
assessment process that relies heavily on
comparisons both quantitatively and qualitatively to
reach conclusions regarding structural adequacy
without performing case by case detailed structural
calculations. Because worst case selection is based
on engineering input, it is possible to gain greater
confidence in the structural adequacy of a feature
population from selection of fewer cases to represent
a population than would be achievable through
statistical means. This process is only beneficial to
types of civil features that have multiple cases in a
population. For some projects, worst case selection
may not be at all acceptable. In fact, worst case
selection is normally not acceptable for ASME large
bore piping with high pressure and transient
conditions.

Worst case selection has application to re-
evaluation of existing facilities tor the purpose of
resolving various technical issues including:

1. Validation of compliance with revised design
criteria

2. Assessment of revised loadings such as increased
seismic input or added attachment loads

3. Disposition of specific non-conformance or
quality assurance violations resulting from
reviews/audits

4. Determination of plant operational floor
loads/reserve loads for future attachments to
various civil features

This paper offers general considerations to
introduce concepts and guidelines for proper worst
case selection, and hopefully lessen anxiety regarding
the selection of a worst case.

DEFINITIONS

1. Attribute: A situation ascribed to a particular
civil feature that can be described and is a
function of configuration and loading.

2. Bias Ranking: The numerical ranking of
candidate civil features for selection as worst
cases during review of field conditions and
related information.

3. Bounding Calculation: A calculation which
bounds the effects of varying parameters in a
representative population. This type of
calculation is normally preceded by the grouping
of features and the identification of enveloping
parameters.

4. Civil Feature: An item requiring structural
evaluation such as elements of reinforced
concrete, concrete masonry/tile walls, steel
containment vessel, structural platform steel,
building steel, heating ventilation and air
conditioning (HVAC) supports, cable tray
supports, conduit supports, embedded plates,
equipment supports, sleeves/penetrations,
equipment (includes electrical panels/boards),
instrument line supports, pipe supports, and pipe
whip restraints.

5. Critical Attribute: An attribute that is directly
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associated with modification of a particular civil
feature.

6. Key Attribute: An essential attribute that
requires assessment to properly select worst
cases.

7. Walkdown: A quantitative field review of a
civil feature performed to determine if design is
constructible or confirm as-built information.
The review consists of identifying attributes of
a given family and requires dimension retrieval,
an acceptance tolerance, and verification.

8. Walkthrough/Field Assessment: A qualitative
field review consisting of a visual review of as-
constructed civil features for general compliance
to an engineering acceptance criteria. The
requirements for dimensional measurement are
based upon the engineer's judgment.

9. Worst Case: The case, actual or hypothetical
that represents a population of installed civil
features with the most severe combination of
attributes in a given family or population (as
measured by stress, load, deflection,
temperature, or other service response) which
have the greatest potential to prevent the civil
feature from satisfying acceptance criteria.

GENERAL CONSIDERATIONS

Prior to embarking on a worst case selection
approach, consider first simpler justifications.
Disposition of specific issues for non-conformances
can often be evaluated on the basis of a generic
assessment by evaluating a fictitious bounding case,
if enough conservatism exist for a generic
justification. However, a worst case selection
approach may be more efficient if numerous issues
require concurrent resolution. To implement worst
case selection, it is important initially to plan and
clearly define the scope (knowledge of the problem)
of the re-evaluation. The approach must be
specifically tailored if objectives are to be met
efficiently. Due to the complexities that can be
involved in worst case selection, it is recommended
that the most experienced engineers (familiar with
design of the features under consideration) should be
involved, especially for preparation of methodology,
attribute development and walkthroughs (field
investigations). The magnitude of effort necessary

to perform a worst case selection will vary depending
on the features and issues to be resolved. Since a
worst case evaluation is a substitute that avoids
individually performing detailed calculations of
features, documentation becomes very important.
The more thorough, rational and presentable the
documentation, the greater an independent reviewer's
confidence in the worst case selection. It may be
preferable prior to collecting data for large efforts to
issue a methodology document for the feature
selection to facilitate solicitation of comments from
others. The other choice is to document the
methodology description with the results of the final
selection of worst cases (to avoid a revision should
the selection process reveal unusual conditions that
warrant a change in methodology). Programmatic
elements or steps in the process may include some or
all of the following:

1. Preliminary investigations, interview of
engineers, site visits and planning

2. Develop methodology

3. Define population of features

4. Determine key attributes for further consideration

5. Perform drawing/calculation reviews

6. Perform field walkthroughs

7. Select worst cases

8. Perform walkdowns of worst cases

9. Perform detailed calculations and testing of worst
cases, if required

10. Design modifications to worst cases, if required

11. Study modifications and identify critical
attributes

12. Assess further the impact of modifications on
the remaining non-worst case population

13. Modify other features as required

DEFINE SCOPE AND
CIVIL FEATURE POPULATION

The scope of a worst case selection evaluation
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should be limited to a collection of the same type of
features. Examples of separate populations include
reinforced concrete, platforms, masonry walls,
embedded plates, equipment anchorage, cable trays,
HVAC ductwork. This separation practice is to
help simplify the comparison process. In fact to
keep from creating an overwhelming situation,
scopes even narrower may be preferred, such as
separating cable trays, and HVAC ductwork from
their supports or tanks, pumps, and heat exchanger
equipment qualification, from their anchorage
evaluations.

After information is collected for separate
populations of civil features, integration among
related types of features would be advantageous.
For example, the review of the population of
equipment anchorage could identify the heavier
equipment and their locations which would be
needed to select worst case concrete slabs. Instead
of individually calculating attachment loads, worst
case loads can be used as a conservative upper
bound for evaluation of supporting structures. This
would reduce calculation time if the supporting
structures have sufficient capacity to accommodate
the conservatism inherit in this approach.

Documentation should provide evidence that all
features were addressed and offer independent
reviewers an opportunity to clearly sample and
reproduce the worst case evaluation findings and
intermediate conclusions. It is difficult to convince
others that civil features are adequate, if one cannot
identify by documentation which features are
reviewed, or have evidence that each was
considered. It is recommended to list individually
each civil feature to be addressed in the population.
This level of documentation will prove that all
features have been considered and none
inadvertently overlooked. Assignment of identifying
numbers is helpful for clear reference on data sheets
and permits features to be easily referable in
evaluation documentation. It is suggested the format
of an identifying number consist of the drawing
number, and other fields that describe the civil
feature with a unique identifying number, tagged on
to the end of the string. For example, the
identifying number could correspond to a section of
floor, or wall, spanning between column/grid lines,
or corresponding to a column at a particular
elevation as marked on a set of drawings. The size
of a feature to be numbered should be decided
primarily based on convenience in the field and

analysis considerations. Of course multiple features
may be analyzed together as required for technical
reasons (e.g., two platforms integrally tied together).
Concrete features could be flagged with letters
identifying the building, type of feature (such as a
slab, exterior load bearing shear wall, interior load
bearing shear wall, non-load bearing
partition/shielding wall, mat, or column). Computer
databases can be established for this purpose enabling
the population to be sorted into its various subsets.

DEVELOP ATTRIBUTES AND DATA SHEET

Prior to developing the methodology for a worst
case selection, the design criteria for the feature must
be thoroughly understood in all technical aspects.
Attributes, that require consideration for structural
evaluation, influence the loading on the feature and
its capacity. Worst cases of some structural features
can be selected primarily based on observation of
configuration and elevation to reflect seismic inertia
forces. For conduit, the span, length of cantilever,
and size of anchor bolts are examples of key
attributes to be considered. However for equipment,
reviewing configuration and assessing, inertial forces
alone, would overlook other significant attributes
such as unbalanced rotating forces, thermal and
water-hammer reactions at attached piping nozzles.
Loads are not always proportional to size. Of course
having the loads quantified to the nearest pound also
is not necessary. Appropriately selected attributes can
generally take design conditions properly into account
without exact quantified loads. However, some
calculations such as for elaborate lateral load resisting
structures of buildings, are necessary to determine the
forces on a particular element (concrete shear wall or
structural steel member). Field observation/drawing
reviews alone are insufficient to select worst cases.
Consequently, the wrong cases could be selected as
worst cases if key attributes are not properly defined.
A proper determination of key attributes for which to
base selection requires a thorough understanding of
design criteria, experienced design knowledge, and
familiarity with the civil feature's function.

Some attributes affect the qualification of a
feature more than others. As an example, the tension
and moment loads or a particular population of
embedded plates may contribute significantly more to
stud interaction than does shear loads on the
embedded plate. This fact could be substantiated by
screening out or finding that no cases in the
population of attaching features exhibit large shear
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loads such as struts/snubbers with shear orientations.
Accordingly worst case selection of embedded plates
could be based on plotting of tension and moment
loads for each standard type of embedded plate
without further consideration of shear.

Strategies for attribute determination as in this
example should focus on identifying the key
attribute influencing the structural qualification.
The obvious benefit is that less time will be required
to collect and review information for the population
of features, when only necessary key attributes are
collected. The reasons for dismissing less
significant attributes from further consideration
should be documented. Because less significant
attributes are dismissed it is important to stay alert
during data collection and the later assessment
process to any unusual condition (such as earlier
dismissed in the attribute development stage, or that
were not previously addressed) to ensure adequacy
of selection. Unusual conditions must be identified
on data sheets to separate these extreme cases for
later evaluation. Examples of an unusual condition
could be a civil feature not yet constructed or
severely damaged.

The nature of loading can have a significant
influence on attribute selection. For example, are
concrete walls located at the top of a building worse
than those located at the bottom of the same
building? Out-of-plane seismic inertia effects are
worse at higher elevations in the building.
However, the largest in-plane base shear and
overturning moments of concrete shear walls occur
at the bottom of the building. The attribute of
elevation, in determining worst cases, clearly is a
function of the nature of loading. Both loadings
therefore need separate consideration. Worst case
shear walls should be selected at the lowest
elevation (other attributes being equal), while worst
case walls for out-of-plane loads should be selected
at the highest elevation. (A general list of attributes
for consideration associated with various types of
civil features is provided in Table 1.) Interviews
with those familiar with the history of the facility,
preliminary field trips, study of drawings and spot
investigation of calculations is necessary to better
determine key attributes and formulate an efficient
worst case approach. The danger of formulating a
worst case methodology based on hypothetical
considerations, without familiarity with the facility
is that time could be spent solving non-existent
problems while other actual problems are not

addressed. Input sources that contain information
relevant to the worst case final selection, should be
identified at the same time that attributes are being
determined. The input sources will later be utilized,
reviewed, and integrated to allow an accurate and
objective selection process. As an example, major
relevant sources of information for a worst case
concrete features selection can include: drawing
reviews, field walkthroughs, consideration of the
nature of loadings, review of existing calculations,
various non-conformances/quality assurance
violations, large bore piping database information,
equipment database information, rebar cut
documentation, concrete strength test reports,
magnitude of loads, seismic re-evaluation reports,
mill certifications, and preparation of preliminary
calculations. Selection process will integrate these
input sources.

Once attributes and input sources have been
determined, it is convenient to document them on a
data sheet that can be used as a questionnaire for data
collection and later assessment. The data sheet can
be organized in sections, one section is for
information to be extracted from drawings and
another for field information as necessary to facilitate
the collection of data. The same information may
exist in more than one source. In these cases the
information should be retrieved from the most
reliable and convenient source. If some information
is found missing it can be retrieved later from the
other source.

One should also confirm if all data requested on
the data sheet is necessary, before time is spent
collecting unnecessary field/drawing information. It
may not be required to specifically count items when
estimates or ranges may serve just as well. For
example the presence of 48 versus 49 small bore pipe
supports on a large slab would not influence worst
case slab selection and a less than SO notation would
serve the purpose without a detailed time consuming
count. Of course, on structures, such as platforms
with less inherent capacity, the exact count of
attachments may be important. It may also not be
necessary to collect all the data sheet information for
every civil feature, if certain screening items can be
first addressed. One does not want to dictate all
actions that will later be performed at the time of the
data sheet development. To reduce the population for
final selection, the process of selection (reduction)
should make every effort to accommodate these
stages of screening. This goal is to perform the
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Table 1 General Attributes for Civil Features

Civil Feature

Platforms

Concrete
Slabs

Concrete
Columns

Attributes

Location - elevation and building for seismic self excitation; high temperature zones inducing expansion
stresses; jet impingement loadings

Support geometry such as cantilever landing, propped cantilever landing, clear span from concrete to
concrete, span from concrete to concrete with intermittent steel columns/hangers, span from concrete to
steel column/hanger, cantilever off steel containment vessel, supported off equipment/tank

Cover material - grating, checkered plate, other (describe)

Attachment counts - quantities of equipment with relative size, HVAC supports, cable tray supports, small
bore/instrument piping, large bore piping, 2 inch and smaller conduit, greater than 2 inch conduit, lighting
fixtures, fire equipment, jet shields, whip restraints, hoist, cantilever supports inducing tension in
supporting platform member, note any attachments directly on cover material or on handrail

Member Configuration - describe variances of member sizes matching drawing; presence of bracing;
presence of cross members to prevent rotation from torsional load on primary beams; open sections with
torsional loads; presence of cutouts or holes in members; members attached to multiple building floor
elevations, members connecting multiple platforms; maximum beam column spans; excessive unbraced
length beams; presence of separators in double angle bracing; missing/additional members

Connection Configuration - describe variances of connections matching drawing; presence of moment
transferring connections; presence of low capacity connections such as one sides clip/cheek plate, one bolt
web, presence of double cope, saw cut corner copes instead of rounded corners; welds size, length and
location match drawing; weld quality; missing bolts/welds

Embedded Plate Anchorage - adjacent attachments, free edge distances, anchor bolt overlaps, plate
thicknesses, stud sizes, attachment location on edge of plate, overlapping surface mounted plates on
embedded plate

Surface Mounted Plates - free edge distances, anchor bolt cone overlaps, plate thicknesses, plate sizes, bolt
types and sizes, excessive gap from plate to concrete, weld of surface plate to embedded plate

Location - elevation and building for seismic, if roof slab for wind uplift, tornado
depressurization and tornado missiles

Geometry - thickness, unsupported span, supported by a beam system, number/size of openings, presence
of drop panels, thicknesses of drop panels, unbalanced upward reactions from cantilevering extensions, slab
boundary conditions; tributary slab area for beam, support of other building elements such as walls not
continuous to ground

Reinforcement - positive and negative moment longitudinal rebar in panel middle strips, column strips;
shear reinforcement if present; cut rebars, splices and if located in compression zones, dowel development

Attachment counts - quantities of cable tray supports, HVAC supports, large bore piping, pipe whip
restraints, major equipment, platform and building steel anchorages; attachments directly to beams, water
pool pressures, jet impingement, tornado depressurization

Location - elevation and building for seismic direct attachment loads
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Table 1 General Attributes for Civil Features (Continued)

Civil Features Attributes

Supported weight - number of floors above column, floor areas and major equipment, eccentric loading,
corbeles/haunches supporting structural steel/equipment

Geometry - height, width, depth, intermediate bracing, continuous to foundation

Reinforcement - vertical shear reinforcement such as closed stirrups type of splice (lap, cadweld)

Concrete Location - elevation and building for seismic out-of-plane loads; outside of building and
Walls lowest elevation for seismic in plane overturning moment and shear forces; out-of-plane soil loading and

height of overburden

Geometry - height and thickness, wall boundary conditions, corbeles/haunches

Reinforcement - vertical, horizontal, shear reinforcement if present, cut rebars, splices, dowels
Attachment counts - quantities of cable tray supports, HVAC supports, large bore piping, pipe whip
restraints, major equipment braces, platform anchorage

Masonry Type of wall - Reinforced hollow core masonry; unreinforced mortared solid core masonry; unreinforced
unmortorted solid core masonry (removable shielding); unreinforced mortared masonry/tile

Location - Elevation and building for seismic out-of-plane loads; interior of building or exposed to soil
(should not be on outside wall)

Geometry - height, thickness, multicore wall, boundary conditions, bracing by other joined walls/slabs,
penetrations, doors and core drills, steel bracing/connecting brackets, cut rebars, supports slabs, presence
of cracks

Attachment counts - quantifies of cable tray supports, HVAC supports, large bore piping, pipe whip
restraints, major equipment braces, platform anchorages, presence of toggle bolts, small bore piping,
conduit

Reinforcement - vertical, horizontal, dowels

Type of plate - embedded with studs, strip, liner, embeddment plate

Embedded Primary attachment type - large bore pipe support, cable tray support, major equipment
Plates support, pipe whip restraint

Primary attachment - load, presence of significant direct shear load

Adjacent major attachments present within 2 stud spacings - cable tray supports, large bore pipe supports,
HVAC supports, pipe whip, platform anchorages

Adjacent minor attachment present within 2 stud spacings - conduit, small bore piping, junction boxes,
other equipment

Geometry as applicable - stud size and lengths; stud spacing; plate size; depth of embeddment plate,
concrete strength; presence of cone overlap with other anchor bolts, surface plate lapping on embedded
plate, attachment on critical edge of plate, free edge within cone distance
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Table 1 General Attributes for Civil Features (Continued)

Civil Features

Major
Equipment
Anchorages:
Tanks,
Pumps,
Exchangers

Attributes

Cable
Trays

Conduit

HVAC

Location - elevation and building for seismic

Geometry - cylindrical shape oriented vertical or horizontal, diameter, height, presence of
baffles affecting slushing, skid mounted, floor mounted on ring, ceiling mounted, wall mounted, presence
of concrete pedestals, vendor supplied frame, fabricated frame, mounted on embedded plates
or surface plates (grouted or ungrouted), anchor bolts sizes, proper thread engagement, missing washers
on slotted holes, cone overlap, excessive gap from plate to concrete

Adjacent anchorage attachments - similar to embedded attributes

Presence of associated equipment - motors, tanks, pumps, in combination

Nozzle attachments - diameter, quantity, separation distances, loads, presence of unrestrained bellows

Presence of unbalanced operation forces - rotating or reciprocating

Location - elevation and building for seismic

Type of support - cantilever, propped cantilever, propped trapeze, floor to ceiling, joined
cantilever/trapezes

Geometry - vertical member size, horizontal member size, bracing members, missing members, vertical
height, horizontal width, number of trays, tray span horizontal/vertical riser, anchorage to embedded plates,
surface mounted plates, irregular bolt patterns, less than 4 bolts, welds, unique supports, configuration,
support connections, tray ladders, tray splices, covers, cable ties, tray support attachments, tray loose part/
clips, building boundary expansion joints

Attachments - conduit and equipment loads, presence of overloaded trays above design fills

Location - elevation and building for seismic

Variances from typical drawings - one hole clamps, attachments without flex to cable tray/sensitive
equipment (e.q. solenoid valves), overscans, presence of firewrap at higher elevations, excessive conduit
cantilevering with flex at ends, excessive concentrated weights, anchor bolt differences, conduit L shape
cantilevers causing torsion on clamps, high temperature environment, double cantilever unistmt members,
missing members, conduit cantilevers with multiple fittings, attached to steel containment vessel, tanks,
platforms, crossing shakespaces, unique supports

Location - elevation and building for seismic

Variances from typical drawings - crossing shakespaces, building boundaries/bellows, differential
movements, thermal affects, high negative pressure from tornado depressurization affecting dampers, ducts;
missing tie rods on non-welded rectangular ducts; cut, missing or excessive stiffener spacing on non-welded
rectangular ducts; missing or excessive rivet spacings on stiffeners, duct fittings, unstiffened flanged joint
connections or standing seams; excessive support spacings; multiple openings in a common cross section
of duct; excessive accessories in a span; anchorage to embedded plates, surface mounted plates, irregular
bolt patterns, welds, unique support configurations, connections, excessive rod lengths, presence of axial
brace on duct, missing duct section, support components, loose missing bolts/nuts/concrete anchor
bolts/nuts
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least data collection/assessment activities as
necessary, to eliminate as many cases as possible,
and collect/assess further only the cases that were
not eliminated by the earlier screening. Before the
data sheet format is finalized, it is suggested that it
be tested by collecting information for at least one
feature to discover any flaws early, and avoid
revisiting the field and information sources more
times than necessary.

COLLECTING DATA

Data collection for worst case selections should
be performed by the same engineers that have
developed the worst case methodology for a
particular civil feature population. This can
normally be done for most populations and
eliminates the need for training. (Since one would
not expect to find an instructor more qualified than
the author of a procedure to train on the
implementation of that procedure.) Similarly the
issue of separate procedures, other than the
methodology to collect field data is not necessary.
(This is appropriate for walkdowns where
measurements are taken by data collectors other than
the analyst using the field information.) Data
collection for existing facilities normally will require
field walkthroughs (field investigation) due to a lack
of documentation. For some configuration related
attributes, depending on accessibility of records, it
may be faster to perform field walkthroughs, than
retrieve and review documentation.

Field observations should be recorded on data
sheets. Photographs/sketches should be taken as
required. It is preferable to subdivide a population
of features into a smaller subset of similar features.
This permits the entire subset of civil features to be
observed by the same two person walkthrough team.
This facilitates the comparison process by having a
short time elapse between observations and
comparisons. The civil features to remain for
further worst case selection should be discussed
during the walkthrough. Documented evidence of
these walkthroughs, key considerations and results
can then be noted on data sheets. The discussion
process also stimulates thought and helps to ensure
that both members of the walkthrough team have
taken note of all important concerns during the time
they are in the field. It also reduces the need to
make second return trips to the field for further
examination. If independent verification is deemed
necessary for compliance with project specific

quality assurance requirements, it should not be
achieved by separating the two person walkthrough
team during the walkthrough. In our experience, the
advantages of added thoroughness and quality from
the professional discussion far out weigh any benefit
of independence for independence sake. If
independence by time and space is a project
requirement, perhaps a third person or second two
party team should repeat the walkthrough. Data
sheets can be compared and any differences
reconciled.

When the same two member team performs the
walkthrough for all cases of a particular type of civil
feature, it enables a form of "sanity check" or
indicator (that will be referred to as "bias ranking")
to be performed. Each member, independently
without telling the other, lists all civil features that he
considers as candidates for worst case selection and
ranks them by assigning numbers. The smaller the
number the worst the case is considered. The intent
of bias ranking is to record the engineering judgment
of the experienced engineers who participated in the
field observation. The bias ranking reflects factors
that may not be suitable for recording on data sheets,
while field observations and other information
reviewed, to that point, are fresh in minds. At the
completion of the selection process, worst cases will
be selected based on review of drawings,
calculations, walkthrough data sheets, and other
parameters relevant to the selection process. The
bias ranking can then be compared to those cases
selected, based on reviews. Unfavorable trends
indicate that the worst case selection was inadequate,
and further worst case selection with more
appropriate methodology, perhaps an increase in
quantity of selected worst cases is warranted or case
by case evaluations, should be performed. If
favorable trends result, it offers confidence that cases
chosen are in fact the worst cases. For instance, one
should expect all final worst cases to have been
considered as candidates and included in bias
ranking. However, if a case ranks 11 and was not
picked among the ten worst cases, or comparison of
rankings between the preparer and the verifier have
the seventh and eighth ranked position reversed, it is
not alarming due to the fact that bias ranking is not
supposed to be an exact science but a "sanity check."
In general it is not necessary to bias rank all cases in
a population. It is suggested to rank of twice the
quantity of worst cases. Bias ranking can be used in
other ways. For example, should a worst case
require modification when evaluated, candidates are
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available to be chosen as next worst cases without
repeating the entire worst case selection effort. The
bias ranking can also later be used to choose worst
cases among candidates that appear virtually equal
in other respects.

There will be obstacles to field data collection.
Some locations may be inaccessible and require
permits for entry or scaffolding. Before asking that
scaffolding be assembled, consideration should be
given as to whether adequate information can be
collected by binoculars, or if one of the same type
features exist in an accessible location. Similarly,
permits can allow entrance into confined spaces, if
air quality is checked and radiation exposure
monitored, but avoid this if possible. Energized
equipment can also be dangerous during
walkthroughs. The safety of the walkthrough team
must come first.

The field data collection process during selection
of worst cases (if an extensive effort is already
required) can be an opportune time to baseline the
presence of cumulative attachments. Later loads
from future attachments can readily be justified if
their addition does not result in the feature
becoming worst than a selected worst case. This
works well for platforms. If a program exists or is
necessary for the purpose of defining
operating/outage floor loads, and safe load paths for
heavy equipment, the field information retrieval for
worst case selection could be a combined effort.

PROCESS OF SELECTION

For most features, the worst case selection
process must involve more than sending a so called
expert with a "magic wand" into the field, and his
identifying the worst cases in an afternoon. For
instance, no matter how much one is portrayed as
an expert, one cannot see with the naked eye the
rebar or rebar cuts in poured concrete without
reviewing drawings and rebar cut documentation.
As suggested above, during the discussion of the
data sheet development, the process of reducing data
to a final selection should have stages which
promote efficiency and accuracy. The first
elimination stage could be to group cases by similar
attributes and eliminate cases that are completely
bounded. It is necessary to document and cross
reference this worst case to the same type cases it
represents. This ensures that these same type cases
are later modified if the worst case should later
require modification after evaluation. Another

approach can be to separate features by building
elevation and then eliminate cases that are bounded.
Separation by elevation facilitates field comparisons
because less time is taken traveling to each feature, if
those compared are all on the same floor elevation.
For supports that are often constructed to typical
design drawings (such as small bore piping, conduit,
cable tray and HVAC supports), it is generally more
efficient to compare features to an acceptance criteria
during a walkthrough and identify outlier or variances
and then select worst cases from the remaining
outlier/variances.

Partial calculations may also be appropriate. As
an example, it may be necessary for a complex
population of cable tray cantilever and trapeze
supports to be grouped by elevation, and then
compute dead load moments of combined tray
weights and other attachments. Those cable tray
supports with the maximum dead load moments for
the same size attachment members would be the
worst cases.

Review of existing calculations can be used to
identify worst cases. If calculations exist and are
found reasonable after review, they should be utilized
and are one of the most valuable basis of worst case
selection. For example, pipe whip restraints and
their associated embedded plates in general can be
selected based on the magnitude of pipe break loads
as documented in existing calculations. Cases
eliminated, based on early stages of screening should
be noted on data sheets. The quantities that are
eliminated at each stage, should preferably be
summarized in a table. For cases remaining after
screening, a spread sheet documentation of key
attributes is recommended as an diagnostic aid. This
permits the attributes of the final candidates to be
seen in the same table. The worst cases can be
presented in tabular format arranged from worst to
least severe cases with pertinent information and
associated remarks. Clear bounding cases will not
always be present. If one is faced with deciding a
worst case from among one with large loads and
large capacity compared to one with smaller loads
and smaller capacity, it is suggested both be picked
as worst cases unless further justification can be
provided. It is not necessary to collect samples
among areas based on principles of statistics, if
selection can be based on comparison of attributes.
In fact if it can be demonstrated, entire buildings
could be eliminated by comparison to features in
other buildings. This would be understandable if one
building was completed at a later time to an updated
design criteria. During the process of final selection,
ideas may come to mind, that would reduce the
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population further. Again, the methodology
established earlier should not preclude the pursuit of
such further efforts. Similarly additional field trips
to confirm conditions or study final candidates
should be pursued if warranted.

Target quantities or worst cases must be
assumed for planning and budgeting purposes.
However, these preconceived notions should not
dictate the final quantities of worst cases. Target
quantities are always subject to change. The
distribution of target quantities should be based on
technical merits according to the number of
variations found within a population of features. To
facilitate planning, our experience is reflected in
Table 2 showing the percentage of worst cases for
various populations of features on* might expect in
a complex facility.

Table 2 Target Worst Case Quantities

Civil Feature Percentage

Platforms
Concrete

Slabs
Beams
Columns
Exterior Load Bearing

Shear Walls
Interior Load Bearing

Shear Walls
Non-load Bearing Partition/

Shielding Walls
Masonry/Tile Walls
Embedded Plates
Equipment Anchorage

Heat Exchangers
Tanks
Pumps
Other Equipment Supports

Pipe Whip Restraints
Large Bore ASME Piping
Steel Containment Vessel

Pad Plate Attachments
Penetrations

Cable Trays/Conduit/HVAC

of Population

15

2
8
10

3

2

6
22
6

25
13
13
13
11

100

100
100

0-30

ASSESSMENT OF REMAINING POPULATION

If after worst cases are selected and evaluated
and no worst cases require modifications, then no
further assessment of the remaining population of
civil features or non-worst cases is required.

Unfortunately this will not always be the result.
However, if modification to the worst cases are
required, it is not necessary ii perform detailed
walkdowns, evaluations, and calculations of all the
remaining features in the population. Instead two
options are suggested:

1. For features which can be ranked with bounding
attributes, select the next worst case for
evaluation. If this case is accepted after
evaluation, then no further evaluations are
required. However, if the next worse case also
fails, the process could continue to repeat. If it
is expected that numerous features will require
modifications an effort to find the worst passing
case may be the best approach. This is a trial
and error process that should be based on stress
margins of worst cases already evaluated and
attributes of cases in the remaining population.
Then the same modifications used for the worst
case, if applicable, can be made for all cases
ranked worst than the worst passing case without
repeating individual design calculations.

2. For features in which it is not practical to rank
the remaining population, an assessment based on
critical attributes is possible. First the critical
attributes and conditions which contributed to the
presence of modifications on the worst case civil
features have to be identified. This process
begins with in-depth review of the modification
design output (drawing changes, design change
notices, etc.), qualifying calculations and other
pertinent background information. If the
modification can be linked to a root cause or
physical attribute, then a critical attribute can be
defined which can be observed by further review
of the remaining population. The design
documents, drawing references, description of
modification and reasons for overstress can be
summarized in tabular format to clarify the
justification for the critical attributes chosen.
Then cases in the remaining population that have
the presence of the critical attributes can be
evaluated and modified if necessary. To facilitate
the review of the remaining population, the
format of assessment data sheets should be
developed based on the identified critical
attributes and conditions to record pertinent
drawing and walkthrough information necessary
to identify presence and effects of these
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attributes. Additional supplementary
information work sheets may be prepared to
provide acceptance guidelines to facilitate
assessment of the features in the remaining
population. After the document reviews are
completed and the pertinent portions of data
sheets are filled out, field assessment of the
remaining population should then be performed.
The persons selected for remaining population
assessment should be the same as previously
worked on the worst case selection and
evaluations to take full advantage of experience,
continuity and to maximize the effectiveness of
the effort.

Fourth DOE Natural Phenomena Hazards Mitigation Conference - 1993

492



DEPARTMENT OF ENERGY
NATURAL PHENOMENA HAZARDS MITIGATION PROGRAM

by

Robert C. Murray
Lawrence Livermore National Laboratory

7000 East Avenue
P.O. Box 808

Livermore, CA 94550

ABSTRACT

This paper will present a summary of past and present accomplishments of the Naiural
Phenomena Hazards Program that has been ongoing at Lawrence Livermore National
Laboratory since 1975.

The Natural Phenomena covered includes earthquake; winds, hurricanes, and tornadoes;
flooding and precipitation; lightning; and volcanic events.

The work is organized into four major areas 1) Policy, requirements, standards, and
guidance, 2) Technical support, research and development, 3) Technology transfer, and
4) Oversight.

POLICY, REQUIREMENTS,
STANDARDS AND GUIDANCE

DEVELOPMENT OF HAZARD ESTIMATES
AT DOE SITES

During the early stage of this project, hazard estimates
were developed on a probabilistic basis for many DOE
sites. Seismic hazards estimates were developed by Tera
Corporation for 26 DOE sites. These studies are
summarized in reference [1].

Extreme wind and tornado hazard estimates were
independently developed by McDonald, Metha, and Minor
at Texas Tech University and by T. T. Fujita at the
University of Chicago. These hazard curves were then
combined for the 26 DOE sites. The combined results are
summarized in reference [2].

Preliminary flood hazard assessments for screening
purposes were developed for 10 DOE sites. This effort was
documented in references [3], [4], and [5J.

DEVELOPMENT OF SEISMIC SAFETY
GUIDE AND STATE-OF-THE PRACTICE
MANUALS

Seismic Safety Guide

The Seismic Safety Guide [6], was first published in

1983 by the Lawrence Berkeley Laboratory (LBL), based
upon its experience strengthening 34 buildings over a 20-
year period. Earthquake safety programs elsewhere were
slow to develop. Generally, they were too sophisticated,
complex, and expensive to achieve expeditious results.
Consequently, the primary purpose of the Seismic Safety
Guide was to provide practical advice about earthquake
safety to managers of DOE facilities so that they can get
the job done without falling into common pitfalls and
prolonged diagnosis. Its guidelines include hazard
identification and evaluation, site planning, the evaluation
and rehabilitation of existing facilities, the design of new
facilities, lifelines, operational safety, emergency planning,
and the management of risks and liabilities.

Since 1983, great progress has been made in
earthquake engineering. Also, a number of damaging
earthquakes have taken place in areas where structures were
designed to resist them. As a result, many studies,
guidelines, and regulations have been published, providing
a wealth of new information. This has resulted in the need
to revise the original Seismic Safety Guide. An important
objective of the 1993 edition is to incorporate and interpret
this material so that operators and mangers of DOE sites
can achieve a comfortable level of understanding for the
decisions they must make relative Jo seismic risk
management.

The format for the Guide will follow that used in the
original edition. Each technical section will be written by
an experienced professional for an audience composed of
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mangers or engineers with little background in earthquake
engineering. Comments and advice from the operators-
manager's perspective will be provided in the foreword to
each author's section. A draft of the 1993 edition should
be available for review by the end of 1993.

State-of-the-Practice Manuals

General guidance for good practice has been developed
in a series of state-of-the practice manuals. These are
intended to provide the facility manager and designer with
examples of details that have been found to work well in
resisting the effects of Natural Phenomena.

The following manuals currently exist:

• Suspended Ceiling Bracing
Requirements [7]

• Tie-Down and Anchorage Guidelines [8]
• Wind Detailing Requirements [9]
• Seismic Concepts and Detailing Requirements

[10]

DEVELOPMENT OF DESIGN AND
EVALUATION GUIDELINES

The second phase of the project was to develop
practical narural phenomena design and evaluation
guidelines which incorporated the probabilistic seismic,
wind, and flood hazard estimates. This was started in 1985
and has been evolving ever since. A workshop has been
developed to accompany the design and evaluation guidance
and has been conducted nine times since 1989. The latest
version of the guidelines is available as reference [11].

During 1992 extensive changes to the guidelines were
implemented as a result of ongoing work involving
seismic analysis of high level waste tanks. This led to the
development of a document, Reference [12], which
provided the theoretical basis for DOE's natural phenomena
hazards design and evaluation criteria.

DEVELOPMENT OF NATURAL PHENOMENA
RULE, ORDER, AND STANDARDS

As part of a coordinated effort to ensure proper
performance of DOE facilities subjected to natural
phenomena hazards (NPH), a new DOE order in the 5480
series has been approved. This order, designated DOE
5480.28 [13], is intended to establish: (1) requirements for
mitigation of NPH at DOE facilities, (2) consistent NPH
requirements for all NPHs and for all DOE facilities, and
(3) NPH requirements appropriate for facility characteristics
and objectives within a graded approach. The order
embodies the principles established by DOE Order
6430.1A and UCRL-15910 [II], which have been in use at

DOE facilities for more than seven years. In addition, it
establishes as requirements good practices that have been
used at many of the DOE sites. The requirements cover
the following:

• Assessment of NPHs for new and existing sites
• Natural phenomena effects to be considered
• Design of new facilities
• Evaluation and upgrade of existing facilities
• Design of additions and modifications
• Target performance goals
• Graded approach and performance categories
• Interactions and common cause effects
• Instrumentation.

The goals of the order are to (1) provide for safe
workplaces, (2) protect against property loss or damage, (3)
provide for continued operation of essential facilities, and
(4) protect public health and the environment against
exposure to hazardous materials — all in a cost-effective
manner. To assist in implementing the new order, a series
of DOE standards is being developed. Four standards are
required to implement the order. The first, DOE-STD-
1020-XX [14], is familiar to many in the DOE complex as
UCRL-15910, "NPH Design and Evaluation Guidelines."
DOE-STD-1021-93, "Natural Phenomena Hazards
Performance Categorization Criteria for Structures,
Systems, and Components," [15] accompanied the order
upon its issuance. Standards 1022 [16] and 1023 [17] will
provide criteria for site characterization and hazard
assessment; they should be available by Che end of 1993.
The order also draws on other DOE standards as well as
national codes and standards. The order uses DOE-STD-
1024-92 [18] for guidance in the use of available
probabilistic seismic hazard curves.

For new facilities, the order becomes effective on the
date of issuance. For existing facilities, implementation is
planned over several years because of constraints and
programmatic mission considerations. To start the process
of evaluating and upgrading existing facilities, the order
requires contractors/operators to establish an
implementation plan that contains a prioritized evaluation
schedule and identifies current and future NPH mitigation
actions. DOE-STD-1025-XX [19] which is under
development will help conduct this effort in a consistent
manner.

This plan is to be submitted to the Cognizant
Secretarial Officer (CSO) within one year of the effective
date of the order. O"er the next few months a workshop
will be developed for the CSOs covering the requirements
of the order plus guidance on its implementation.

The issuance and implcmentution of DOE Order
5480.28 provides the framework for meeting Executive
Order 12699 for seismic-hazard mitigation of new federal
facilities and an Executive Order, under development,
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which will require evaluation of existing facilities. In
addition, it will form the basis for a new NPH rule under
development as part of Title 10, Code of Federal
Regulations.

DEVELOPMENT OF A METHODOLOGY FOR
EVALUATING EXISTING FACILITIES

Currently a multiyear project is underway to develop
NPH guidelines for evaluation of existing DOE facilities
by the use of experience data. This project is intended to
supplement the guidance provided in DOE-STD-1020-XX
in the area of existing facilities. A program plan has been
developed [20].

DOE existing facility evaluations can take direct
advantage of the experience data base compilations and
guidelines developed by SQUG and EPRI. As a first step,
through a special agreement between DOE and EPRJ, the
SQUG and EPRI reference documents for using experience
data are available to DOE for facility reviews. LLNL has
already conducted two orientation workshops to provide
DOE facility personnel with an overview of the SQUG and
EPRI reference materials. The workshops are currently a
mandatory step for any DOE site wishing to obtain (he
documents. A training program will be developed to
permit use of these docurrsnts for safety evaluations.

Because the systems and components in DOE facilities
are so diverse, additional experience-based tools are needed
for the DOE efforts beyond the 20 SQUG classes of
equipment currently included in the EPRI/SQUG data base.
Examples include piping systems; heating, ventilation, and
air-conditioning equipment; filter compartment; glove
boxes; and fire-protection panels. A questionnaire is being
used to help determine the types of safety systems and
equipment components that will require seismic evaluation
at DOE facilities.

In contrast to the SQUG deterministic criteria, DOE
facilities are required to demonstrate their ability to achieve
probabilistic performance goals. The larger the potential
risks are, the stricter the performance requirements become.
DOE and its contractors are, therefore, assessing the
probabilistic performance goals achieved when seismic
experience-based screening evaluation methods are used.

DOE is also considering the use of experience data in
evaluating other natural phenomena hazards (NPH). This
may include screening evaluation guidelines for wind and
flood. As with earthquake experience data, considerable
information is compiled and available for determining the
important performance attributes for systems and
components subject to these other NPHs.

DOE facility management and operations personnel
will play an important role in the development and review

of the guidelines. A Steering Group of selected individuals
from the operating contractors will ensure that appropriate
priorities are established from the facility-operation
perspective. The Steering Group will also charter a team
of industry experts for technical review of the
implementation guidelines. The Technical Review Team
will determine the adequacy of the technical content of the
screening evaluation guidelines, including the safety
margins that will result froin implementation of the
criteria.

TECHNICAL SUPPORT, RESEARCH
AND DEVELOPMENT

POST EARTHQUAKE INSPECTION TEAM

We maintain a team of engineers knowledgeable in
earthquake response and walkdown techniques lo respond to
earthquakes that effect industrial facilities and DOH sites.
The purpose of inspections of industrial facilities is to
document both damage caused by the earthquake as well as
good performance. The team is available lo respond after
an earthquake where strong ground motions has occurred
and facilities with structures and components similar to
those found in DOE facilities exist.

The team has responded to the following earthquakes:

• Greenville Earthquake (1980)
(Lawrence Livermore National Laboratory)

• Morgan Hill Earthquake (1984)
• Mexico City Earthquake (1985)
• New Zealand Earthquake (1987)

(Bay of Plenty)
• Whittier Earthquake (1987)
• Loma Prieta Earthquake (1989)
• Costa Rica Earthquake (1991)
• Cape Mendocino Earthquake (1992)
• Landers and Big Bear Earthquakes (1992)

Response to these events is documented with
photographs and summary reports. The emphasis is on
response of industrial structures and components and
lessons learned to reduce seismic risk at DOE facilities.

SURVEY OF SEISMIC INSTRUMENTATION

We are preparing a summary of available seismic
instrumentation and its applications at DOE facilities. The
summary will include manufactures' information,
applications at DOE sites, and recommendations to DOE
on seismic instrumentation needs.

This will assist DOE sites planning to install or
upgrade their site and facility seismic instrumentation.
DOE Order 5480.28 requires seismic instrumentation at
DOE sites having facilities in performance categories 2, 3,
or 4.
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DEVELOPMENT OF EARTHQUAKE-ALERT
SYSTEM AND AFTERSHOCK WARNING
SYSTEM

This project buiUs on the recently completed
feasibility study [21], examining the use of an earthquake-
alert system to delect an earthquake occurrence at a very
early stage. We plan to set up a demonstration system at
LLNL and use its output (the early detection of a distant
earthquake) to start emergency generators or raise fire-house
doors. A schematic of the system is shown in Figure 1.
If the system is successful, we may expand it to cover
DOE facilities in the San Francisco Bay area; the New
Madrid, Missouri, area; or thr Charleston, South Carolina,
area. Application of this system can enhance safety,
protect investments in unique equipment, and improve post
event recovery.

A spin-off of this effort is the development of an
aftershock warning system. This is a portable system that
can be deployed in an area after an earthquake has occurred.
The system will monitor aftershocks and send out an alarm
by radio to warn of impending ground motion. This
system in shown in Figure 2. Once developed, both
systems have the potential to be transferred to industry for
further use.

APPLICATION OF BASE ISOLATION AND
PASSIVE ENERGY DISSIPATION
TECHNOLOGY TO DOE

For nearly two decades, the United States Department
of Energy (DOE) has substantially increased its efforts to
reduce the effects of earthquakes on its facilities.
Traditional means within the DOE for designing or
retrofitting structures to mitigate earthquake effects include
strengthening and anchoring. A nontraditional and
increasingly popular concept for mitigating the effects of
earthquakes on structures is seismic base isolation, see
Figure 3.

Because base isolation is emerging as a promising
technology for mitigating seismic effects, its potential role
in the DOE is being evaluated. In order to use the
technology within the DOE, criteria and guidance need to
be developed. This task is studying the fundamentals of
seismic base isolation, applications of the technology, and
how the technology might be applied within the DOE.

An additional technology to reduce seismic risk at a
facility is the use of passive energy dissipation devices.
These can be installed in new designs or used as an option
for retrofitting. The applications of these devices to DOE
is being examined.

Strong-motion
stations of local net

Alert-system
real-time

acquisition
and CPU

Electromechanical
shutdown/alert

functions

Figure 1. Earthquake Alert System (EAS)

Fourth DOE Natural Phenomena Hazards Mitigation Conference - 1993

496



Repeater station

/Area-wide transmitter
\

Remote R e m o t c

central, stations.

Main shock'

Figure 2. Aftershock Warning System (AWS)
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(Wrestling with nature)
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Figure 3. Seismic base isolation is a nontraditiona! way to mitigate
the effects of earthquake motion.
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DEVELOPMENT OF EVALUATION
GUIDANCE FOR LIFELINES

A national lifeline standard development program is
being conducted by FEMA and NIST. DOE is following
these developments and supplementing them to meet life
safety and mission requirements for all DOE facilities.
The DOE lifelines earthquakes engineering task is planned
to begin in fiscal year 1994, as part of the national
phenomena hazards mitigation program. The task will be
overseen by a DOE management team with technical
guidance provided by a Steering Group of management and
operating contractor representatives. During Fiscal Year
1994 we expect to follow and participate in the federal
program, conduct a workshop, develop an overall plan,
organize a Steering Group, and conduct a pilot study at a
DOE facility.

TORNADO MISSILE TESTING

The effect of wind borne missiles on various wall
configurations has been studied to determine the wall
thickness needed to resist penetration, perforation and spall.
Available test data is being complimented with additional
missile tests conducted at the Texas Tech University
Missile Test Facility.

A report documenting the study is under preparation.
This work will lead to guidance to protect DOE facilities
as a function of various tornado wind speeds.

TECHNOLOGY TRANSFER

PHENOMENAL NEWS

We prepare and issue a quarterly newsletter-
Phenomenal News - to the DOE community. This
newsletter provides background on various Natural
Phenomena and their effects with emphasis on reducing
risk at DOE facilities. Lessons learned from past natural
phenomena are presented, progress on various programs
underway by DOE and other federal agencies are
summarized, and upcoming workshops and conferences
related to natural phenomena are highlighted.

The intent of the newsletter is to increase awareness of
natural phenomena hazards mitigation to DOE
management and staff.

NATURAL PHENOMENA HAZARDS
WORKSHOPS

A series of workshops have been organized to transfer
developments and evolving technology and lessons learned
to the DOE community. The following workshops have
been held:

Seismic Safety Seminars
Berkeley (1980)

Discussing impacts of the Greenville
Earthquake on San Francisco Bay
Area DOE Facilities.

Stanford (1990)
Discussing impacts of the Loma Prieta

Earthquake on DOE facilities.

Workshops on the philosophy and use of DOE Natural
Phenomena Design and Evaluation Guidelines with
examples. The workshop covers an overview of the
DOE policy and applications to seismic, extreme
winds, and floods. Workshop notes are available to
participants [22]. Workshops have been held at the
following locations:

Albuquerque, NM (1989)
Seattle, WA( 1989)
Charleston, SC( 1990)
Boston Area (1990)
Denver, CO (1990)
Chicago Area (1991)
Salt Lake City (1992)
San Diego, CA (1992)
Washington, DC 1993)

Seismic Base Isolation Technology
Workshop—Los Angeles Aiea (1992), [23].

Discussing Concept and Worldwide
Applications of Base Isolation
Technology.

Short Course—Berkeley, CA (1992), [24].
Providing detail on how to design base
isolation systems for use in new or existing
facilities.

Volcanic Hazards Workshop—Portland, OR (1992),
[25].

Explored the hazards and issues associated with
volcanic hazards and their effect on DOE facilities.
Developed a plan for further work needed to
mitigate volcanic hazards. A field trip to Mt. St.
Helens was conducted as part of this workshop.

Lightning Hazards Workshop—Cocoa Beach, FL
(1993), [26].

Explored the nature and effects of lightning and
approaches to mitigation. A field trip to the
Kenr »dy Space Center and Cape Canaveral was
conducted as part of this workshop to inspect
Lightning Mitigation Technology used by the
Space Program.

Facility Walkthrough Orientation - St.. Louis, MO,
(1991), f27].

A workshop was organized to discuss facility
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walkthrough techniques for wind and earthquakes.
The techniques were demonstrated with a field trip
to the nearby AB Industries facility.

• Orientation Workshops on the use of the EPRI/SQUG
Seismic Evaluation Material Licensed for use at DOE
facilities, [28].

This material was developed by the commercial
nuclear industry over the last ten years and made
available to DOE through a license agreement with the
Electric Power Research Institute. Seven volumes of
Seismic Evaluation Material were distributed to staff
at DOE sites.

The material provides a practical approach to seismic
evaluation of DOE systems and components based on
performance of similar items in past earthquakes.
The first workshop was held in San Francisco, CA in
1992 and the second workshop in Golden, Colorado in
1993. The second workshop was followed by a
walkthrough field exercise at the Rocky Flats Plant.

The workshop series has been useful in transferring Natural
Phenomena Technology to the DOE sites and identifying
site needs for future work.

The following workshops are tentatively planned for
FY94:

Lifelines Workshop
To explore DOE needs in lifeline earthquake
engineering and summarize ongoing Federal
Standards being developed in this area.

Flood Protection Workshop
Provide details of flood protection technology
currently available for use at DOE sites.

Flood Hazards Assessment Workshop
Explore methodologies available for determining
flood hazards at DOE sites.

Orientation Workshop on DOE Natural Phenomena
Hazards Order and implementing Standards.

Explain the requirements of the order and standards
and discuss site implementation procedures.

Natural Phenomena Design and Evaluation Guidelines
Workshop.

The tenth workshop on the philosophy and use of
the DOE Guidance.

NATURAL PHENOMENA HAZARDS
MITIGATION CONFERENCES

The First Natural Phenomena Hazards Mitigation

Conference was organized and held at Las Vegas, NV in
1985 [29]. This conference brought together, for the first
time, managers, engineers, and scientists from around the
DOE complex with the goal of sharing information about
ongoing projects in natural phenomena hazards mitigation.
The conference was followed by six three-hour mini
courses conducted by international experts in each area.

The areas covered were:
Seismic Analysis [32]
Seismic Design [33]
Wind and Tornado Overview [34]
Wind and Tornado Design and Evaluation [35]
Flood Overview [36]
Emergency Preparedness [37],

The second conference was held in Knoxville,
Tennessee in 1989 [30]. There was growing interest
among DOE sites to continue with this effort, share
technology and mitigation strategies, and discuss projects
with others around the DOE complex.

The third conference was held in St. Louis, Missouri
in 1991 [31] and a two year cycle was established. The
number of papers and posters presented continued to grow.
A natural phenomena walkthrough workshop was held at
the conclusion of the conference.

This summary paper has been prepared for the fourth
conference to be held in Atlanta, Georgia in October 1993.
This conference is the largest to date with over 125
abstracts submitted indicating both widespread interest and
activity at DOE sites.

NATURAL PHENOMENA HAZARDS
TECHNOLOGY CENTER

The Natural Phenomena Hazards Technology Center
has been established at LLNL during 1992. This center
will provide the following services:

• Centralized source of information and reference
material with computerized access by the DOE
complex.

• Provide resources in developing and reviewing hazard
definitions, criteria development, and facility reviews.

• Evaluate lessons learned from observation of natural
phenomena events.

• Provide training and technology transfer.

• Keep current on state-of-the-art.
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OVERSIGHT

DESIGN REVIEWS AND TECHNICAL
SAFETY APPRAISALS

Walkdowns and design reviews have been conducted in
the natural phenomena area for several DOE facilities.
This work has provided input for design reviews, restart
reviews, and technical safety appraisals. This work has
also led to the development of the Walkdown Field Guide.

Reviews have been conducted •". the following locations:

Design Reviews

Hanford/N-Reactor
Savannah River/K-Reactor
Oak Ridge/HFIR - Design Review and Restart

Review
Natural Phenomena Hazards Walkthrough

Paducah Gaseous Diffusion Plant
Rocky Flats Plant

Technical Safety Appraisals

BSfEL/ANL-West
LANL

This work was performed under the auspices of the U.S.
Department of Energy by lawrence Livermore National
Laboratory under contract No. W-7405-Eng-48.
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ABSTRACT

The Hanford Site is currently developing guidelines for seismic qualification of safety
class 3 and 4 equipment. This effort is part of a program undertaken by the Central
Engineering Group of Westinghouse Hanford Company to seismically qualify
components in existing facilities to the site design-basis requirements. Adequate
seismic performance of these categories of equipment will assure prevention of
harmful interaction with safety class 1 and 2 equipment, operator injury, and blockage
of access and egress to a facility.

The Hanford Site seismic guidelines are included in the Hanford Plant Standard
Seismic Design Criteria, HPS SDC-4.1 (Reference 3). The latest revision of this
standard adopts recommendations from UCRL-15910 (Reference 1) and uses the
terminology "facility usage category" to convey natural phenomena design criteria to
equipment having different safety classes. The goal of the seismic qualification
guidelines-development activity is to provide simplified rules and procedures that will
allow facility personnel to perform a large majority of the existing equipment seismic
qualification without relying upon outside engineering support. The guidelines
accomplish this by providing simple screening rules along with provisions for
personnel training and compliance documentation. Safety class 3

BACKGROUND

The Central Engineering Group of Westinghouse
Hanford Company (WHC) has prepared a program for
simplified seismic qualification of existing safety class 3
and 4 (SC3/4) commodities to guidelines suggested in
UCRL-15910 (Reference 1). As used herein,
commodities refer to equipment, piping, raceways,
heating, ventilating, and air conditioning (HVAC), and
miscellaneous non-structural components. By the
guidance in UCRL-15910, structures and equipment are
to be classified in terms of "usage categories."
Assigning the appropriate usage category is based on an
expected level of performance considering factors such
as mission dependence, recovery costs, personnel
safety, and potential hazardous material release.

Incorporation of UCRL-15910 guidelines into
standards documents at Department of Energy
facilities requires some means of equating the design
criteria appropriate for facility usage categories to the
safety class terminology. Safety class categorization
is related to the importance an engineered feature
plays in mitigating potential onsite and offsite
releases.

At the Hanford Site, the design criteria
associated with the UCRL 15910 facility usage
categories are assigned to corresponding safety
classes. The natural phenomena design criteria for a
safety class 1 component is identical with that
specified for a UCRL 15910 high-hazard usage
category structure. A very simple correlation of
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natural phenomena design criteria between UCRL
15910 and the Hanford Site standard is as follows:

• Safety Class 1

• Safety Class 2

• Safety Class 3

• Non-Safety Class 4

High-hazard usage
category
Moderate-hazard
usage category
Low-hazard usage
category
General-use usage
category.

It has been recommended at the Hanford Site
that simplified generic seismic assessment guidelines be
developed. .Tthese should be able to be implemented
by plant personnel to qualify existing SC3/4 equipment.
In response to this recommendation, Hanford Site
Seismic Assessment Guidelines document, WHC-SD-
DGS-30006 (Reference 2), has been prepared and
released for trial use and comment. The use of 30006,
for the remainder of this paper refers to this guidelines
document unless otherwise stated.

The development of simplified seismic
assessment guidelines fulfills several goals. First, it
will provide the basis for facility operators and
landlords to have their personnel participate in the
evaluation of existing commodities without involvement
of substantial outside resources. Second, it sets forth
guidelines for consistent documentation of facility
review and equipment qualification throughout the site.
Finally, 30006 provides guidance for determining
anchorage requirements for modified and/or new
commodities.

Simplified charts and tables in 30006 facilitate
rapid assessment of commodity anchorage in the field.
Personnel qualification and training on the application
of 30006 are also a necessary constituent of the
program. The intent behind the development of such a
program is to allow facility personnel to assess the
structural adequacy of a large percentage of existing
commodities. Those items that do not meet 30006
guidelines can either be upgraded or evaluated through
rigorous analysis techniques.

PROGRAM SCOPE

One of the key decisions that needed to be made
early in the development of these simplified structural
assessment guidelines was the intended scope of
application. It is not reasonable to expect engineered
anchorage for historically installed items in all buildings
on a 50-yr-old site.

Therefore, the simplified guidelines were
limited to assuring the following:

• No seismic interaction would occur between
SC3/4 commodities and safety class 1 and 2
(SCI/2) commodities in SCI/2 structures

• Areas occupied by critical operators would be
free of potentially injuring projectiles during a
design basis earthquake

• Personnel access and egress would be
guaranteed in all occupied structures during a
seismic event.

The effect of limiting consideration to the
above conditions is to focus attention on SC1/2
structures, critical control rooms, and primary
passageways in high-occupancy structures, such as
offices and laboratories. Given the definitions at
WHC, operability of SC3/4 commodities during or
after a design basis earthquake is not a consideration.
This approach is consistent with guidelines in UCRL-
15910 that suggests that important usage category
equipment (corresponding to SC 3 at the Hanford
Site) need only comply with Uniform Building Code
(UBC) (Reference 8) provisions. The UBC
provisions provide a level of performance typical of
new designs for important private sector facilities
such as hospitals, fire stations, and schools. If
specific conditions warrant a higher level of
performance, consideration at WHC is given to
higher usage category designations.

A process for the structural qualification of
SC3/4 commodities is depicted by the flow chart in
Figure 1. This chart illustrates the key
considerations to be addressed during the structural
qualification of SC3/4 commodities and the
relationship between this activity and the structural
qualification of SCI/2 commodities. The initial step
in the flow chart suggests a review of historical
equipment performance during past earthquakes,
vibration testing, or analyses as a preliminary screen
for acceptance of a commodity installation.
Commodities failing this initial screening can be
qualified if administrative controls or rigorous case-
by-case analyses demonstrate sufficient seismic
adequacy.
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KEY CONSIDERATIONS IN DEVELOPING
SEISMIC ASSESSMENT GUIDELINES

Several considerations were addressed during the
development 30006. Among these were seismic
demand, applicability of established earthquake
experience assessment methods, determination of safety
class, existing anchorage assessment requirements,
possible exclusions from the guidelines, and field
walkdown techniques and documentation. The
approach taken to address the above considerations was
influenced by conditions, needs, and experience with
ongoing programs that may be unique to the Han ford
Site.

SEISMIC DEMAND

Methodologies included in 30006 are based on
guidelines in UCRL-15910 (Reference 1), Hanford
Plant Standard SDC-4.1 (Reference 3), and guidance
provided in numerous Electric Power Research Institute
(EPRI) documents (References 4, 5, 6, and 7). The
principal focus of the initial version of 30006 is to
ensure adequate equipment anchorage for SC3/4 items.
Anchorage is recognized as the single most important
factor affecting equipment performance in past
earthquakes. Properly anchored commodities will not
be missile hazards to personnel and safety class
equipment during the design basis earthquake.

Assessment of anchorage in 30006 relies on
methods suggested in the UBC (Reference 8) for
determining equivalent static lateral loads on the item.
This methodology is recommended (along with
earthquake experience) for the seismic qualification of
the more common usage category equipment referenced
in UCRL-19510. The UBC based approach in 30006 is
applicable for all elevations in SC3/4 facilities. In this
approach, seismic demand is equated to an equivalent
static inertial load based upon the seismic zone factor,
Z. In 30006, Z for SC3/4 commodities is the peak
ground acceleration specified for the Hanford Site for
safety class 3 (0.12g).

In order to provide a widely applicable
document, an approach was developed in 30006 for
addressing SCI/2 structures. The approach to
determining seismic demand is a modification of the
UBC method. Changes include elimination of a
reduction in demand for below-grade elevations, the
addition of a generic in-structure amplification factor
for above-grade elevations, and consideration of three
components of earthquake loading. The vertical seismic
component is taken as 2/3 the horizontal component.

Combination of the three components is done by
either the 100-30-30 rule or square-root-of-the-sum-
of-the-squares method.

For some SCI/2 structures on the Hanford
Site, up-to-date in-structure spectra are not available.
A generic amplification factor was used in 30006 to
allow interim evaluation of equipment anchorage until
appropriate spectra are developed. The generic
amplification factor in 30006 is based upon a review
of recorded peak zero-period accelerations in a wide
variety of buildings subjected to strong ground
motion. Earthquakes included in this assessment
included 1971 San Fernando, 1981 Whittier Narrows
and 1989 Loma Prieta. An amplification factor of 4
was found to be a conservative estimate of
amplification in these earthquakes. In 30006, the
factor of 4 is used at above-grade elevations to the
seismic demand for all SC3/4 equipment identified as
a seismic interaction source for SCI/2 equipment.

With this approach, assessment of anchorage
is similar among all classes of commodities.
Anchorage assessment for higher safety classes of
commodities differs primarily in the seismic demand
and requirements for in-service inspection. In this
respect, evaluation of existing anchorage for SCI/2
equipment follows procedures contained in the
Generic Implementation Procedure (GIP) for nuclear
power plants that are part of the USI A-46 program
(Reference 9).

The approach in 30006 may be unique for
conditions at the Hanford Site. As stated previously,
a key goal of the program is to provide a means for
existing facility personnel, who may not have years
of seismic evaluation experience, to perform as much
of the seismic assessment activity as possible. This
is a cost-effective strategy for assessing existing
equipment anchorage for seismic adequacy.

APPLICABILITY OF EXISTING EARTHQUAKE
EXPERIENCE DATA METHODS

Guidelines in 30006 make use of methods
developed from earthquake experience data, i.e.,
information attesting to the survivability of certain
types of equipment during seismic events.
Experience data methods included in 30006 are used
to assess structural adequacy of valves with
operators, and support of suspended systems such as
raceways, piping, conduit, and HVAC ducts. These
methods are applicable as long as the median-free
field spectrum of earthquakes, for which experience
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natural phenomena design criteria between UCRL
15910 and the Hanford Site standard is as follows:

• Safety Class 1

• Safety Class 2

• Safety Class 3

• Non-Safety Class 4

High-hazard usage
category
Moderate-hazard
usage category
Low-hazard usage
category
General-use usage
category.
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for the remainder of this paper refers to this guidelines
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program is to allow facility personnel to assess the
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commodities. Those items that do not meet 30006
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rigorous analysis techniques.

PROGRAM SCOPE

One of the key decisions that needed to be made
early in the development of these simplified structural
assessment guidelines was the intended scope of
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on a 50-yr-old site.

Therefore, the simplified guidelines were
limited to assuring the following:

• No seismic interaction would occur between
SC3/4 commodities and safety class 1 and 2
(SCI/2) commodities in SCI/2 structures

• Areas occupied by critical operators would be
free of potentially injuring projectiles during a
design basis earthquake

• Personnel access and egress would be
guaranteed in all occupied structures during a
seismic event.

The effect of limiting consideration to the
above conditions is to focus attention on SCI/2
structures, critical control rooms, and primary
passageways in high-occupancy structures, such as
offices and laboratories. Given the definitions at
WHC, operability of SC3/4 commodities during or
after a design basis earthquake is not a consideration.
This approach is consistent with guidelines in UCRL-
15910 that suggests that important usage category
equipment (corresponding to SC 3 at the Hanford
Site) need only comply with Uniform Building Code
(UBC) (Reference 8) provisions. The UBC
provisions provide a level of performance typical of
new designs for important private sector facilities
such as hospitals, fire stations, and schools. If
specific conditions warrant a higher level of
performance, consideration at WHC is given to
higher usage category designations.

A process for the structural qualification of
SC3/4 commodities is depicted by the flow chart in
Figure 1. This chart illustrates the key
considerations to be addressed during the structural
qualification of SC3/4 commodities and the
relationship between this activity and the structural
qualification of SCI/2 commodities. The initial step
in the flow chart suggests a review of historical
equipment performance during past earthquakes,
vibration testing, or analyses as a preliminary screen
for acceptance of a commodity installation.
Commodities failing this initial screening can be
qualified if administrative controls or rigorous case-
by-case analyses demonstrate sufficient seismic
adequacy.
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Several considerations were addressed during the
development 30006. Among these were seismic
demand, applicability of established earthquake
experience assessment methods, determination of safety
class, existing anchorage assessment requirements,
possible exclusions from the guidelines, and field
walkdown techniques and documentation. The
approach taken to address the above considerations was
influenced by conditions, needs, and experience with
ongoing programs that may be unique to the Hanford
Site.
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Methodologies included in 30006 are based on
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Plant Standard SDC-4.1 (Reference 3), and guidance
provided in numerous Electric Power Research Institute
(EPRI) documents (References 4, 5, 6, and 7). The
principal focus of the initial version of 30006 is to
ensure adequate equipment anchorage for SC3/4 items.
Anchorage is recognized as the single most important
factor affecting equipment performance in past
earthquakes. Properly anchored commodities will not
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equipment during the design basis earthquake.

Assessment of anchorage in 30006 relies on
methods suggested in the UBC (Reference 8) for
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This methodology is recommended (along with
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approach, seismic demand is equated to an equivalent
static inertial load based upon the seismic zone factor,
Z. In 30006, Z for SC3/4 commodities is the peak
ground acceleration specified for the Hanford Site for
safety class 3 (0.12g).

In order to provide a widely applicable
document, an approach was developed in 30006 for
addressing SCI/2 structures. The approach to
determining seismic demand is a modification of the
UBC method. Changes include elimination of a
reduction in demand for below-grade elevations, the
addition of a generic in-structure amplification factor
for above-grade elevations, and consideration of three
components of earthquake loading. The vertical seismic
component is taken as 2/3 the horizontal component.

Combination of the three components is done by
either the 100-30-30 rule or square-root-of-the-sum-
of-the-squares method.

For some SCI/2 structures on the Hanford
Site, up-to-date in-structure spectra are not available.
A generic amplification factor was used in 30006 to
allow interim evaluation of equipment anchorage until
appropriate spectra are developed. The generic
amplification factor in 30006 is based upon a review
of recorded peak zero-period accelerations in a wide
variety of buildings subjected to strong ground
motion. Earthquakes included in this assessment
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and 1989 Loma Prieta. An amplification factor of 4
was found to be a conservative estimate of
amplification in these earthquakes, in 30006, the
factor of 4 is used at above-grade elevations to the
seismic demand for all SC3/4 equipment identified as
a seismic interaction source for SCI/2 equipment.

With this approach, assessment of anchorage
is similar among all classes of commodities.
Anchorage assessment for higher safety classes of
commodities differs primarily in the seismic demand
and requirements for in-service inspection. In this
respect, evaluation of existing anchorage for SCI/2
equipment follows procedures contained in the
Generic Implementation Procedure (GIP) for nuclear
power plants that are part of the USI A-46 program
(Reference 9).

The approach in 30006 may be unique for
conditions at the Hanford Site. As stated previously,
a key goal of the program is to provide a means for
existing facility personnel, who may not have years
of seismic evaluation experience, to perform as much
of the seismic assessment activity as possible. This
is a cost-effective strategy for assessing existing
equipment anchorage for seismic adequacy.

APPLICABILITY OF EXISTING EARTHQUAKE
EXPERIENCE DATA METHODS

Guidelines in 30006 make use of methods
developed from earthquake experience data, i.e.,
information attesting to the survivability of certain
types of equipment during seismic events.
Experience data methods included in 30006 are used
to assess structural adequacy of valves with
operators, and support of suspended systems such as
raceways, piping, conduit, and HVAC ducts. These
methods are applicable as long as the median-free
field spectrum of earthquakes, for which experience
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data has been collected, bounds the local tn-structure
response spectra at the frequencies of interest.

For commercial nuclear power plants,
applicability of earthquake experience data for assessing
seismic adequacy is determined by comparing median
in-structure spectra to an approximate median-free field
spectrum upon which the experience data has been
based. This database spectrum is referred to as the
reference spectrum. For cases where median in-
structure spectra are not available, free-field ground-
motion spectra can be compared to the reference
spectrum divided by a factor of 1.5. The resulting
spectrum is referred to as the Generic Bounding
Spectrum. The factor of 1.5, which is based on
experience and results generated by the use of rigorous
analysis techniques (Reference 5), is the amount of
expected ground motion amplification that can occur for
elevations less than 40 ft above grade in structures
having a fundamental frequency greater than 6 Hz. The
1.5 factor is predicted using relatively stiff structures
typical of nuclear power facilities having lateral load
resisting systems composed of heavily braced steel
frames, reinforced concrete frames, or shear walls.

Preliminary review of in-structure response
spectra generated for a sample of existing Han ford Site
non-reactor buildings indicate that some are not
bounded by the reference spectrum at all above-grade
elevations less than 40 ft. However, as shown in
Figure 2, the Generic Bounding envelopes all Hanford
Site design basis earthquake ground motion spectra
specified by SDC 4.1. This created some question as
to the applicability of the earthquake experience
database rules of the GIP. Application of 30006 for
assessing the adequacy of equipment characteristics is
limited to structural elevations for which the instructive
spectra is bounded by the Reference Spectrum.

SAFETY CLASS DETERMINATION

Assignment of a safety class designation for a
particular item is necessary in order to determine
whether or not 30006 guidelines are applicable. Efforts
are underway at the Hanford Site to identify SCI/2
systems and components for all non-reactor SCI/2
buildings. The end product will be a list of components
and systems that must maintain their intended safety
function during and following the site design basis
earthquake.

Figure 3 is a representation of a general
methodology similar to the process applied at the
Hanford Site to differentiate SC3/4 commodities from

SCI/2 items. Under the present approach,
commodities that pose potential interaction hazards
are placed in the same safety class as the
commodities that they can potentially damage.
However, in all other respects (e.g., procurement
specifications, vendor qualification, installation
inspection) potential interaction hazards are treated in
a manner consistent with their performance goal,
without consideration of the interaction. The dual
safety class assignment is one issue being addressed
in establishing guidance for a graded approach to
safety class determination.

This approach is a simplified and consistent
interpretation of recommendations contained in
UCRL-15910 and the recent DOE standard DOE-
STD-1021 (Reference 10). Simplification was
deemed desirable for developing generic guidelines to
be implemented by personnel at the Hanford Site
facilities.

ANCHORAGE EVALUATION

Evaluation of existing equipment anchorage
capacity is based largely on EPRI findings reported
in Reference 4. This report primarily addresses
adequacy of concrete expansion anchors. It includes
allowable capacities for a wide variety of expansion
anchors based on test data collected from numerous
sources including manufacturer's testing, in situ tests,
and laboratory tests. The EPRI database also
includes in situ anchor bolt test data from the
Hanford Site. A factor of safety of three is inherent
in the EPRI database and is also used in 30006 for
existing equipment. Recommendations in UCRL-
15910 also adopt this factor of safety for evaluation
of existing anchorage. New installations of concrete
expansion anchors are required to employ typical
building code allowable capacities, such as prescribed
by the International Conference of Building Officials.

Anchorage review requirements presented in
the Hanford Site guidelines for existing SC3/4 items
do not exactly follow those prescribed by EPRI. The
EPRI anchorage requirements are intended for
application to critical systems in commercial nuclear
power plants that are required to function in order to
achieve safe shutdown. This has been justified as
acceptable performance and is achieved as long as
changes are based largely upon the fact that the
object is prevented from falling. Other
considerations such as maintaining anchorage
stiffness, controlling equipment displacements, and
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preventing permanent deformation of load carrying
elements are not required of SC3/4 items.

Modifications to the EPRI guidelines, which
ensure they are commensurate with performance goals
of SC3/4 items, include elimination of torque
verification, use of simple linear interaction equations,
and elimination of verification of embedment depth
through drawing review or in situ testing.

EXCLUSIONS TO SPECIFIC ANCHORAGE
SCREENING CRITERIA

An important aspect of 30006 is the
incorporation of certain conditions for which
quantitative acceptance criteria are excluded. Examples
of these types of exclusions can be found in both UBC
and EPRI recommendations for seismic assessment of
components. An exception to lateral force provisions in
the UBC exists for equipment weighing less than 400
lb, furniture, temporary or movable equipment. An
option in EPRI guidelines allows the determination of
structural adequacy for lightly loaded commodity
anchorages (less than about 15 lb) to be verified by
tugging on the component by hand. Considering the
seismic demand at the Hanford Site, 30006 has
incorporated a firm hand tug test as a means to
seismically qualify commodity anchorage having a dead
load less than 150 to 200 lb in SC3/4 structures. This
option excludes the need to perform rigorous
evaluations for the seismic qualification of small
instruments and small-diameter tubing, piping, and
conduit. This option will greatly simplify the
assessment of existing equipment that has been installed
using generic field-administered procedures, i.e., small
commodities with a wide variety of anchorage details
including sheet-metal screws, small machine fasteners,
and gypsum board anchors.

WALKDOWN IMPLEMENTATION

Implementation of 30006 on a facility-wide basis
will be performed by conducting a detailed walkdown
on in-scope areas. Walkdowns are expected to be
performed on an area basis by personnel who have
received training in the use of the assessment
guidelines. Specific requirements for seismic
walkdowns covering topics such as preparation of
facility-specific walkdown procedures, recommended
forms and checklists, development of screening charts
and tables, and disposition of commodities that fail to
meet assessment criteria are provided in 30006.
Currently, a generic walkdown procedure that can be
applied to Hanford Site facilities is available (Reference

11) to assist facility owners/landlords in the
incorporation of 30006 requirements into a facility-
specific document.

An important feature of the current 30006
guidelines is the inclusion of screening charts that
provide a means to assess commodity anchorage in
the field. An example chart is provided in Figure 4.
The square bolting pattern in the chart can
conservatively be used with rectangular bolt patterns,
provided the bolt separation in the chart is governed
by the smallest actual bolt spacing. The chart can be
used to assess a wide variety of equipment such as
pumps, motors, equipment racks, storage cabinets,
small transformers, inverters, battery racks, and
compressors. The screening chart depicted in Figure
4 illustrates the relatively modest anchorage required
even for heavy commodities at the Hanford Site.
Note that the chart in Figure 4 indicates that four
0.375-in. anchor bolts with 12-in. spacing are
sufficient to anchor a flexible 2000 Ib piece of
equipment mounted above grade provided the center
of gravity located less than 42 in. above the floor.

PERSONNEL TRAINING

An important component of the equipment
qualification program underway at the Hanford Site
is training of personnel on the use of 30006. Central
Engineering personnel will be providing training for
field personnel identified for reviewing facility
equipment. A complete training package has been
developed to assure uniform training on the material
in 30006. The training package consists of class
workbooks, a complete set of presentation materials
with suggested text for the presentation of the
material, example problems and a test to assess
comprehension of the training material. Additional
training is being performed to meet specific facility
needs. For example, a training program is underway
for engineers at Hanford tank farm facilities to assist
them in applying the equipment anchorage guidelines
contained in 30006.

SUMMARY OF PROGRAM STATUS

Other tasks envisioned to compliment the use
of 30006 include completing a desktop reference
document to facilitate rapid screening of commodities
in the field, conducting trial walkdowns at the
Hanford Site, a.;d preparation of training materials
for plant personnel.
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The program implementation at the Hanford Site 7.
is believed to be an initial effort to incorporate guidance
specified in UCRL-15910 for use of seismic experience
and test data in equipment qualification for existing
facilities. Since Jhe WHC program was begun UCRL-
15910 is being updated by DOE as DOE-STD-1020.
Provisions in the WHC equipment qualification 8.
guidelines remain consistent with the new DOE
standard with the exception of nomenclature regarding
the various performance categories. The Hanford
program is also unique in that it seeks to structure an 9.
equipment structural qualification process that combines
simplified screening criteria with trained facility
personnel who are not necessarily experts in seismic
evaluation. Lessons learned from the Hanford Site
experience should provide a valuable asset to other sites
seeking to upgrade techniques for the seismic
qualification of equipment in existing facilities.
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ABSTRACT

As dictated by DOE Order 5480.28, seismic evaluations of essential systems and
components at DOE facilities will be conducted over the next several years. For
many of these systems and components, few, if any, seismic requirements
applied to the original design, procurement, installation, and maintenance
process. Thus the verification of the seismic adequacy of existing systems and
components presents a difficult challenge.

DOE has undertaken development of the criteria and procedures for these
seismic evaluations that will maximize safety benefits in a timely and cost
effective manner. As demonstrated in previous applications at DOE facilities
and by the experience from the commercial nuclear power industry, use of
experience data for these evaluations is the only viable option for most existing
systems and components. This paper describes seismic experience data, the
needs at DOE facilities, the precedent of application at nuclear power plants and
DOE facilities, and the program being put in place for the seismic verification
task ahead for DOE.

SEISMIC EXPERIENCE DATA

Seismic experience data are the documented
performance of systems and components that were
subject to earthquake motion. It includes items in
commercial and industrial facilities that were in the
strong motion regions of major earthquakes, and
items that underwent shake table tests.

EARTHQUAKE EXPERIENCE

Over the past several years, the Seismic
Qualification Utility Group (SQUG) and the Electric
Power Research Institute (EPRI) have developed a
seismic experience data base that includes the
response of systems and components in about 100
(typically non-reactor) facilities located in the areas
of strong ground motion from 20 past earthquakes.
The earthquakes have Richter magnitudes in ihe
range of 5.2 to 8.1, with peak ground accelerations
from O.lOg to O.85g, for about 3 to about 50 seconds
duration. Soil conditions, building structure types,

and location of equipment vary considerably within
(he data base.

The facilities surveyed and documented
contain a large number of mechanical and electrical
equipment, and control and distribution systems
identical or very similar to those found in DOE
facilities. Information sources consist of interviews
with facility management and operating personnel,
walkdown inspections of facilities, photographs and
performance data records of systems and
components, facility operating logs, and the facility's
inspection reports. Available design criteria and
specifications, component data books, and design
drawings were collected. There is diversity in
equipment design, size, configuration, age,
application, operating conditions, manufacturer, and
quality of construction and maintenance.

The earthquake experience data are useful for
determining common sources of seismic damage or
adverse effects to equipment and facilities, thresholds
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of seismic motion corresponding to various types of
seismic performance, and standards in equipment
construction and installation to ensure the ability to
withstand anticipated seismic loads.

SEISMIC TESTING

As an expansion of the earthquake
experience data, EPRI and SQUG also collected data
on shake-table qualification tests from utilities,
manufacturers, and test laboratories. Results were
compiled from about 300 shake table tests of
equipment components, covering 15 generic classes
of equipment which are representative of much of the
equipment found in DOE facilities. The objective
was to compile the information by class, and to
obtain generic insights, if any, by class, that could be
used to assist utilities in evaluating these equipment
classes in their plants. These generic equipment
ruggedness data represent substantially higher levels
of seismic motion than the earthquake experience
data, but in most cases are applicable to a narrower
range of equipment parameters. EPRI and SQUG
also obtained available electro-mechanical relay
chatter shake table tests and performed additional
tests for other relays. The relay test experience data
base provides capacities for about 150 specific
models of relays.

ANCHORAGE TESTING

Another important element of seismic
experience data is information on the anchor bolts
that are commonly used in many DOE facilities to
attach systems and components to the supporting
building structure. EPRI and SQUG have
summarized capacity information for expansion
anchor bolts, covering about 1200 ultimate capacity
tension and shear tests. Capacity data have also been
compiled for other anchor types including welded
attachments, cast-in-place boits and headed studs,
grouted-in-place anchors, and cast-in-place I-hooks.

NEEDS OF DOE FACILITIES

DOE facilities need to have adequate
measures of ensuring hazardous material confinement
for protection of the public heaHh and safety, on-site
worker life safety, and investment protection in the
event of natural phenomena hazards including
earthquakes. Due to the evolutionary nature of
design and operating requirements, and developments
in engineering technology, existing DOE facilities
embody a broad spectrum of design features for
earthquake resistance. The earliest facilities often
have the least seismic design documentation, yet

potentially exhibit the greatest difference between
their design basis and what DOE would require today
for seismic design criteria for new facilities.
Compliance with the recent DOE Order 5480.28
(Reference 1) for (he seismic evaluation of systems
and components leads to consideration of the
following alternatives:

Seismic qualification by testing.
Seismic qualification by analysis.
Verification of seismic adequacy using
experience data.

As was concluded in the nuclear power
industry (References 2 to 4), the first two alternatives,
testing or analysis are most often not viable (removal,
decontamination, shipment of equipment for testing;
access and potential damage for in-situ testing, etc.)
As demonstrated in previous applications at DOE
facilities and by (he experience from the commercial
nuclear power industry, use of experience data for
these evaluations is the only viable option for most
existing systems and components.

PRECEDENTS

APPLICATION TO NUCLEAR POWER
PLANTS

In the late 1970s, the U.S. Nuclear
Regulatory Commission (NRC) expressed the
concern that nuclear equipment seismically qualified
to standards preceding IEEE-344-1974 may not
provide sufficient assurance of seismic adequacy.
This concern was reinforced through field inspections
of earlier nuclear power plants where equipment
lacked adequate anchorage. This NRC concern
resulted in the issue of Unresolved Safety Issue (USD
A-46, "Seismic Qualification of Mechanical and
Electrical Equipment in Operating Nuclear Power
Plants" (Reference 2). The NRC pursued several
options for resolution of USI A-46, including use of
shake table testing, in situ testing, deterministic and
probabilistic analytical methods, and seismic
experience data. Most options proved to not be
viable because of the unavailability of older model
components for testing, high costs of component
replacements, and complications of testing
radiologically contaminated equipment.

The NRC concluded, based on research by
the national laboratories, that use of experience data
could provide a reasonable alternative for resolution
of USI A-46 (Reference 4). The NRC also endorsed
the methodology developed by SQUG, EPRI and the
Senior Seismic Review and Advisory Panel (SSRAP)
(Reference 5). In 1987, NRC Generic Letter (GL)
87-02 required utilities to respond to USI A-46, and
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encouraged participation in generic resolution by
using the SQUG approach, the Generic
Implementation Procedure (GIP) (Reference 6).
NRC has accepted the SQUG GIP by a generic safety
evaluation report (Reference 7), taking a few
exceptions, which have since been resolved and are
being incorporated into Revision 3 of the GIP.

The SQUG GIP consists of four sets of criteria:

[1] the experience based capacity spectrum must
bound the plant seismic demand spectrum,

[2] the equipment item must be reviewed against
certain inclusion rules and caveats,

[3] the component anchorage must be evaluated,
and

[4] any potentially significant seismic systems
interaction concerns that may adversely affect
component safe shutdown function must be
addressed. These SQUG criteria are in the form of
screening evaluation guidelines. Items not passing
the screen are not necessarily inadequate, but other
seismic engineering methods must be used to
evaluate these items further.

An important element of the SQUG GIP is
its application by the use of specially (rained and
experienced seismic review teams who must exercise
considerable judgment while performing the in-plant
screening evaluations. Besides establishing strict
qualification requirements for review team engineers,
SQUG and EPRI provide a training course in the use
of the implementation guidelines and procedures.

The seismic evaluation method based on
experience data has become a key element in the
ongoing earthquake evaluations for commercial
nuclear power plants. The experience based
evaluation methods address most plant components
needed for safe shutdown in the event of a design
basis earthquake, including 20 classes of electrical
and mechanical equipment, cable trays and conduit
systems, relays, anchorage capacity, tanks and heat
exchangers.

APPLICATIONS AT DOE FACILITIES

The SQUG experience-based seismic
evaluation approach has already been used and
approved at a few DOE facilities. The most
extensive application was at the Savannah River Site
(SRS). The SRS reactors were built in the 1950s
when seismic qualification requirements were in their
infancy. SRS became a member of SQUG in 1988,
and used the GIP at its K, L and P reactors to evaluate

the seismic adequacy of selected safety systems for
their design basis earthquake. The SRS reactor
program included definition of the system scope
requiring review, development of SRS plant specific
procedures, use of seismic screening evaluation
walkdowns and calculations, and identification,
resolution, and upgrading of outliers. This
application at SRS has been reviewed and accepted
by internal DOIi oversight reviewers prior to the
approval for the restart of the K Reactor.

The SRS seismic evaluation program
represents an expansion of the SQUG GIP in several
areas. Programmatic changes were incorporated to
enhance engineering assurance. Several technical
changes were added to address unique needs at SRS
such as additional steps for expansion anchor
verification, development of capacity for lead cinch
anchors, implementalion of consistent guidelines for
HVAC ducting, and use of experience based
screening guidelines for piping.

The SRS seismic evaluation program was a
major success. Roughly 60 percent of the items were
verified to be seismically adequate as-is. For the
others, about 11 percent were resolved by additional
evaluation; the remainder were resolved by upgrade.
The typical upgrades consisted of anchorage
enhancement and elimination of seismic interaction
concerns by providing restraint or removal of the
interaction source. The use of the experience based
evaluation approach enabled efficient identification
of realistic seismic concerns at SRS. Maximum
safety enhancement was achieved with reasonable
engineering effort. The seismic experience based
approach is currently being used at SRS to evaluate
non-reactor facilities.

Similar benefits from use of experience data
were realized at the High Flux Isotope Reactor
(HFIR) at Oak Ridge National Laboratory (ORNL).
Prior to plant restart, seismic verification of essential
systems and components had to be demonstrated.
Experience based in-plant screening evaluations were
used as a key part of the seismic evaluation and
upgrade program. Several items were determined to
be acceptable in their as-installed configuration.
Backfit modifications were installed to increase
seismic adequacy as needed. This included providing
anchorage for some components, additional restraint
for items where deflection considerations were
governing capacity, and correction of potential
seismic systems interaction hazards.

Other successful applications of experience
data for seismic design issues at DOE facilities
include the Princeton Plasma Physics Laboratory and
the Idaho Chemical Processing Plant (ICPP). At
Princeton, active electrical and mechanical
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equipment, fluid pressure boundary components, and
seismic interaction effects were evaluated and
resolved by use of experience based methods. At
ICPP, seismic adequacy of critical fire protection
components was verified using the experience based
approach.

The example applications at SRS, IIFIR,
Princeton, and ICPP have proven the viability of the
experience data base approach for DOE facilities.
Many of the results of these evaluations have
withstood strict scrutiny during technical audits, peer
reviews, quality control audits, and other independent
reviews. Given the experience from the nuclear
power industry, coupled with previous applications at
DOE sites, the controlled and proceduralizcd
application of experience data provides DOE sites
with an efficient tool for performing the necessary
seismic evaluations.

DOE PROGRAM

The DOE facility evaluations can take direct
advantage of the experience data base compilations
and guidelines developments by SQUG and EPRI.
As a first step, through special agreement between
Lawrence Livermore National Laboratory (LLNL)
and EPRI, the SQUG and EPRI reference documents
(References 6, 8, and 9 through 20) for use of
experience data are available to DOE for the facility
reviews. Two workshops have already been
conducted by LLNL to provide DOE facility
personnel with an overview of the SQUG and EPRI
reference materials. The workshops are currently a
mandatory step for any DOE site wishing to obtain
the documents. A training program will be developed
to permit use of these documents for safely basis
evaluations.

Because the systems and components in
DOE facilities are so diverse, other experience based
tools are needed for the DOE efforts beyond those
currently included in the EPRI/SQUG data base.
Additional needs include other equipment groups
beyond the 20 SQUG classes of equipment.
Examples include piping systems, HVAC ventilation
equipment, filter compartments, glove boxes, and fire
protection panels. A questionnaire is being used to
help determine the types of safety systems and
equipment components that will require seismic
evaluation.

In contrast to the SQUG deterministic
criteria, DOE facilities are required to demonstrate
the ability to achieve probabilistic performance goals
(Reference 21). The larger the potential risk, the
stricter the performance requirements. DOE and its
contractors are therefore assessing the probabilistic

performance goals achieved when seismic experience
based screening evaluation methods are used.

DOE is also considering the use of
experience data for the evaluation of other natural
phenomena hazards (NPH). This may include
screening evaluation guidelines for wind and flood.
As with earthquake experience data, considerable
information is compiled and available for
determining the important performance attributes for
systems and components subject to these other NPHs.

OVERVIEW OF PROGRAM PLAN

DOM has implemented a program for the
development of seismic evaluation guidelines for
systems and components at existing facilities. The
program plan intends to maximize the use of past
experience, in conjunction with a walkdown
screening evaluation process.

The program will provide walkdown
guidelines such that systems and components can be
identified, assessed, and remedied as needed in an
efficient manner. The program will also provide
screening guidelines whereby systems and
components that have demonstrated ability to
withstand known levels of seismic motion, based on
past experience, can be verified as meeting applicable
DOE orders without needing additional analysis or
testing. Guidelines will be developed for analysis or
testing of systems and components that do not meet
the screening criteria. Documentation requirements
will be developed to streamline the evaluation
process yet still provide sufficient traceability and
accountability for the reviews.

Implementation of these procedures will
require experienced, well trained engineers applying
sound engineering judgment. As a result, the
program will provide for the transfer of the necessary
technology to DOE sites and the training of DOE and
contractor personnel to conduct evaluations. In
addition, peer review requirements will be established
to provide an independent verification of the
judgments made during the screening evaluations.

STEERING GROUP

DOE facility management and operations
personnel will play an important role in the
development and review of the guidelines. A
Steering Group of selected individuals from the
operating contractors will ensure that appropriate
priorities are established from the facility operations
perspective. The Steering Group will also charter a
team of industry experts for technical review of the
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implementation guidelines. The Technical Review
Team will determine the adequacy of the technical
content of the screening evaluation guidelines,
including the safety margins that will result from
implementation of the criteria.
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LEAD EXPANSION ANCHOR LOAD CAPACITY
AT THE SAVANNAH RIVER SITE
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ABSTRACT

Lead type shell expansion anchors have been used in various buildings at the
Savannah River Site (SRS) to support some safety-related equipment. As part of the
seismic evaluation utilizing SQUG methodology [1] the capacity of these anchors was
required. The SQUG methodology is based on application of actual earthquake
experience data and is used to evaluate the seismic adequacy of certain classes of
equipment. Anchorage is addressed by SQUG but specific data on lead type expansion
anchorage is not available. Allowable loads specified in the site specification were
originally utilized during the walkdowns for the purpose of anchorage evaluations. The
walkdowns revealed that many of the lead anchors were not installed per the specification
and the actual load capacity was questionable. This paper documents the results of a
testing program [2] and provides a method for confirming adequacy of the lead shell type
anchors.

INTRODUCTION

Walkdowns to determine the seismic adequacy of
selected safety-related systems were performed at the SRS
utilizing the SQUG [1] methodology. Actual experience
data from earthquakes, test data compiled by the Electric
Power Research Institute (EPR1) and other data for certain
classes of nuclear plant equipment make up the SQUG
database.

Anchorage is also addressed by the SQUG
methodology, but lead expansion anchors are not
included. Some safety-related equipment at the SRS are
supported by lead expansion anchors. Design load
capacity was based on the allowable loads listed in the site
specification which was intended to provide a factor of
safety of 4. However, walkdowns revealed that some of
the lead anchors were not installed per specification, and
therefore the actual load capacities may be less than
indicated in the specification. A testing program [2] was
developed and 107 abandoned anchors were tested to
determine shear and tension load capacities.

TEST CONDITIONS

Tests were performed on abandoned lead type

expansion anchors. The following conditions were
prerequisites to testing:

Anchor did not pull out or become loose when
subjected to a tightness torque of approximately 20 % of
the installation torque.

- Perpendicularity of the anchor with the wall was less
than 5 degrees offset.

- Anchor location was greater than 10 diameters from the
next loaded anchor or a concrete edge.

Because of the limited number of available
anchors, some anchors closer than 10 diameters to the
next abandoned anchor were used. The test was
considered acceptable if concrete spalling did not protrude
into the area of the adjacent anchor. Also, some
expansion anchors were tested if part of the threaded shell
was above the concrete surface but all of the lead ring
thaf secures the anchor to the concrete was below the face
of the concrete. In this case, a metal spacer was used to
provide a gap between the base plate and anchor during
the tightness torque.
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TEST CONFIGURATION

The test configuration is shown in Figure 1. A
hydraulic ram was used to apply a load to the anchor for
tension tests. A stud rod with a double nut on one end
was inserted through the bore ot the ram and screwed into
the anchor about one diameter. Then the ram was used
to apply a load of approximately 325 pounds to the
anchor. All subsequent loads were applied to the anchor
by torquing the nut and measuring the resisting load on
the hydraulic ram that is transmitted to the anchor. Both
the torque and the load were recorded in step increments
until failure.

For shear tests, a special shear plate assembly
was made (Figure 1). A bolt was inserted through the
shear plate assembly into the anchor. The hydraulic ram
was then placed under the shear plate assembly to push
the shear plate upward. The resisting pressure at failure
was recorded.

TENSION GAUGE SETUP

PHE55URE GAUGE

- HrDRaUL I C RAM

SHEAR GAUGE SETUP

HEAR A5SEM6L1

PRESSURE GAUGE

KfDRAULIC RAM

FIGURE 1

TENSION TESTS

Tension tests were performed for five different
sizes of lead shell expansion anchors. A total of 107
tension tests were performed. Fewer tests were
performed for the 6/s, 34 and I inch anchors because of
the low availability of anchors. Some anchors were load

tested without torquing because the anchors were cross
threaded. All I inch anchors were found at the floor level
and contained excessive amounts of rust, therefore the
torque to load relationship was not developed. Tests
showed a wide variation in tension load capacities tor
each anchor size and mode of failure. This wide variation
may be expected because the holding capacity of the
anchor is largely determined by the correct hole size and
compacting of the lead ring between the concrete and the
threaded shell. The amount of force for ensuring
adequate compacting of the lead was probably not
specified during the original installation. Approximately
7% of the anchors failed due to cone failure of the
concrete. Some of the failures (22%) were due to a
combination of a concrete failure (i.e. concrete cone did
not penetrate to bottom of anchor) and slippage of the
anchor out of the hole. Another 22% of the anchors
failed because the non-lead portion of the anchor broke.
The largest portion (47%) of the anchors failed because of
slippage (i.e. the anchor was pulled out of its hole without
spalling). About 40% of the slip failures were due to
poor installation (i.e. no concrete spalling or significant
galling of the lead sleeve was apparent indicating an
oversized hole or insufficient packing of the lead sleeve).
Nearly all of the % inch anchors were not installed per
specification. Inspection of the anchors after pullout
showed that in most cases only one of the multiple stacked
units provided support. A list of the anchors that failed
the tightness tests (all turned in hole except 1 anchor
which was torqued against base plate) or the
perpendicularity requirements was not kept but it is
estimated that about 10 - 15% of the anchors tested were
rejected based on those requirements. Table 1 gives the
results of the tension tests.

TORQUE TEST

Data was also collided to determine the
correlation between torque and load for the%, '/$, 6/s, and
the % inch anchors. Regression analysis curve fits were
made for each size anchor and they showed a good
correlation between mean torque and load. Also, a good
linear correlation between the mean failure load and bolt
diameter was determined. Torque tests should be used to
demonstrate anchor installation adequacy for the
specification design allowables or if the seismic demand
load is calculated and exceeds the new lower allowables.
The torques selected for load testing the anchor were
based on the 95% confidence lines and will meet the
SQUG requirement that there are no more than 5%
nonconforming anchors.

Wide variation in torque at any specific load was
also experienced. Torque values differ because of
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perpendicularity of the anchor with the wall. This type of
installation would cause the ram to pull the anchor out at
an angle and would yield an increased torque value.
Also, some bolts do not fit tight in the anchor until
torqued against the base plate (i.e., thread contact
between bolt and anchor is not tight). In some cases this

could allow the ram to be mounted with some offset from
perpendicularity. Additionally, the concrete wall was
not flat in some locations which would allow the ram to
pull the anchor at an angle yielding higher torques. All
of these variables could result in different torque values
for the same load.

TABLE 1

Lead Shell Expansion Anchors

Anchor Size, (Inches)

Tension Test

Number of Tests

Specification Design Allowable Load

Failure Load Per Specification

Mean Measured Failure Load

New Recommended Allowable Load

Torque Based on Specification Design Allowable
Load, (ft-lb)

%

35

700

2800

2623

600

24

'A

34

1200

4800

3746

880

37

Load, (lbs)

6/8

17

2000

8000

4456

970

50

%

10

3000

12000

5870

1280

69

1

9

5500

22000

14058

3160

Shear Tests

Number of Tests

Specification Allowable

Failure Load Per Specification

Mean Measured Failure Load

16

400

1600

2796

12

800

3200

5736

8

1400

5600

7934

-

2000

8000

3500

14000

SHEAR TESTS

The mean measured shear load was determined
for three different size anchors based on the results of 36
different tests. Tests were not performed on the Vt and
1 inch anchors because none could be found. The mean
measured shear loads at failure were 50 to 74% greater
than failure loads indicated in the specification. Only one

of the 32 anchors tested failed at a load slightly less than
the specification value times 4.

RESULTS

Both tension and shear load capacities for lead
type expansion anchors were determined. The mean
measured tension loads at failure were all below the
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expected failure loads. Therefore, new lower design
allowable loads are recommended that includes a factor of
safety of 4. A tightness torque was applied to screen out
poorly installed anchors during walkdowns and was also
applied during these tests. Anchors that failed the
tightness torque were not load tested. Thus, the new
lower recommended values are applicable to anchors that
have passed the tightness torque.

SUMMARY

Test results show that the tension load capacity
of lead type anchors at failure is below the design failure
loads (i.e., four times the specification). Therefore, the
new 'ower allowable loads listed in Table 1 should be
used for lead shell type anchors. If the calculated load on
the anchor is greater than the Table I load, the anchor
still may be adequate providing it is load tested to prove
that it is capable of carrying the seismic demand load.

A regression analysis correlation between torque
and load has been developed based on test measurements
and can be used for proof load testing those lead type
shell expansion anchors that exceeds the new lower
allowable. The anchor bolt should be torqued to induce
a tension load on the anchor which confirms its capacity
to carry its calculated seismic demand load or the
specification design allowable load. This approach may
result in a lower factor of safety. The factor of safety of
4 was intended to provide a high level of confidence that
the anchor will support the design load. Because the
anchors will be load tested to the seismic demand or
design allowable load, a lower factor of safety is
considered acceptable. Tests also show that the
specification values for shear loads are acceptable.

CONCLUSIONS

1. The mean measured tension failure load of lead type
expansion anchors is less than 4 times the value in the
specification.

2. The new lower tension load capacities of lead type
expansion anchors that are listed in Table I should be
used.

3. The tension load on anchors to be seismically qualified
should be calculated and shown to be below the Table
1 values.

4. All lead type anchors should be proof loaded if the
calculated seismic demand load exceeds the load
capacity listed in Table 1 or specification allowables
are assumed.

5. Specification shear load capacities are adequate.
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ABSTRACT

An attempt is made to model the tornado-structure interaction. The
tornado is represented as a Rankine-Combined vortex. The computations
are done on a rectangular grid system. The governing equations are
approximated using control volume procedure. The pressure equations
are solved by an efficient preconditioned conjugate gradient procedure.
The computed tornado forces are compared with straight boundary
layer(SBL) wind. The tornado forces on the roof of the building is more
than five times the SBL flow.

INTRODUCTION

Tornadoes cause millions of dollars in
property damage every year in the USA. In
order to mitigate this damage, it is necessary to
design buildings that are more resistent to
tornadoes. The first requirement for
accomplishing this goal is a better knowledge
of tornado-structure interaction and tornado
induced loads on buildings.

Since the tornado changes its wind speed
and direction rapidly, it is difficult to study the
effect of tornado on a building in a wind
tunnel. Currently the tornado forces on
buildings are calculated from post storm
damage investigations [1-6]. In this procedure
upper limit of the failure load for a building
due to tornado is calculated. The forces are
calculated as if it is a straight line wind even
though tornado has a swirling wind. The wind
speed are considered up to about 300mph [5].

The effect of tornado on a building is much
different from straight boundary layer(SBL)
wind because of its translational and rotational
interaction on building as in Fig. 1. In addition
the speed of tornado changes in time with

Figure 1. Tornado-Structure Interaction
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respect to building and it creates inertial forces
in addition to drag forces. Wen [7] recognized
the effect of inertial forces and included its
effect in addition to drag forces calculated from
post damage investigation using a simple semi-
empirical equation without having any
experimental or theoretical verification of its
application. Selvam [8] and McDonald and
Selvam [9] verified the application of the
equation to consider the inertial effect using
computer simulation based on fluid dynamics
principles and suggested modifications. The
main draw back of this procedure is. the
equation calculates the effect of drag and
inertia separately. The inertial effect is
considered as if the wind flow is inviscid. In
reality wind is viscous and highly turbulent.

In the recent years computational wind
engineering has developed to such an extent
that wind flow around buildings are computed
considering the effect of viscous and turbulence
effect of wind. The results from computation
compares reasonably well with experimental
results [10 & 11]. The main objective of this
work to compute the effect of tornado on
building using computational fluid dynamics.

PREVIOUS RESEARCH EFFORTS

Modelling of tornado including viscous
and turbulence effect was done by many
meteorologist. Chi and Jih [12] modelled the
tornado for a Reynolds number of 1000 using
constant viscosity. Chi and Glowacki [13] used
a simple turbulence model called mixing length
model. Later Hsu and Ide [14] used one
equation turbulence model. Hsu and
Tesfamariam [15] used two equation,turbulence
model called k-£ model. Lewllen and his group
[16 & 17] used full Reynolds stress model. All
the above work is concentrated on the effects
of boundary layer on tornado wind speed. They
used a stationary tornado in a axisymmetric
system to study the ground effect. But the

effect of tornado on a building is not modelled
by any one so far. This is the first attempt to
study the tornado-structure interaction using
computational fluid dynamics.

COMPUTER MODELLING

Tornado-structure interaction is a complex
phenomena. First of all details of tornado wind
speed and turbulence near ground or 100 meters
from ground is needed. Most of the work done
by meteorologists [12-17] concerned towards the
flow for more than ] 00 meters from the ground.
They predicted the maximum wind speed
generated by tornado near the ground using a
stationary vortex. In the tornado-structure
interaction modelling, the tornado is moving
with respect to the building and hence the details
of tornado wind speed at every instant of time is
essential to impose the proper boundary
conditions.

TORNADO MODELLING

Lewellen and his group [16 & 17] from
their computer model studies suggested an
exponential form of wind velocity at the
boundary layer. They are not completely
satisfied by the Navier-Stokes equations(NSE).
This velocity distribution is similar to the
Rankine-Combined vortex model(RCVM) and
RCVM satisfy the NSE for the forced and free
vortex region [8 & 9]. Hence RCVM is
considered for this work to start with. In RCVM,
the tangential velocity varies linearly up to
radius say rm ie. Vo = ctr where r is the radius
from the center of tornado and a is a constant.
This is called the forced vortex region. Then on
Vo varies as arm

2/r and this is called free vortex
region. Considering the effect of ground effect,
the velocity is considered as follows:

VG = a r D if r<= rm

V, = ar 2D/r if r> r.

(1)
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where D = u»ln((z+zo)/Zo)/x

Here u» is determined from the known
velocities at the known height, x=0.4, z is the
height from the ground and ZQ is the roughness
length of the ground. In addition the tornado
moves with a translational velocity V, with
respect to the building. Considering that the
origin of the x and y axis at the center of the
building and z axis on the ground and t is zero
when the center of the tornado coincides with
the center of building; the velocity components
in the x and y directions are expressed as:

Vx = (Vt-ya)D ifr<=rm (2)

= (V,-Cy)Difr>rm

Vy = (x-V t t)aDifr<=rm

= (x-V t t)CDifr>rm

where O arm
2 /r and r2=(x-Vtt)

2+y2.

To use any of the turbulence model, turbulence
statistics are needed. Even though Lewellen and
his group [17] used Reynolds stress model;
they did not report the details of the turbulence
quantities in the flow region. Hsu and
Tesfamariam [15] used k-e model in their
studies. The values of k and s used at the
boundary for their studies do not satisfy the
NSE. The author tried one variation of this and
the solution started to diverge. Further research
is needed to come up with proper distribution
of k and s in the flow region. Because of this
difficulties; as a preliminary study a constant
kinematic viscosity of 0.01 is used. For this
computational work the different parameters
used to calculate the- tornado wind speed in
equations 1 and 2 are Vt=20m/s, rm=30m, a=
1.5 and Zo = 0.024m. These velocities are for
the reference height of 10m from the ground.

BOUNDARY CONDITIONS

The boundary of the computational

domain is located about 100m from the building
on all sides and the top boundary is located
about 70m from the ground. As a sample
problem the Texas Tech building is considered
for study. The building has the dimension of
9.1xl3.7x4m [9]. The plan view of the
computational region is shown in Fig. 2. Along
all the vertical faces; the vertical velocity V2 is
considered as zero and Vx and Vy are calculated
from equation 2. On the ground and wall no slip
boundary condition is used. On the top of the
domain, Vx and Vy are calculated from equation
2 and normal gradient of Vz is considered as
zero.

Building

-

1'juicl Boundary

B

Figure 2. Plan View of the Computational
Region

NUMERICAL PROCEDURE

The three-dimensional, incompressible and
unsteady NSE equations are integrated using
control volume procedure and the convective
terms are approximated using hybrid upwinding.
The resulting equations are solved on a
rectangular grid system. The velocities and
pressures are stored on a nonstaggered grid
system. The details of the numerical technique is
well reported in [10 & 18]. The equations are
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integrated in time by implicit form as reported
in [IS]. The velocity and pressures are solved
sequentially using SIMPLE procedure. In the
previous work [10], the resulting equations are
solved by line iteration. In this work the
momentum equations are solved by point
iteration and the pressure correction equation
by modified incomplete conjugate gradient
procedure(MICCG) f 19 & 20]. Most part of
MICCG is vectorizable. Even in a scalar
machine it is many times faster than point or
line iteration. MICCG is 10 times faster than
the line iteration work reported in [10] in a Sun
spare station I PC. Even though Jacobian
conjugate gradient (JCG) procedure is
completely vectorizable and can reach 208
Mflobs compared to 61 Mflobs for MICCG in
a Cray-C90 system; it is found that MICCG is
1.8 times faster than JCG for a two
dimensional work. For momentum equations
only 3 or 5 point iterations are used.

At each time step; the iterations are done
until the initial error is reduced to 3%. Due to
lack of time and computer resources only one
time step of 0.1 sec is considered for this work.
The major computational difficulty noticed in
this work is after reaching certain level of
reduction in the continuity error; the iterative
process started to diverge. May be less time
increment may cure this problem. Further
investigation is needed in this regard.

COMPUTATION OF TORNADO FORCES
ON BUILDING

The building and the flow region is
discretized by 43x36x28 cells. The tornado is
assumed to move in the direction of 9.1m.
Each time step there is enormous information
is produced. At this time the forces generated
in the x,y and z direction of the building are
computed. To compute these forces only
pressure is considered. The reference pressure
in the free vortex region far away from the
building is considered to be zero. The

computed forces are plotted as

Force coefficient = 2F/(pAV2) (3)

where V is a reference velocity at the building
height, A is unit area and p is the density of air.

The current design procedures based on the
principle that what ever the wind velocity at the
center of a building at any instant; that velocity
is used to compute the forces on the building as
if it is a straight boundary layer(SBL) wind
flow. For example if A is the center of a tornado
in Fig. 3 and B is the center of a building; then
the tangential velocity will be perpendicular to
the direction of motion of the tornado. This
velocity at the center of the building is used for
calculation of forces. To compare this procedure
with the computed tornado forces; the forces
developed by SBL wind flow is computed using
the steady state computer program reported in
[10-11]. The computed force on the central line
of the building for SBL wind flow compared
well with field results as reported in [10]. The
computed forces on the corner for various angles
of attack predicted less than the field results as
reported in [11]. Using this model the force
coefficients computed in the x, y and z
directions using equation 3 are 0.0,21.7, and 35.5
respectively. Here the reference velocity is at the
building height which is a constant. The
computed force coefficients for the tornado are
plotted with respect to time up to the tornado
coincide with the center of the building in Fig.
4. It is assumed that the time is zero when the
tornado center coincides with the center of the
building. In Fig. 4, maximum tangential velocity
Vm = arm is considered as the reference velocity.
At -1.5 sec, the tangential velocity is maximum
at the center of the building and by -1 . sec the
entire building is in the forced vortex. It is seen
that in the forced vortex region the force
coefficients are much larger than SBL force
coefficient of 21.1 and 35.5 in the y and z
directions respectively. Especially the force
coefficients in the z direction on the roof are
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much larger than the other two force
coefficients. It is found in this work that the
force coefficients calculated in the x and y
directions assuming SBL flow did not have
much error comparing to the force coefficients
in the z direction. In this model the computed
z force coefficient is more than five times the
SBL calculation. The force coefficients in the
free vortex region are in the same range to
SBL flow. Where as in the forced vortex
region, the force coefficients are higher than
the SBL flow.

300

V tangential

Tornado Path.

A

t
•

B

Figure 3. Position of a Building With
Respect to a Tornado

CONCLUSIONS AND FUTURE
RESEARCH

Tornado effects on building is a complex
phenomena. Ten years ago the author thought
that inviscid flow calculation in [8] is the
starting work. Now it is felt that this work is
the preliminary work on the tornado-structure
interaction. A constant kinematic viscosity of
0.01 is used. The difficulties encountered in the
imposition of boundary conditions, turbulence
modelling and convergence of iterative
procedure are reported. An efficient solution
procedure called MICCG which is 10 times
faster than the line iteration work in [10] is
introduced to solve the pressure correction
equations.

- Force in x - • Force in y Force in z

Figure 4. Tornado Force Coefficients Using
Maximum Tangential Velocity Vm

Severe wind originating from thunderstorm
can be classified as SBL, thunderstorm
downdraft and tornado flow. In [20] the
difference between the SBL and thunderstorm
downdraft is discussed and shown that the effect
of thunderstorm downdraft on building is less
severe than the SBL flow for the same wind
speed at 10 m height from the ground. In this
work an attempt is made to model the tornado
effect on building. It is found from Fig.4 that the
forces created on the roof of the building is
more than five times larger than SBL flow in the
forced vortex region and of the same order in
the free vortex flow. The forces in the x and y
directions are of the same order as the SBL
flow.

As mentioned this a preliminary work.
Further research work is going on to model the
tornado flow using turbulence models and to
impose boundary conditions that satisfy the NSE
and the equations representing the turbulence
models much more accurately. The major
difficulty in using turbulence models like k-s
model or Reynolds stress model is not having
the proper information of turbulence statistics of
tornado close to the boundary layer. Further
research is needed for a better understanding of
the effect of tornado on a building.
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ABSTRACT

The purpose of this paper is to demonstrate how an existing Department of Energy (DOE)
resource can be used to obtain lessons-learned information concerning injuries or illnesses
resulting from on-lhe-job hazards. That resource is the Computerized Accident/Incident
Reporting System (CAIRS) module of DOE's Safety Performance Measurement System
(SPMS). Although this demonstration could have been performed by analyzing those
CAIRS reports associated with any number of hazards (e.g., noise, chemicals, explosives,
electricity, or power tools), the CAIRS data selected for Analysis were the DOE
injury/illness reports submitted for the past 10 years that cited a "natural environment
hazard" as either the direct or indirect cause of an injury/illness. Specifically, injury/illness
reports were selected for analysis if they had a causa! factor link to one or more of four
natural environment hazard categories; weather, animal life, vegetation, or a specific act of
nature (e.g., a flood, earthquake, tornado, or lightning strike).

Approximately 3,100 CAIRS injury/illness reports were considered to have cither a direct
or an indirect causal link to at least one of the four natural environment hazard categories.
These reports, which represent about eight percent of the total DOE injury/illness reports,
documented nine deaths and more than 30,000 lost work days (the equivalent of nearly
$41,000,000).

The lessons learned, as a result of reviewing the selected reports, are presented, as arc
suggestions on how to reduce the likelihood of future injuries/illnesses as a result of
similar hazards. A significant finding is that most of the 3,100 injuries/illnesses were the
result of an indirect causa! link to a natural environment hazard and thus, may have been
more preventable than previously thought possible. The primary message, however, is that
CAIRS is a valuable resource that can be used by those interested in finding ways of better
protecting the health and safay of their workers from various hazards.

Work supported in part by the U. S. Department of Energy, Assistant Secretary for
Environment, Safety and Health, under DOE Field Office, Idaho, Contract No. DE-AC07-
761 DO 1570, Personnel Injuries/Illnesses Associated with Natural Environment Hazards
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INTRODUCTION

The primary purpose of this paper is 10 demonstrate
how an existing DOE resource, the Computerized
Accident/Incident Reporting System (CAIRS), can be
used to obtain lessons-learned information concerning
how and why DOE personnel have been injured or
become ill as a result of specific hazards and what was (or
should have been) done to prevent future similar
incidents. Though any of a number of hazards (e.g.,
excessive noise, radiation, scaffolding, confined spaces, or
toxic materials) could have been selected for this
demonstration, we chose to select only those DOE CAIRS
injury/illness incidents that were considered to be, cither
directly or indirectly, attributable to a range of natural
phenomena hazards (i.e., weather, animals, vegetation,
and specific acts of nature).

The Department of Energy (DOE) has, and continues
to, seek ways of reducing losses that can result from
specific acts of nature. Several standards and guidelines
have been developed, focusing on losses caused by
earthquakes, tornadoes, floods, lightning, and volcanic
ash. To date, losses from such acts have resulted
primarily in property damage, rather than in personnel
injuries or illnesses. While injuries are certainly possible
from such acts, they are much more likely to occur as a
result of less spectacular acts of nature, such as winter
storms with their accompanying snow, ice, and wind, or
simply the act of personnel interfacing with the natural
environment.

METHODOLOGY

Traditionally, natural phenomena hazards arc thought
of as catastrophic events, ranging from earthquakes and
hurricanes to floods and lightning strikes. The scope of
this study was expanded however, to include weather-
related events, as well as events involving personnel
interactions with non-domestic animals and wild plant
life-forms.

The nearly 3,100 injury/illness cases reviewed for
this study were selected from the set of over 40,000
injury/illness reports submitted by DOE and contractor
organizations over the past ten years, as required by DOE
order1. These reports reside in the CAIRS module of the
DOE's Safely Performance Measurement System (SPMS),
which was the module used to narrow the search for
applicable cases and provide the lost workday (LWD) and
dollar loss data.

The methodology used to select the nearly 3,100
cases was to first search the CAIRS injury/illness data
base for reports that contained selected keywords and
then, based on the narrative content of these reports,
performed a second (broader) search of the narratives of
every injury/illness report for other words known to be
associated with a specific hazard set. Reports obtained

from this second search had to be reviewed to ensure that
they were, in fact, applicable. An example of why this
step is necessary was found in a report obtained from the
search of the "ice" hazard set. In that report, a worker had
fallen and injured his knee when he slipped on a wet spot
that had developed due to personnel tracking "rain" water
into his building. While this event was indirectly related
to weather (rain), the only reference to "ice" was the "ice
pack" that had been applied as a first aid measure. This
report was subsequently excluded from the "ice" hazard
set.

The most difficult aspect of the selection process was
knowing when to exclude an eveni based on its causal
factors being ioo "indirect" to the applicable hazard set.
As mentioned earlier, injury/illness cases were only
selected if they were cither directly or indirectly
associated (by way of causal factors) with one of the four
categories of hazards. The idea of direct association is not
difficult; examples include: being struck by a large hail
stone, being blown off one's feet, being bitten by a
rattlesnake, contacting poison ivy, being swept away by a
flash Hood, and being struck by lightning. However,
examples of indirect associations, which arc analogous to
contributing causes (as defined in DOE Order 5000.3 A^),
are more difficult to cite. Certainly slipping on an icy
sidewalk, having a door blown shut on one's hand, falling
down while running from a wasp, tripping over a vine,
hurling one's back during the sandbagging of a rising
river, or falling while running lo get out of a lightning
storm arc examples of indirect causal factors associated
with natural environment hazards; but, at what point is a
causal factor no longer really linked to a particular
hazard?

The logic used during the selection process was lo
include only those reports resulting from an actual or
imminent hazard and the corrcciivc aclion(s) reported (or
which could be deduced) were themselves linked to the
hazard. For example, if a car accident occurs because the
car slid off a snow covered road, the corrective actions
might be lo counsel drivers to "avoid driving during
snowy conditions unless absolutely necessary" or "drive
more slowly during periods when 'he roads arc slick."
Similarly, if a car collides with a snowplow during a snow
storm due lo poor visibility, the corrcciivc action may be a
verbal warning or memo about the hazards of "blowing
snow", especially in ihc vicinity of snowplows. Both
examples would qualify as having an indirect causal
factor link to snow and would have been selected for
review. However, if the same car, on ihc same road, had
collided with a snowplow on a calm, clear (non weather-
related) day, this case would have been excluded, even
though some might argue thai since a snowplow was
involved, the case was weather-related.

A special form of indirect causal factors was used for
the "specific acls of nature" category. Indirect
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injuries/illnesses were categorized as being the result of
either pre-eveni or post-event activities. Examples of pre-
event activities are sandbagging, boarding up windows,
and running for cover (e.g., from a slighted tornado),
while post-event activities involve interactions (e.g.,
cleanup and/or search and rescue activities) with the many
new hazards that can be present after acts of nature such
as earthquakes, storms, or floods.

One pre-eveni type activity, the installation of
lightning arrester equipment, does not criteria for
inclusion (as this task would not be scheduled just prior to
or during a lightning storm), but is mentioned to make the
point that there are usually costs involved when taking
steps to mitigate hazards and their consequences. The
authors found ten reports in which individuals were
injured (91 LWDs) by causal factors unrelated to
lightning, or other natural environment hazards, while
installing lightning arrester equipment. An injury versus
cost benefit analysis should be a consideration prior to the
start of any program or activities designed to mitigate the
consequences of hazards. The unforeseen side effects of
some "cures" may often be more costly than the
consequences of experiencing the hazard.

Table 1. CAIRS natural environment hazard
injury/illness reports".

Natural
Environment

Weather
Animal Life
Vegetation
Specific Acts
of Nature

Number of
Iniuries/Illness

2,550b

298
210
40

Number of
Lost Workdays

28,241
810

1,230
297

a. Reports are for the period mid-1981 through mid-
1991.

b. Includes nine fatalities.

It should be noted that all of the information, "safely
lips", recommendations, and conclusions presented in this
document are based on the contents of those CAIRS
reports that were reviewed for this study.

WEATHER RELATED HAZARDS

Weather-related hazards accounted for over 82
percent of the cases, 92 percent of the LWDs, and all of
ihe deaths identified in this study. (Note: Eight of the
nine weather-related deaths involved vehicle accidents).
The predominant hazards were winter storms with their
ice, snow, and wind. Slips, falls, and trips (1562) were the
primary mechanisms that resulted in injury. There were
1578 injury reports, primarily as a result of slips, falls and
trips, that cited ice, snow, rain, wet, or mud as a causal

factor. Other mechanisms, involving ice and snow,
involved: vehicle accidents, small mechanized and
manual snow removal operations, attempting to lift or
move frozcn-in-place items, and lifting, in general, while
standing on slick surfaces. One particularly unique
iricchanism involved large snow removal equipment.
There have been numerous injuries as a result of snow
removal equipment blades striking an immovable object
such as manhole covers or railroad tracks, causing the
equipment to come to an immediate stop.

The wind-related injuries found in CAIRS resulted
primarily from: being struck by hinged windblown objects
(e.g., doors); being struck, burned or contaminated by
loose windblown objects (e.g., barrels, flames, hot
asphalt, fumes); having small foreign objects blown into
the cyc(s); and being blown off one's feet or from an
elevated location. In the latter example, it is extremely
important to be aware of the presence of even mild winds,
if personnel are carrying items that can, if turned,
suddenly increase the surface area upon which the wind
can act.

As with most natural environment hazards, which can
combine their effects to form different hazards, wind in
combination with extremely low temperatures can pose
the danger of frostbite, while high temperatures and winds
can greatly increase the fire danger in certain areas.
Temperature alone, in its extremes, can lead to
hypothermia or heat exhaustion. Combined with high
humidity, heat exhaustion becomes even more likely.
Anyone working outdoors, or even driving, needs to keep
cognizant of the current and the predicted weather
conditions. Driving on rain-covcrcd highways can
suddenly become deadly if the surface temperature
unexpectedly drops below 32°F.

Visibility, another wcaiher-rclatcd hazard, is highly
affected by factors such as wind, snow, rain, humidity,
and temperature. Fog, dust, smoke, and ice- covered
windshields/windows can make driving a hazardous
experience. Even if not driving, a person's eye glasses can
become fogged, thus possibly precipitating an injurious
trip or fall.

Backs were the body part most often injured as a
result of weather-related hazards (387 cases and 5506
LWDs). Other body parts suffering high numbers of
injuries include: knees (230 and 3333), ankles (182 and
2447), and necks/s.'ouidcrs (163 and 3124). though no
correlation was performed with ihc type of injury, it is not
difficult to speculate :hat strains and sprains accounted for
many of the injuries. Eyes were affected in a large
number of cases (365), but resulted in few LWDs (216).
The potential is nonthclcss present for a high-conscqucncc
injury in this area and ways of reducing the number of eye
injuries should be vigorously sought.
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ANIMAL LIFE-FORM HAZARDS

The search for injuries from animal life-forms was
limited to non-domestic animals in their natural
environment. Injuries involving caged laboratory animals
and domesticated animals were excluded, as it was felt
that the hazards associated with working with these types
of animals and domesticated animals should be well
known to those employed in such work. One exception,
injuries resulting from the training of guarri dogs, is
mentioned, given the fairly high number (10) of reported
cases. Security personnel involved in the training of
guard dogs should be reminded of the dogs'
unpredictability and wear protective clothing and
equipment during aj] training activities. Fractures and a
herniated disk were just some of the injuries suffered
during guard dog training activities.

Injuries caused by lower-order life-forms resulted
primarily from personnel being bitten or stung by any of a
large variety of insects. While these injuries arc usually
not life-threatening, some individuals do have strong
allergic reactions to the bite or sting of certain insects.
Supervisors should know which of their employees have
such tendencies before they send personnel into areas
where such hazards may exist.. Another growing concern
involving insects is Lyme's disease. This study identified
16 tick bite cases, in which six individuals were
confirmed to have contracted Lyme's. Fire ants can also
be a big surprise to those individuals who are unfamiliar
with this southern state hazard.

In addition to bites and stings, there arc other
mechanisms by which personnel can be injured as a result
of insects. For example, flying insects can strike the eyes
of those walking, driving with their window down, or
riding a bicycle (as is often done at some DOE sites for
local transportation). Personnel have also become ill as a
result of inadvertently inhaling airborne insecticides.
However, the most notable injury mechanism involving
insects is one we term "avoidance activities." In terms of
severity, injuries resulting from avoidance activities are
usually much worse than those that would have resulted
from the insect bite or sling. There are cases where
personnel have had car accidents, slammed doors on their
hands, and even jumped from high places, while trying to
escape from an insect. Others have cut themselves or
coworkers with items they had in their hands while
swatting at insects. One individual even cut his arm on a
window he broke while swiping at an insect.

The predominance of personnel interactions with
higher-order animals are vehicle-related. Deer, wild hogs,
and even rabbits and squirrels, have been the indirect
cause of many vehicle injury accidents involving DOE
personnel. With the exception of wild horses, which are
limited to parts of New Mexico, and wild hogs (in some
southern states), the other animals involved are found in
every state and personnel must be periodically reminded

of the hazard they represent. Most of the injuries
sustained during these vehicle accidents were the result of
over-zealous avoidance attempts; squirrels, rabbits, and
even deer, seldom pose a missile threat to the occupants
of a vehicle, yet people continue to take unwarranted
evasive actions (possible instinctively) to try to avoid
hitting such animals, often with disastrous consequences.

The higher life-form hazard set also contains a
number of injuries resuiling from non-vehicle avoidance
activities, where the costs (in terms of LWDs) were
greater than would have probably occurred had the
individuals actually come in contact with the animal.
Consequences of these ill-fated avoidance attempts
include: a backward fall down a stairway after seeing a
skunk, a cut hand while trying to scare away raccoons, a
fall while running from startled raccoons, and a severe
laceration after being startled by a snake (69 LWDs)

Snake bites arc a real danger to those who must work
outdoors in certain parts of the country. There were six
venomous snake bite incidents, two non-venomous bites,
and five snake avoidance injuries reported during the
period covered by this paper. However, these numbers
and their consequences could have been less had
personnel been provided training in avoidance techniques
and first aid, and protective clothing and equipment.

VEGETATION HAZARDS

There were 210 injury/illness cases (with 1230
LWDs) considered to be applicable to the hazards
involved with plant life in the natural environment. The
most probable way personnel can be injured or made ill
by interfacing with plant life involves poisonous plants
such as poison ivy, oak, and sumac. There were 112
reports of personnel coining in contact with and
developing a reaction to, the toxins of such plants. Poison
ivy is the most prevalent hazard; it was named in 82
reports. The consequences of contacting poisonous plants
are not great however; only 140 LWDs resulted from the
112 cases.

In terms of consequences, activities involving the
clearing of vegetation such as trees, brush, and weeds
have proven to be much more hazardous. Even the simple
act of mowing weeds has caused a high number of LWDs.
One mower accident alone, accounted for over 200
LWDs. All totaled, 71 injury cases involved the clearing
of vegetation.

Trips and falls were cited in 57 of the vegetation-
related injury reports. Vegetation in some forms is easy
to trip on, while other forms tend to concci-.J depressions,
holes, rocks or other hazards.
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SPECIFIC ACTS OF NATURK

Only three direct injuries were identified as being the
result of a specific act of nature. Two injuries resulted
from lightning strikes, and the third occurred during an
earthquake when an individual strained his back while
diving under a desk in an attempt to avoid falling objects.

The remaining 37 "act of nature" incidents were the
result of either pre-event (29) or post-event (8) activities.
[Note: These 37 cases were categorized as pre-event or
post-event, rather than as indirect, because, unlike the
other hazards discussed, which are present most of the
time, specific acts of nature are only present for a finite
period of time.]

Examples of pre-event activities include:
preparedness activities for an impending hurricane or
tornado; sandbagging in preparation for rising flood
waters; and the installation of freeze protection equipment
to try to limit losses from forecasted sub-freezing
temperatures.

Post-event activities are typically those cleanup or
rescue activities that may be required after certain events.
Both pre-event and post-event activities are similar to
avoidance activities in that they are often stressful and
performed with a sense of urgency, especially if the act of
nature is imminent or has just occurred. Cleanup and
rescue activities can be particularly hazardous, given the
immediate presence of a new set of unknown hazards
such as "live" electrical wire, poor or no lighting, debris
and litter, and displaced wildlife.

CONCLUSION

In addition to demonstrating the usefulness of CAIRS
data, it is hoped that the results of this study have
broadened the reader's perception of natural environment
hazards (as well as hazards in general). While much has
been done in an attempt to mitigate the consequences of
specific acts of nature, the investigation of weather and
other environment related events is often performed in
perfunctory manner or even dismissed as being and
beyond prevention; after all, "it always snows in the
winter" (in most locales) and "deer are always running in
front of cars" and "weeds always have to be cut in
summer." What shouldn't "always" have to happen,
however, is for personnel to continue, year after year, to
be injured (or killed) as a result of simply interfacing with
the natural environment, without some effort being made
to change the process.

If all injuries identified by this study had been the
result of direct causal factors, little could have been done,
in terms of corrective actions, except to propose that
personnel be kept from interfacing with such hazards
(time - space separation), a highly impractical solution.

However, the predominance of these injuries was due to
indirect causal factors; therefore, similar events may have
been prevented had the CAIRS lessons-learned been used
to anticipate and correct applicable problems.

Generic corrective actions that may have helped
prevent recurrence of many of the kinds of injuries
identified in this study include: the selection of "proper"
personnel for the task (where "proper" relates to
qualifications, level of training, physical attributes, or
know stress limits), the redesign of equipment, the
issuance or revision of operating procedures, and the
required use of adequate protective equipment and
clothing. In many cases, little more than making the
necessary personnel aware of specific hazards may have
reduced the number of future injuries from such hazards.
Hazard awareness can be accomplished by the
implementation of a simple lessons-learned program.
Such a program can be managed by one or two
individuals, who are charged with analyzing CAIRS or
other occurrence reports and periodically disseminating
their findings to applicable personnel at their site by way
of "required-reading".

It is often easier to blame the weather or the injured
individual, rather than to ask the hard questions whose
answers might require the expenditure of time and other
resources; but only by doing so, will we start to sec a
reduction in the number, and the severity, of the types of
incidents that continue to be documented on the
Computerized Accident/Incident Reporting System.
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COUPLING VOLCANIC HAZARDS MODELS TO ENGINEERING
PERFORMANCE ASSESSMENTS*

Mark T. Murphy and Paul W. Eslinger
Earth & Environmental Sciences Center

Pacific Northwest Laboratory
PO Box 999

Richland, WA, 99336

ABSTRACT

A method is described for producing an engineering performance assessment (PA) that includes the
impact of volcanic hazards. This approach was originally developed for the Department of Energy
high-level nuclear waste repository program in response to US Environmental Protection Agency (EPA)
and US Nuclear Regulatory Commission regulations. In this particular case, a probabilistic volcanic
hazard model is combined with physical transport modeling to estimate the likelihood of exceeding
EPA release criteria if volcanic activity disrupts the repository and waste is transported to the
accessible subsurface. The results show that existing geological models for dike emplacement can be
parameterized and used in these analyses. The results are expressed in a complimentary cumulative
distribution function (CCDF) that describes the probability that the modeled parameter (concentration
of a radionuclide) will exceed the EPA limit. This method can quickly screen out events that give very
low probabilities or fall very far below the performance criteria. Such impacts and scenarios can be
rationally defended as insignificant in likelihood or impact.

''This work was performed by Pacific Northwest Laboratory operated by Battelle Memorial Institute for the
U.S. Department of Energy under Contract DE-AC06-76RLO 1830
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INTRODUCTION

Both US Department of Energy (DOE)
and US Nuclear Regulatory Commission (NRC)
design criteria, orders and guidance for critical
facilities contain language to the effect that
volcanic hazards must be assessed if there is a
reasonable probability of such a threat. Under
10 CFR 960, DOE is required to demonstrate that
any proposed geologic high-level nuclear waste
repository is not threatened, to a specific
probability, by disruption through magmatic
activity such that U.S. Environmental Protection
Agency (EPA) radionuclide release criteria are
exceeded [60]. NRC is required by 10 CFR 60 to
evaluate the likelihood of attaining this and all
other performance criteria as a step in the
repository licensing process. At the present time,
the only repository candidate is the Yucca
Mountain site about 125 km northwest of Las
Vegas, Nevada, a region in which volcanic
activity has been vigorous over the Cenozoic (104

years before present) [6][8][32][10][46][53], and
possibly the Holocene [11][63J[59J, time intervals.
This fact requires the evaluation of magmatic
disruption within the realm of plausible
scenarios.

The current DOE strategy for attainment
of the performance criteria includes of a series of
total system performance assessments (TSPA)
conducted by several contractors and National
Laboratories [2][20]. The TSPA uses the
cumulative release of all regulated (40 CFR 191)
radionuclides as the performance criteria. The
performance measure is expressed as a
complimentary cumulative distribution function
(CCDF) over all reasonable release scenarios.

The focus of this article is on the results
obtained for the Yucca Mountain TSPA and will
not discuss other applications in detail.
Nevertheless, the methodology can be applied to
other performance evaluations in which a
volcanic hazards scenario is reasonable. For
example, a critical roof load can be calculated for
a specific structure. If a physical model of
natural phenomina could be constructed for
producing the critical load, a TSPA could be
performed to evaluate all of these potential
stresses and place them in context of their
relative probability of criteria exceedance.
Loading by volcanic ash could be evaluated

relative to other phenomina.
Our initial effort explored the consequences

of disruption of the proposed Yucca Mountain
repository and the uncontrolled release of
radionuclides to the accessible environment
resulting from the subsurface activity of a
basaltic magmatic center. The subsurface
activity generated dikes, sills and /or other
intruded magma bodies. This scenario is based
upon an interpretation of the Quaternary volcanic
record in southwestern Nevada and surroundings
[32]f 12J[53] and with the results of investigations
described in the Yucca Mountain Site, Site
Characterization Plan (SCP) [61]. The work
described below represents a first attempt to
generate a performance assessment model
utilizing a physically-based volcanic process
model.

APPROACH & THEORY

Physical modeling of magmatic and
volcanological processes is not developed (see
[28][33], for example) such that general
predictions of eruptive behavior are possible.
The best that any eruptive modeling can do in
qualtiy assurance is limited to code verification
or physical plausibility tests through
dimensional scaling [38], [57].

Because of these fundamental problems, we
used a simple, well described, peer-reviewed
research model. The model was coupled to a
verified, Monte Carlo-based, parametric module.
The mass fraction of inventory released was be
used as input to the general
complimentary-cumulative-distribution-function
(CCDF) consequence model used for ground water
and human intrusion scenarios.

In defining the details of the basaltic
volcanism scenario, the studies of
[9][12][10][13][ll][21][63] comprised the primary
data base. These studies suggest that the
intrusion of alkalic basalt magma was
episodically active throughout the Yucca
Mountain area over the last 8.5 million years
(Figure 1). The conduits fed explosive and
effusive eruptions that constructed small-volume
(lOMO7 m3) cinder cones, proximal lava flows
and pyroclastic deposits. Dikes are the most
common intrusive bodies. There is no indication
that conduits or dike alignment (weakly NNE
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Figure 1. General location map for Yucca
Mountain and relevant volcanic centers
in the vicinity adapted from [12].

elsewhere in the region) favored any surface
structural lineament. It is unclear whether the
cones are monogenetic, representing a single
eruptive episode [59], or polygenetic, comprising
repeated injections and eruptions within the same
conduit [63]. Because of this, the rate or time
trend of magma supply is not well constrained.
The modeled scenario is limited to the
emplacement of a dike within the accessible,
deep subsurface. The event does not disperse lava
or pyroclasts.

The mechanics and energetics of dike
emplacement has been attacked from a variety of
angles, for example, [17][48][47][1]. The model
selected was developed by [31]. An important
contribution of this study is the demonstration
that the elastic forces, remote from the crack tip,
and the strength of the rock are of second-order
importance relative to the balance between the
pressure gradient and the viscous forces. This
suggests that preferential orientations based upon
fault zones or other vertical planes of weakness
are not required in dike formation and may be
insignificant. This result is supported by regional
field work, in particular [21]. It also implies
that the coupled thermal and mechanical
behavior of the magma is of highest importance
to the vitality of the eruptive episode.

Several critical assumptions are implicit
in our approach. The governing equations assume
that the flow within the dike is steady-state
and isothermal. This says, in effect that the

developing portion of the conduit flow, where
thermal and mechanical boundary layers are less
than the conduit half width, is insignificant
relative to its full length. This may not be true.
[17] demonstrates that this scaling can be
resolved for a dike by computing the "thermal
and mechanical entry effect."

The Reynolds number, Reo, is defined where
the boundary layer, 8, is equal to the conduit half
width, D. Calculating the thermal entry effect
in this simplistic manner results in a value that
requires non-steady-state conditions throughout
(z(T) » L, similar to [17]), however the
analysis assumes constant viscosity, independent
of temperature. This is clearly wrong, but can not
be resolved without further information. As a
first cut, we have assumed steady-state
isothermal conditions; future efforts will require
a fuller understanding of the particular
volcanological and physical conditions of the
scenario and a more general model.

Lister's model results in

w(x,z) = 0.904
8m(gApfz]

b(z)

w3 dx = Q
3ri

()

(2a)

(2b)

with

0.381 x ' (gap)4 ]

Qr|m3z3J
and

Ap = density contrast
g = gravitational acceleration
Q = magmatic discharge
T| = viscosity
z = depth
w = dike width
x = dike length

all other notation as before, and from which dike
widths and lengths can be found. [30] and [31] can
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be consulted tor the details of this derivation.

A stochastic determination of dike
widths and lengths was made by solving
Equations 2a & b as a subroutine within a
in-house-developed, Monte Carlo-style
simulator. The range, mean and distribution of
input parameters is discussed below. The dike
widths and lengths are distributed at random
over the chosen domain. In simulation, a
ground-water/contaminant distribution field was
computed by SUMO, a saturated/unsaturated
ground water transport simulator. An
entrairanent factor was used to quantify the
amount of contaminated solid medium
mechanically mixed into the magma, or

13)

where,

C'm = concentration of radiunuciide i released
Ck = concentration of radionuclide i in medium

-^s- = ratio of mass rates (mass fraction entrained)
mm

Finally, the mass of radionuclide released was
incorporated into the release and CCDF code [20].

The input parameters to the model are
listed in Table 1. The mass fraction entrained
was also an input parameter but was not
stochastically modeled.

Table 1.

PARAMETER

Q, discharge

f\, viscosity

m, elastic factor

Ap, density

z, source depth

Parameters used
Carlo simulator.
origin.

MEAN

100 mVs

10(1 Pas

lOMPa

300kg/m3

10 km

in Monte
See text for

RANGE &
DISTRIBUTION

10 <> 105
log normal
10ol03
log normal
9 oil
normal
lO2 <> i(p
log normal
see text

Discharge, Q gives the steady-state
magma supply rate volumetrically required to

emplace the dike. The appropriate value for Q is
not obvious for a dike emplacement and can not be
observed in nature. Nevertheless, this parameter
is the single most important variable for scaling
the dynamics of a magmatic event [17][64]. Based
upon gas emissions, 123] estimates the discharge
rate across the feeder dikes at during Kilauean
eruptions (Pu'u O'oHo be 74 to 158 mVsec and [24]
independently derives a value from
recharge-driven, surface-tilt data along the East
Rift zone to vary between 10.6 and 69.4 m3/sec.

Direct observation of eruptions suggests a
volumetric flow rate of 140-400 m3/sec for the
1969-71 Mauna Ulu eruption and 20-300 nWsec
for Pu'u O'o [65]. These are clearly maximum
values because of the acceleration of magma in
the vent. For this simplified analysis, the full
range was used in the Monte Carlo simulator with
a mean of 100 mVsec and a log normal
distribution.

Viscosity, r|. measures the displacement
rate of the magma in response to shear stress and
includes two components. The first component is
compositional and is dependent to first order upon
the major element and volatile composition of the
melt. Anhydrous basaltic viscosities general
range from 103 to 107 Pa«s when directly
measured at their liquidus temperature [3]. Pure
liquid viscosities appropriate to a Yucca
Mountain magma, if assumed similar to the "Rift
Basalts" of [12], may be about 100 Pa• sec,
depending upon water contents.

Another variable that greatly effects
viscosity is the percentage of solids (either
crystals or entrained fragments) present.
Experiments have repeatedly demonstrated, [51]
and many others, that crystallization increases
viscosity. Numerical modeling by [44] explicitly
considered both of these issues and demonstrated
that the viscosity of conduit flow was, in effect,
self regulating through viscous dissipation and
crystallization. This interaction limited active
flow viscosity close to the liquidus value (< one
order of magnitude). Magma more viscous than
this value is stagnant and "wallpapers" the
conduit walls. Given these results a mean of 100
Pa»sec was chosen with a upper and iower range
of one order of magnitude. In a more acrualistic
simulation, the dynamics of this parameter
would be mode' dependent.
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The elastic factor, m, is composed of the
shear modulus (modulus of rigidity), n, and
Poisson's ratio, v, for the host rock, or,

m = (1 -v)
(4)

and [i =E/2(l+v). These factors are reasonable
well established for basaltic or granitic crust, ex
situ, [71. The presence of fabric, fractures or
and/or fluid, however, can produced wide
variations in elastic parameters [27]. A
conservative estimate of 20 MPa was used by [31].
Using values from the SCP [61], a range for the
elastic factor, in situ Topapah Springs Formation,
is determined between 9.57 to 10.90 MPa and a
mean of 10 MPa with a normal distribution was
selected for the model.

The density gradient, Ap, represents the
sole driving force of the flow under the
assumptions of this model. By removing the
eruptive vent from the problem, the significant
complications of a separate gas phase and
transient density variation are avoided. A value
consistent with the difference in density between
high-silica tuff (2400 to 2600 g/cm3, [61]) and
alkali basaltic magma (2700 to 3000 g/cm3, [35])
would be close to the value used by [31] of 300
g/cm3.

Source depth, z, is of importance to the
solution and to several of the assumptions used in
this exercise. As indicated above the
steady-state, isothermal assumption is
dependent upon the vertical location of the
repository/conduit intersection relative to the
entire length of the conduit, the entry length
problem. Investigations in support of the SCP
indicate that there is little evidence for shallow
magma chambers or long crustal residence times
for magmas contributing to Quaternary basaltic
volcanism of the Yucca Mountain region [10,12,
13]. [12] used a model depth of 35 km foi the
estimation of transport times, assuming
petrogenesis at the mantle/crust boundary.
Seismic reflection data from the Death Valley
region have suggested that Quaternary basaltic
centers are fed from magma chambers coincident
to regional detachment, about 15 km deep [16].
Similar, geophysically revealed, magma bodies
are found in other extensional crust [5] and a
general theory has been advanced explaining the

vertical coincidence of magma chambers,
detachment zones, and extended crust [15][50].
For this first round of modeling a z of 10 km was
used.

The enchainment factor was not modeled
stochastically. The parameter measures the
amount of incidental wall rock material
entrained in the flowing magma during passive or
active construction of the conduit space. Studies
[58][62][47], among many) show that dike walls
are, in general, passively displaced by magma
with only minor loss of total mass. Nevertheless,
accidental rock fragments are apparently eroded
from the walls and propagating tip of the dike.
Under any modeling scheme, the degree of
entrainment specifies the relative abundance of
waste or contaminated rock removed to the
accessible environment. This parameter has a
dominant affect on any dose or consequence
calculations. Unfortunately, this parameter is
very poorly known.

Within small volcanic centers similar in
scale to the Crater Flats vents, accidental
inclusions (distinct from ultramafic, cognate, or
cumulate inclusions) can be numerous within the
initial stages of an eruption but may rapidly drop
off in abundance as the vent develops and the
eruptive episode evolves. For example, at Crater
160 in the San Francisco volcanic field, AZ,
xenoliths are "common" in the spatter associated
with the initial stage and in palagonitic tuff but
are less common elsewhere within the sequence
[14]. The evolu tion of inclusion abundance may
reflect the kind of stoping and tip propagation
mechanisms effective in establishing or
rejuvenating a conduit.

Basaltic dikes and sills demonstrate even
wider variance and more spatial heterogeneity in
inclusion density. Intrusions such as the Chief
Joseph dike swarm, OR contains between 0 and
40% [58] with the suggestion that wider and more
vigorous dikes were more "inclusion free." Sills of
the Karroo dolerite, South Africa grade in
inclusion density with a high abundance close to
the margins and less within the core [22]. These
examples suggest that the incorporation of
accidental clasts is dependent upon shear stress at
the walls of a magmatic conduit and would
decrease with eruptive vigor.

In any case the entrainment systematics
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of any given eruption can not, in general, be
specified. SCP field studies at the Quaternary
centers adjacent to Yucca Mountain have
suggested 0.058 volume % inclusions as a
representative figure [10, 59], which is not
unusual.

To recap, a simple, mechanical model
was used to generate a stochastically derived
data set of dike lengths and widths. The model
simulates the steady-state intrusion of a
isothermal, non-eruptive, basaltic dike below
the volatile-saturation plane. Input parameters
for the model are of highly varied uncertainty
but were taken from analogous systems or SCP
data. The dike widths and lengths were
combined with a wall rock "entrainment factor"
to simulate disruption of the repository or its
release plume and transport to the accessible near
surface.

RESULTS OF PHYSICAL MODELING

The results of the Monte Carlo simulation
of dike widths and lengths is presented as Figure
2. The range in widths is between 0.25 and 1.5 m
with a mean of 05 m. Dike lengths ranged
between 0.75 and 3.0 km with a mean of 1.5 km.
The mean mass emplaced would be about 750 m2

Given a 0.058 vol % of wall rock over a 233 m cross
section of contaminant plume results about 100 m3

of contaminated material. Table 2 is a

1.5 2 2.5 3

Dike Width (m)

Figure 2. Results of Monte Carlo simulation of
dike breadths (short dimension) and
lengths (long dimension). Shading
indicates highest number of outcomes.
Average dike is about 0.5 m by 1.5 km.

compilation of dike widths and lengths for
basaltic system of various size and type. While

the spread is large, it appears that the model is
producing reasonable results.

Table 2. Measured or infered dimensions of
various basaltic dikes.

Dike Location

Quemado, NM
Kiiauea E. Rift
Pu'u O'o model
Koolau, HI

Width (m)

.15-6.0
1-5
3.5
0.65

Length (km)

1.5-1.0
1.0-5.0
1.14
5 (cst)

With closer examination, however, it is clear
that dike lengths and widths produced without a
full physical and volcanological analysis are
suspect. A dike is only plausible if remains above
its solidification temperature (solids < about 55%
for basalt) for a time sufficient to allow it to flow
into place. As discussed at length by [31][41,
43][26] the cooling and solidification of magma,
hence the mobility of a given dike or conduit is a
function of the heat given up to the walls through
crystallization relative to the heat advected
with the flow, or S = S(w, X), where S is the time
available for flow, w is the width of the dike
and X is a function of both the crystallization
heat of the magma and the form of the thermal
boundary layer. In this fashion, S, is also a
function of the thermal entry length through la
& b. Simply stated, the width and cooling time
of a dike or conduit are coupled and can not be
specified without a clear understanding of the
thermal and mechanical scales and dynamics of
the problem.

CONSEQUENCE MODELING OF THE EVENT

The analysis of the magmatic disruption
scenario attempted to estimate the amount of
each radionuclide that reached the accessible
environment as a function of the intrusive event.
Each volcanic dike was assumed to penetrate the
repository or its release plume. Dimensions of the
dike were taken from the random set of dike
widths and lengths retrieved from the physical
model. Releases for each dike depended upon the
time of the occurrence, the mass transport in the
release plume that has occurred prior to the dike
intrusion, and the waste container inventory.

The dike is assumed to entrain a fixed
volume percent of the wall rock at or below the
potential repository horizon and transport that
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rock to the ground surface. The amount of nuclides
removed with the entrained material depends on
the amount of transport that has taken place
from the potential repository at the time of the
intrusion, and the inventory of a waste container
if a direct or near hit occurs. The results
generated by the SUMO solute transport code [20]
were used to estimate radionuchde concentrations
in the region as a function of time. Random dike
intrusion times were selected, and then an
exhumed radionuclide inventory was calculated.

This modeling link leads to loosely
coupled processes. The concentration as a function
of time is coupled to the far-field mass transport,
however, the far-field transport was not
modified to account for thermal or hydrological
changes from the volcanic event. Thermal
changes are assumed to die away quickly and
have little impact on mountain-scale water
mass-balance calculations. The impact or
ignoring hydrological changes caused by the dike
emplacement is unknown. Quite likely the dike
will become highly fractured as it cools. If thai
happens, it may have hydrologic properties hat
are different from some of the current rock layers
in the mountain.
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Figure 3. Results of cumulative-complimentary
distribution-function modeling.

The conditional CCDF for the basaltic
dike intrusion scenario is given in Figure 3. The
occurence probability for a magmatic event was
adapted from [12] and [25] as 1(H over 10,000
years, based upon the volcanic rock record over
the entire region. Each dike was assumed to
entrain 0.058% of the host rock in the volume of

the dike between the potential repository level
and the ground surface. In addition to entraining
contaminated rock, there were some combinations
of model parameters where the contents of one or
more waste containers could be entrained in the
magma and emplaced in the near surface. The
amount of waste entrained and released for each
individual dike, Rj, was calculated with the
following formula:

where,

I j ( t ) =

L\ --

i Nc Sd F(t) (5)

decay-transient single container
inventory
random indicator (0 or 1) denoting drift
is intercepted by a dike,

N cc= number of waste containers in the drift,
Sd = scaling factor for Nc, and
F(t) = failure factor for waste containers.

The container inventory was computed in the
AREST code as a function of the time since the
v/aste was emplaced using the Bateman equations
to model chain decay [20]. The probability of a
dike intersecting a drift was set to 0.25. The
number of waste containers in a drift was set to 40.
The spread factor, Sd, in the drift was modeled as
a random uniform (0,1) value. The product of Nc
and Sd modeled the number of waste containers
that would physically be contacted by the basalt
in the dike. Finally, the failure factor was
selected as the function that has the value 0
before 2000 years, the value 1 after 10,000 years
and the linear slope 1/8000 between 0 and 1 for
times between 2000 and 10,000. This failure
fraction indicates that the waste container has
enough structural integrity that waste is not
entrained in the first 2000 years of repository
performance. Between 2000 and 10,000 years
successively more containers are compromised to
such a degree that they offer no barrier to
entrainment of waste by the volcanic dike.

Given the above assumptions, the
likelihood of a volcanic event causing a release
that surpasses the EPA limits is very small. The
criteria for this outcome is a exceedance
probability, or probability that the parameter is
greater than the regulatory limit, of 10~3 or
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greater. The results of this analysis suggest that
this criteria is undershot by order cf magnitude
at an EPA ratio of 10°.

DISCUSSION

The lesults above are strongly dependent
upon occurrence probability and if it is assumed
that a magmatic event has categorically
occurred, the EPA limit is reached at an
exceedance probability of 10°. Even though
these results are exploratory and greatly
simplified, it is clear that without a robust
estimate of the occurrance probability, this kind
of analysis is not tenable.

Modeling the occurrence probability of
an eruption depends upon estimate a recurrence
interval for a well-defined volcanic event.
Within this context, very few studies have
defined the occurrence probability of a particular
dormant volcano with any statistically or
practical degree of rigor. The few success have
been dependent upon empirical relationships
based upon intense observation or large data
bases, for example, [55] or [56]. The occurrence
probability of a new vent at a previously
unperturbed location (like Yucca Mountain) is
enormously more difficult. The situation must be
placed in perspective with hydrologically based
occurrence modeling (for example, the probability
of a water table excursion, the 100 year flood, and
so forth) in which the physics, chemistry and
geology of the problem are much further
advanced.

If volcanic events are deterministically
chaotic [54], this would support physical
intuition that eruptive vigor is controlled by the
thermal and petrologic structure of the crust
[37][40]. Studies ;uch as [8,10,13] have been
highly illustrative in identifying the data needs
for increased rigor. [25] pointed cut several
problems with pr;or work at Yucca Mountain,
primarily related to the inconsistent assumption
of a constant mama flux term and the arbitrary
correlation of magma production rate with
volcanic event rate. Although [25] raises a
number of interesting points, he still assumes a
known probability of the volcanic event
(explosive eruption, sill emplacement, etc.) over
time and space. This depends upon an
understanding of the thermal and mechanical
dynamics implicit in the scenario and can not be

assumed a priori or extracted from field data.
[521 has also developed a volcanic hazard model
for Yucca Mountain that has some capacity for
spatial bias and is dependent upon the existing
Quaternary record.

Although these models are excellent tools
for exploring the spatial aspects of the
Quaternary record, none is predictive. There is a
fundamental problem in these- approaches to
spatial bias in the rock record. It is l eccssary to
make deterministic assumption about the controls
for volcanism if the spatial bias is considered in
the problem, in other words, theie must he a
mechanical or thermal rationale for the grouping
of events in space (actually in time, also). In a
well constrained system such as she east rift zone
of Kilauea such a rationale exists under a high
degree of verification. Eruptions of the last
twenty years have been extremely restricted in
space and correspond nicely to a well studied
"master" conduit [49]. At Quaternary centers, it is
common to find £ loose spatial correlation
between vents and deep structural lineaments;
this hypothesis was confirmed tlirough deep
drilling at the Inyo crater chain in eastern
California [19]. In other cases, such as the
Zuni-Bandera field of western New Mexico [29] or
the Pinacate Volcanic field of Sonora, Mexico
[34], the spatial bias is weak to missing and a
causal phenomenon has not been technically
characterized. Without this geophysical basis,
any quantitative projection of spatial variance in
a given volcanic field is untenable.

The causal relationship between the
magmatic input rate and the rate of volcanism
has been discussed at length in a series of articles
by [36,38]. The probability of eruption for a given
magma body hinges on two conditions (1) the
magma must be available (PM) and (2) the
magma must be physically capable of erupting,
given an appropriate volcanic scenario (PE)- The
probability of eruption (Pg) is a product of the
probability (PR) that a magma is Theologically
capable of flowing from the conduit or reservoir to
the surface (or catastrophically disrupting in an
explosive eruption) and the probability (Pj)
that the magma body is at a temperature above
this Theological barrier with respect over the
time of interest, in other words, PE (= PR PJ)
represents the probability of an available melt
erupting before is freezes.
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The formal application of these ideas to
occurrence probabilities has not been worked out,
however, certain physical implications are
intuitive. The rheological probability depends
upon the shear stress and the strain rate of the
given eruptive scenario through viscosity, the
semi-solid viscosity of the magma as it
approaches stagnation. The viscosity is
dependent the crystallization process and fluid
dynamics of the system. It is well established
that the limit for fluid behavior is about 55% for
basaltic lava on the surface [51][39], however,
other studies [42][4] that for conduit flow,
convection and other physical mechanisms the
rheological limit may be much lower (<20%).
Further, it is Hkely that the converse of this
theory can be applied in explosive volcanism [41];
in this case, the rheological limit defines a
viscosity (and deformation rate) required for
magma to be disrupted and expelled, or a strain
rate in excess of the tensile strength of the magma
[18]. In summary, the probability that a given
magma batch will erupt, for a dike or freeze in
place is a direct function of its petrological and
physical systematics.

If poiycyclic behavior is accepted, some
geologic, mechanical and/or thermal condition,
possibly related to the theories of [50] described
above, is forcing magmatic transport. Without a
full understanding of geological and physical
reason behind this hypothesis, however,
poiycyclic behavior provides no progress to the
objectives of the TSPA. In general, without a
clearer picture of the magma physics and
volcanology of the existent magmatic systems in
the Yucca Mountain region, a quantitative
occurrence probability is unsupported.

Most areas subject to volcanic hazards (Cook
Inlet, AK, Willamette Valley, OR, Puget Sound,
WA, etc.) have better documented record of
volcanic activity than Yucca Mountain and the
application of these methods to such regions
would be require less speculation. Volcanic
hazards studies of nuclear power plants in the
Pacific Northwest have been conducted [66,67]
and a regional synthesis has been performed [68]
that evaluate the probability of specific events
and deposition of volcanic products. The next step
would seem to use these estimates in a TSPA
fashion to examine the specific probability of
some engineering parameter. Possible parameters

are roof loads due to air fall, fouling and burn out
of turbines or power transmission lines with ash,
or sedimentation and damage into intake
structures due to debris flows, floods or mud flows
Proper use of CCDFs could evaluate these
hazards in a realistic and quantitative fashion.

CONCLUSIONS

The limited results of this study should not
be predictively applied. In fact, this exercise
illustrates that the difficulty in abstracting
magmatic process lies in physical
conceptualization not computation. Once the
physical essence of the problem is understood and
transport models are constructed the TSPA
methodology can be judiciously applied to
volcanic hazards
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ABSTRACT

The probability of fracture (fracture fragility) versus a range of applied hoop stresses
along the HFIR vessel is obtained as an estimate of its fracture capacity. Both the
crack size and the fracture toughness are assumed to be random variables that follow
given distribution functions. Possible hoop stress is based on the numerical solution
of the vessel response by applying a point pressure-pulse at the center of the fluid
volume within the vessel. Both the fluid-structure interaction and radiation
embrittlement are taken into consideration. Elastic fracture mechanics is used
throughout the analysis. The probability of vessel fracture for a single crack caused
by either a variable crack depth or a vark-.ble toughness is first derived. Then the
probability of fracture with multiple number of cracks is obtained. The probability of
fracture is further extended to include different levels of confidence and variability.
It, therefore, enables one to estimate the high confidence and lo w probability capacity
accident load.

INTRODUCTION

The purpose of this paper is to obtain the probability
of fracture (fracture fragility) for the High Flux Isotope
Reactor (HFIR) vessel under the accident loading
condition caused either by variable crack size or by
variable fracture toughness. The probability curve is very
similar to the fragility curve obtained in seismic analysis
[4]. The variable crack size is based on the Marshall
distribution function [5]. The variable toughness is based
on the two-parameter Weibull distribution from the
studies by Landes et al. [6,7] and Wallin [8]. The
probability of fracture with one crack is first obtained.
Then, the probability of fracture for the pressure vessel
with multiple number of cracks is derived by applying
the weakiest link assumption. The prooability of fracture
is further extended to include the effects of different
confidence levels and variabilities. It, therefore, provides

an estimate of the high confidence (95%) and low
probability (5%) fracture load capacity of the structure.

The High Flux Isotope Reactor (HFIR) pressure
vessel steel embrittlement condition was evaluated
extensively earlier by Cheverton, Merkle, and Nanstad
[ 1 ]. The fracture toughness of the embrittled vp'ue is used
in the present calculation. The radiation induced
reduction in toughness is a critical factor that determines
the remaining life of the reactor.

Preliminary analyses were made in earlier papers
[2,3] to show the stress distribution on the vessel under
internal explosive pulses of hypothetical accidents. The
effect of fluid-structure interaction and radiation
embrittlement were both considered. The pressure pulse
was applied at *he center of the fluid volume enclosed
within the vessel to simulate an accident. In earlier
calculations [2,3], a range of pulses was used to obtain a

*For the U.S. Department of Energy under contract DE-AC05-84OR2) 400. The U.S. government retains a nonexclusive,
royal-free license to publish or reproduce the published form of this contribution, or allow others to do so, for U.S.
government purposes.
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series of stress distributions as a result of pulses of
various magnitudes. The fragility was then used to
estimate whether the possible accident pulse might have
exceeded the safety limit of the vessel. The fragility
curve is improved in this paper. The results of the present
paper and the estimate of the accident pulses were both
documented in recent HFIR Safety Analysis Report
i.SAR).

CALCULATION

The model of the vessel is assumed to be filled with
water and smrounded by the pool. The effect of
tluid-struc'ure interaction is considered in the model.
Finite element code ADINA is used to obtain the
numerical results. The fluid elements are used to model
both the fluid filled in the vessel and the surrounding
fluid in the pool. Material constants tor A212 class B
steel are

Young's modulus = 29 xlO" psi (200 GPa)
Poisson's ratio = 0.3
Specific weight = 0 284 lb/in.1 (7SW) Ke/m')

A pulse of 1 ksi (6.9 MPa) with duration of 1 ms
(millisecond) is used in the elastic calculations. The
problem is linear and elastic. The calculation can
represent a range of results that are linearly proportional
to the magnitude ui the applied pulse. The boundary
condition used in the calculation is that the lower side of
the bottom element is constrained to move only along the
horizontal direction.

The numerical results for the stress components are
shown in Figs. I and 2 At the vessel wall next to the
vessel lid, the tensile stress has the largest value among
all the stress components. The curves that represent the
numerical solution for the stress waves at the lid can be
recognized to be different from the components at either
the midplane or the corner, because the time of wave
arrival at lid is longer Also, at lid, the magnitude for the
axial tensile stress is larger than that for the hoop stress.
At midplane or corner, where vessel intersects the lower
cylinder, the reverse is true.

As shown in Figs. 1 and 2, the maximum tensile
stress at lid is almost twice as large as the maximum hoop
stress in the midsection, but its wave arrival time is about
twice as long as the arrival time at midsection. Also, it
will be shown later that the fracture toughness at lid is
approximately 7()ksi\in. (77 MPaVm) and at midsection
is approximately 50 ksi\in (55 MPa^/m) at top of beam
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tube after 10 effective full-power years of radiation
embrittlement.

Tb^ midsection has smaller stress but the stress
wave arrival is earlier and the material is more damaged
by radiation There is a good chance that the midsection
may be broken by smaller stress before the stress buildup
at region close to the lid at a later time. Furthermore, the
possible crack size and temperature may also determine
the possible fracture. All these factors need to be
considered when evaluating the vessel sections for
potential fracture. The following analysis will be made
by assuming that the midsection will be broken before
the lid because of the shorter wave arrival time and the
weaker fracture toughness.

FRACTURE ANALYSIS

In the present calculation, the ASME lower bound
fracture toughness K;a for the vessel steel is used [9, Sect.
XI]. The surface ctack is assumed to ha\e an 1:6 aspect
ratio. The 1:6 ratio is recommended by ASME for vessel
design |10, Sect. Ill]. Both the crack size [51 and the
toughness 16,7,8] of the vessel steel are assumed to
follow given distributions. For either case, the allowable
hoop stress of the HFIR vessel after 10 effect full power
year after 1986 is obtained by applying the following
solution.

SINGLE LONGITUDINAL SURFACE CRACK
PROBLEMS

The problem of a longitudinal surface crack along a
cylinder has been studied by Raju and Newman [10]. The
stress intensity factor for the part-through surface crack
along the inner surface of the cylinder was numerically
calculated. For a range of elliptic cracks, the numerical
values were tabulated in the paper. An extrapolation is
made for the case that a:c is 1:3 where a is the crack depth
and c is the half ^rack length. The stress intensity factor
Ki is

(1)

where St is the applied hoop stress and Q is defined by

G() = 0.988 + 0.418 x + 0.358 x

Q = l + 1.464 x i~] = 1.239

In the above equation, the coefficient Go for a:c
being 1:3 is interpolated by the following expression:

(3)

where t is the thickness of the vessel wall and is equal to
3 inches in the present analysis.

TOUGHNESS VALUES FOR HFIR VESSEL
STEEL

For an extended period of radiation, the toughness
of the steel is degraded and its magnitude is reduced.
Various parts of the vessel are subjected to different
levels of radiation. The stress distribution at various
locations on the vessel wall is also different. Only an
appropriate combination of maximum stress and lowest
toughness at the vessel wall gives most critical points at
which the analyses are required for possible fracture.

Toughness for ferritic steel is a function of
temperature. The toughness versus temperature curve
often show3 a transition temperature RTNDT beyond
which the toughness value increases rapidly and the
material tends to fracture in its ductile fracture mode.
Below RTNDT the material is brittle. Ferritic steel
subjected to radiation will shift RTNDT to a higher value.
That means the brittle fracture region is extended to a
higher temperature range, reflecting the
radiation-induced embrittlement. E ittle fracture is often
catastrophic in nature and should be avoided. This is the
basis for the HFIR original design concept against
fracture: the operating temperature minus 60 is required
to be equal to or greater than RTNDT at any time during
the reactor operation [1, p. 111.

The ASME Code recommends the use of the lower
bound crack arrest K|a curve as the fracture design basis,
represented in the code [9, Sect. XI] with the expression

Kla = 26.78 + 1.233

x exo [0.0145 x (T - RTNDT + 160)] (4)

where the unit for temperature is degrees Fahrenheit. Kia

is numerically equal to the reference toughness KIR. The
radiation-induced shift of RTNDT for the A212B steel has
been determined by experiments in the Oak Ridge
Research Reactor and HFIR surveillance studies.
Quantitative values of the shift in temperature per each
effective full-power year have been determined for each
material [1, p. 26].

The ASME K]a curve is believed to be the lower
bound of the crack arrest toughness K|a and the dynamic
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toughness Kid and, therefore, may be used to represent
the lower bound toughness value for the material even for
dynamic (pulse) loading.

Around beam tube HB-3, the vessel wall receives
the highest level of neutron irradiation that causes the
vessel steel the fastest rate of embrittlement. Nozzles
fabricated with A35O steel are welded to the vessel wail
of A212B steel. Nozzles directly enclose the beam tubes.
A35O steel can accumulate a larger shift in RTNDT than
A212B steel because A35O steel has lower initial RTNDT
value.

The radiation level around the tangential beam tube
HB-3 has been recorded as the most critical region [ 1, p.
26]. The radiation level along the horizontal midplane
vHMP) for HB-3 is much higher than the radiation level
above the ax;.s of the same beam tube. However, for the
present prouiem, the circumferential hoop stress of the
vessel wall is twice as large as the axial tensile stress
[3,4], The region above the beam tube HB-3 has a smaller
dose but is subjected to higher vessel hoop stress,
assuming a possible vertical crack. The material
toughness at the top of HB-3 is more than half of the
toughness at the horizontal midplane of HB-3. The most
critical region is, therefore, located at the top of HB-3.

In the vessel wall next to HB-3, numerical values of
the neutron irradiation are selected from [1, p. 26] at the
location 1-in. deep from the inner surface of the vessel
wall. The radiation-induced shift of RTNDT after 10
EFPY from 1986 is calculated and shown in [4]. The rate
of increase in RTNDT is denoted by Sf in degrees
Fahi enheit/EFPY and HFIR operating power level is 84.6
MW. Temperature at the vessel's inner surface is
assumed to be 120°F. The change of RTNDT is based on
the increment of RTNDT from that in 1986.

From the above information, it is shown [4] that for
10 EFPY extension the toughness for A212B steel may
be as small as 30 ksWin. (33 MPaVm) along the
horizontal midplane of HB-3 and 50 ksh/in. (55 MPaVm)
above HB-3. The A35O weld may be 32 ksiVin. (35
MPaVm) along the horizontal midplane and 55 ksiVin.
(61 MPaVm) above HB-3. The above four cases are
plotted in Figs. 3 and 4. Each curve represents the
maximum allowable hoop stress at a range of crack
depths in the corresponding region.
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Figure 3. St versus crack depth plots at different
critical locations with radiation at 17.53
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PROBABILITY OF FRACTURE
WITH ONE CRACK

ONE CRACK OF VARIABLE SIZE
Based on the Marshall report 15], an exponential

distribution function f(a) for crack population with depth
a is used,

j{a) = 4.1 x exp (-4.1a) (5)

The probability of nondetection B(a) is also used
from the same report,

B(a) = 0.005 + 0.995 x exp (-0.113 x 25.4a) (6)

In the above equations a is crack depth in inches.

The probability that a crack with depth iess than or
equal to a that is not detected as the reactor goes to
operation is

P{a) = J Ax)B(x)dx / J f[x)B(x)dx
(7)

Since the function P(a) is the probability of all
cracks with depths less than or equal to a, it is, therefore,
the probability of not fracture at crack depth equal to a.
The probability of fracture at crack depth a is

Fv(a) = 1 - P(a) =

x exp (-6.97a)
(8)

Equation 1 in an earlier section can be rearranged in
the tullowing form:

Ja/t x [0.988 +0.418x (o/r) +O.358x (o/r)2] (9)

Eliminating the crack depth variable a from Eq. 8
and Eq. 9 gives the probability Fv(s) versus St(a). The
function Fv(s) is plotted in Fig. 5 as the probability of
failure curve with 50% confidence with one crack. It is
the likelihood that the hoop stress will cause a local point
to fracture at hoop stress St after the reactor has been
examined for possible cracks by using method B(a). At
the location above the beam tube HB-3, the toughness
and thickness are 50 ksiVin. (55 MPaVin) and 3 in. (7.6
cm), respectively.

3 6 9 12

Hoop Stress Sty(*t/Q)/Kla

Figure 5. Probability of fracture function for HFIR
vessel due to variable crack depth with one
crack at 10 effective full-power years
beyond 17.53, or year 1986.

VARIABILITY OF THE PROBABILITY CURVE
Physical problems of similar probabilistic nature

were studied in seismic fragility analysis [4] where the
failure probability function was assumed to follow a
cumulative lognormal distribution. The function Fv(s)
derived above is similar to, although slightly different
from, a lognormal distribution. But, it is derived by
applying a completely different procedure.

The variabilities of the probability curve will be
obtained by assuming it a lognormal model. Two types
of variabilities Br and Bu, that are represented by the
logarithmic standard deviations, are always associated
with the seismic fragility studies. Br is the variability due
to randomness of the material properties such as the
possible variation of crack sizes ... etc. Bu is the
uncertainty of the modeling.

As illustrated in a study by Kennedy and Ravindra
[4], the probability of failure can be modeled by

(10)
where 4> is the Gaussian cumulative distribution function
andPc is the probability of the expected confidence level.
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In the above equation, A and Am are, respectively, the
peak ground acceleration and its median value.

In the present analysis, the same model is assumed.
A and Am in the seismic model are replaced by the hoop
stress S and its median value Sm and Pf is replaced by Fv.
The resulting curves in nondimensionalized forms are
plotted in Fig. 5. In addition to the median curve Krth
95% confidence curve and the 5% confidence curve are
constructed. The 95% curve is obtained from the median
curve by multiplying the hoop stress S with a factor

/ = exp(-l.65 X (Ju) (11)

and the factor 1/f is used to obtain the 5% confidence
curve.

This multiplicative property is made possible
because of the lognormal distribution. Here, Bu is
assumed to be 0.5 that reflects the uncertainty of the
modeling. It is noted in Eq. 11 that for an increase in Bu

the factor f is gradually decreased. The rate of decrease
in f slows down rapidly as Bu increases. This implies that
to increase Bu beyond 0.5 will not substantially decrease
the critical hoop stress of fracture. In Eq. 11, f has a value
of 0.44.

The variability Br is implicitly determined in the
50% curve. From the property of a lognormal
distribution, Br is obtained by the following expression:

(12)

where the nondimensional median hoop stress is 5.4 and
the stress for 5% probability is 2.4. Recall that Kia is 50
ksiVin. and t is 3 in.. The median hoop stress is 92 ksi
(635 MPa) and the 5% stress is 41 ksi (283 MPa). In
practice, a median Ki instead of the above lower bound
Kia should be used. The use of the above Kia will result
in some conservatism.

Fig. 5 provides some useful information on the
fracture capacity of the reactor vessel with respect to the
accident loading. From the high confidence (95%) curve,
the iow (5%) probability of fracture (HCLPF) is often
used as a measure of the safety of the structure. In the
present study, it corresponds to a hoop stress of 20 ksi
(138 MPa). The rupture disk pressure for HFIR (a
pressure stopper) approximately generates a hoop stress
of 10.7 ksi (74 MPa). Recall that Pf is the probability of
fracture for one crack. It implies that even if a crack does
exist on the vessel wa'l, the probability of fracture at

rupture disk pressure remains substantially below 5%
with 95% confidence.

ONE MEDIAN CRACK OF VARIABLE
TOUGHT^SS

In the earlier sections, the function Fv(s) is obtained
by assuming a variable crack depth but a deterministic
toughness. Here, the toughness is assumed to be variable,
but the crack depth a deterministic quantity. A similar
probability function Fk(s) is derived as a local probability
function of fracture.

The variability Bu of Fk(s) due to the uncertainty of
the modeling is estimated. It represents the probability of
fracture with different confidence levels that account for
the uncertainty of the modeling.

The variability of the toughness has been analyzed
by Landes et al. |6,7] and by Wallin [8]. The probabilistic
behavior of the toughness variability can be represented
in its simplest form by the Weibull two-parameter
distribution

= \ - exp
(13)

where Pf is the probability of fracture, Ki is the applied
stress intensity, Ko is a normalization factor and m is an
exponent describing the magnitude of the scatter. Ko is
equal to the value of Ki that stands for the probability of
0.63. The exponent m is assumed to be equal to 4.

The probability function Fk(s) is obtained by
eliminating Ki from Eq. 8 and Eq. 13

Fi{s) = 1 - exp
(14)

where the number 5.48 is the numerical value of
I/GoxV(a/t) with crack depth corresponding to the 50%
probability by applying Eq. 7. This crack depth is equal
to 0.1 in. and t is 3 in.. Equation 14 is plotted in Fig. 6 as
the 50% curve. The 5% and 95% confidence curves are
plotted by using the same factor f in Eq. 11. If the above
curve is approximately represented by the lognormal
model, then a median value of 5.0 and a 5% value of 2.6
can be obtained in Fig. 6. A logarithmic standard
deviation Br is

2.6
= 0.396

(15)
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year 1986.

The high confidence (95%) and low probability
(5%) failure capacity of the vessel due to the applied
hoop stress is shown in Fig. 6. It has the value of 1.2 that
leads to a hoop stress of 16.7 ksi (116 MPa) for the
toughness Ko equal to 50 ksiVin. (55 MPaVm). It can be
used as a measure on how the strength of the vessel
against applied hoop stress is influenced because of the
variability of the fracture toughness.

The choice of Ko to be 50 ksi^/in. (55 MPaVm) needs
to be explained. The value Ko in Eq. 13 is the 0.64
probability toughness, whereas the value 55 MPaVm is
the lower bound toughness value. The use of the lower
bound toughness value contributes some conservatism in
the above estimation of 5% probability stress of 16.7 ksi
(116 MPa).

It is known that the toughness and, therefore, the
function Fk(s) depends strongly on both the temperature
and the specimen size [7]. The toughness shows
significant variability at ductile-brittle transition region.
It is useful for the life-extension analysis of the HFIR
vessel, because the effect of radiation embrittlement
tends to shift the toughness value comparable to that in
the transition region.

PROBABILITY OF STRUCTURAL FRACTURE
WITH MULTIPLE CRACKS

In the preceding sections, the fracture analysis is
based on one hypothetical crack either with a variable
toughness or with a variable crack depth. To estimate the
fracture probability of a structure, the analysis needs to
be extended to include a multiple number of cracks. This
will be derived in the following.

The problem is probabilistic because any crack has
a probability that either the crack c'epth or the fracture
toughness is greater than the critical value. The local
probability FV(S,XJ) is in general a function of the hoop
stress S and the toughness-dependent location Xj of the
crack. The probability of fracture F(s) for a structure that
contains a total of n cracks is

fir) = 1 -
1=1 [16)

For the structure that has a constant toughness
value, the fracture probability will be denoted by Fv(s).
Here, only one structure is assumed. The above equation
can be proved by applying the standard weakest-link
hypothesis. The probability function F(s) has the smallest
probable value of all the possible local fracture at all the
cracks. It is an extreme value statistics.

For the reactor fracture analysis, the above equation
needs to be extended to the case of a very small number
of cracks in a large number of structures. The density of
cracks is much less than 1. The probability of fracture for
a particular structure out of a total of m identical
structures will be derived. The result is a slight
modification of Eq. 16. If a total of n cracks exist in these
m structures, then any crack has 1/m chance to be located
in the particular structure of interest. Therefore, in this
case, the probability of fracture F(s) is

= i - n h -
m (17)

If n is large enough and the crack density is assumed
to remain a constant value n/m, then, by the definition of
the exponential function, Eq. 17 can be approximately
represented by

F(s) = 1 - exp - - x Fv(s)
(18)

which provides a unique value depending only on
the crack density. Furthermore, if the crack density is
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very small, we obtain the result that F(s) is the density
multiplied by Fv(s)

F{s) = ~ x Fv(s) (19)

If the fracture toughness varies along the vessel,
then Eq. 18 can be extended to the following expression:

F(s) = 1 - exp
m I

1=1 (20)

The probability of fracture for the structure with one
crack at stress S is Fv(s). The probability of fracture for
the structure is F(s). F(s) is equal to Fv(s) multiplied by
the crack density. An estimate of the crack density was
made by Cheverton et. al. [1, p. 241] to be
0.007 cracks/ft2, and an assumption was made that an
area of 1 ft2 of vessel surface above HB-3 is the required
total area under consideration. The probability of failure
curve with the crack density of 0.007 cracks/ft" can be
plotted by multiplying 0.007 to the curves in Fig. 5.
These curves will be the total probability of fracture
curves for the structure.

For the case of variable fracture toughness with one
median crack depth, the probability of fracture function
Fk(s) has been derived earlier by using a given toughness
distribution function. The probability of fracture for the
structure can also be obtained by multiplying the curves
in Fig. 6 by 0.007. This probability function is useful for
the remaining life calculation of the HFIR vessel because
the radiation tends to shift the toughness close to the
brittle-ductile transition (BDT) region.

If a probability function can be obtained to describe
the frequency of the occurrence of the accident, then the
probability of fracture, shown in Figs. 5 and 6 for the
accident loading needs to be modified or multiplied by
this probability event.

The probability of fracture for the structure is
derived as the product of crack density and the
probability of failure for one crack, provided that the
density is small. The probability calculation for the crack
density of an intermediate magnitude can be obtained
readily from the finite probability formula.

SUMMARY OF RESULTS AND CONCLUSIONS

For the problem of one crack, both the probability
of fracture due to either a random crack size or a random

fracture toughness is obtained. For a number of cracks a
simple formula is derived to calculate the total
probability of the vessel fracture.

The fracture toughness in the brittle-ductile
transition (BDT) region is known to suffer significant
variability. The probability analysis due to randomness
of the toughness becomes more important as the reactor
has been operated for an extended period of time and the
reactor vessel has been subject to a period of radiation.
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EVALUATION OF STRESSES IN LARGE DIAMETER,
THIN WALLED PIPING AT SUPPORT LOCATIONS (U)

BJ Bryan, H.E. Flanders, Jr., and G.B. Rawls, Jr.
Westinghouse Savannah River Company

Savannah River Site
Building 707-49B

Aiken, South Carolina 29808

ABSTRACT

The highest stresses in many thin walled piping systems are the local stresses at the pipe
supports. These secondary stresses are caused by saddles or other structural discontinuities
that restrain pipe ovalization. A static analysis of a thin walled pipe supported on
structural steel saddle under dead weight loading is presented herein.

The Finite element analysis is performed using a shell model with distributed gravity and
hydrostatic pressure loading. Parametric studies on giobal and local stress arc performed
to determine the effect of the pipe diameter to thickness ratio. Two aspects of the saddle
design are also investigated: the effect of saddle width, and the effect of saddle wrap angle.
Additionally, the computed stresses are compared to closed form solutions.

INTRODUCTION

This paper was developed from an analysis of a large
diameter thin wall cooling water piping system that is
supported on saddle type supports. Figure 1 shows a typical
saddle support. The evaluation includes both stress analysis
and a review of the applicability of current design codes.
The stress analysis shows that ovalization of the pipe cross-
section contributed to large stress intensity for both global
and tocal stresses. The ovalisaiion was determined to be an
effect of the large diameter to wall thickness ratio (D/t). The
values of D/t ratio for the cooling water piping were greater
than 100.

Comparison of current design codes such as ASME
Boiler & Pressure Vessel Code [1], and ANSI/ASME B31.1
[2] demonstrate that these codes were generally limited to
D/t ratios of less than 100. However, the ASME B&PV
Code provides the most comprehensive treatment for local
stress evaluation. The AWWA Code [3] was reviewed, since
it is applicable to large D/t ratios. The AWWA Mil
Manual provides a methodology for calculating localized
stress at saddle type supports. AWWA also states that the
stress intensity is practically independent of the width of the
saddle support. The saddle width is Dimension b in Figure

Figure 1. Pipe on Saddle Support

Fourth DOE Natural Phenomena Hazards Mitigation Conference- 1993

557



web plates

bearing plate

M93C014

Figure 2. Typical Saddle Support

Three different aspects of analyzing piping with large
diameter to wall thickness ratio are evaluated in this paper.
The data presented is for D/t ratios between 50 and 400. All
the analyses were performed for piping on saddle supports.
The following areas were evaluated:

• Ti»s effect of ovalization on the global bending stress
in the piping as compared to beam theory.

• The effect of ovalization on the local stress at a saddle
type support, including the methodology for
classification and calculation of the local stress.

• The effect of saddle support design parameters on lot il
stress.

ANALYSIS

The global stress state is calculated using both the
finite element method and beam theory. The local stress
state is calculated using, both the finite element method and
the AWWA method. For consistency, all the analyses
documented in this paper use elastic methods and are on a
pipe configuration with a nominal 60 in. diameter and 80 ft
span length. The basis for ihe finite element and AWWA
analyses is discussed below.

Finite Element Method
The analysis is performed using the ABAQUS finite

element code [4]. Figure 3 shows that the model is a full
cylindrical section comprised of shell elements. The model
is subjected to dead weight loading, which is composed of
hydrostatic pressure inside the pipe and gravity on the steel
pipe wall. Since internal pressure would tend to stabilize
ovalization, it is not included in the model. The coordinate
system is defined as:

x - Horizontal; Transverse to Pipe Axis
y - Horizontal; Longitudinal Pipe Axis
z - Vertical

Mid-Span Saddle
Wrapper

Finite Element Model

Figure 3. Finite Element Model
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The pipe wall is modeled with shell elements,
ABAQUS element type S8R5. This is a second order, eight
nor> quadrilateral element with five degrees of freedom per
node that can react both membrane and bending loads. The
element has four integration points on the surface and three
integration points through the thickness of the shell at each
surface point.

Each element spans a 6° aic in the circumferential
direction for a 3.14" element length. The element length in
the longitudinal direction is 3" for a distance of 18" from the
center line of the vertical support, and is increased to 5.37"
for the remaining length of the pipe. This produces a more
refined mesh in the region of the structure where the stress
gradients are large.

The thickness of the elements in the region of the
supports is modeled as the sum of the pipe wall thickness
and the saddle wrapper thickness. Since the saddle wrapper
is welded to the pipe wall, they are modeled as one
thickness.

The pipe model boundary conditions make use of
symmetry. The model extends from the center line of the
saddle to the mid-spja point, halfway between two saddles.
The nod: - ;'. boih ends of the model are constrained with y -
r-'ji imetrical boundary condit ions (which are
"y -rx-rz- 0) .

Additional boundary conditions are applied to the
saddle support structure specified in two parts (Figure 1).
The nodes that represent the saddle plate on the centerline of
the support are constrained in the vertical and both
horizontal directions (ux -u y -uz - 0 ) . The nodes which

represent the web plates are constrained in the vertical and
longitudinal directions I' uy~uz - 0).

AWWA Method
Pipe stresses in the area adjacent to the saddle support

are calculated in accordance with the method outlined in the
American Water Works Association publication, Steel Pipe
-A Guide for Design and Installation, Reference [3]. For a
pipe that fits well with the saddle, the maximum localized
pipe stresses are predicted not to exceed the stresses given by
Equation {1}.

S,

where:

{1}

5,, = Localized stress (psi)
P = total saddle reaction (lb)
R = pipe radius (in.)
t = pipe wall thickness (in.)

* -[0.02- 0.00012(a - 90°)] - saddle

coefficient (unitless)
a = total saddle wrap angle (°)

Other stresses must be added to the localized stress to
produce the total stress. These stresses are listed below.

Sf = flexure stress in pipe span
Sp = hoop stress due to internal pressure

Then the total stress in the pipe is as follows:
S,ola,-Sl+Sf+Sp {2}

Since internal pressure would tend to stabilize
ovalization, it is not included in the analysis (Sp = 0).

Acceptance Cr i te r ia
The effect of pipe support loads on the pipe wall has

been the subject of early studies in piping design. The
Kellogg manual, Design of Piping Systems, [5] (1955)
suggests the following:

"When such local stresses arc evaluated they
should be treated in the category of secondary
."." localized stresses ... the allowable limit
for such stresses when due to sustained
loading cannot reasonably be set at the limit
for sustained primary stress Sn; instead it is
recommended that a limit of 2Sfj be used for
design purposes."

The pipe stress due to contact load is typically
calculated based on solutions such as Formulas for Stress
and Strain by R.J. Roark and W.C. Young [6] or WRC
Bulletins. The Roark formula for contact stresses is adopted
by the American Water Works Association (AWWA) Steel
Pipe - A Guide for Design and Installation (Manual Mi l )
[3]. The AWWA manual states that "the ability of steel
pipe to resist saddle load has sometimes been greatly
underestimated by designers" and, consistent with Roark,
recommends an allowable of 2Sy for the maximum localized
stress at the saddle.

The position of the Nuclear Industry on contact stress
is provided in ASME Section III of the Boiler and Pressure
Vessel Code [1]. The ASME Nuclear position is important
since the Nuclear Industry has provided the largest volume of
work on evaluating local stress. Section III Subsection is
NB, NC and ND address the question of interaction between
the pressure boundary and its attachments. The code requires
that the interaction effects of attachments on the pressure
boundary producing localized bending stresses be consideied
by the piping designer.

The ASME Code also provides the most
comprehensive treatment of classification of stresses. Table
1 shows the evaluation that determines the stress
classification. The local stress at a saddle support is
classified as a secondary stress. The criteria in NC 3217.1
for secondary stress, which refers to Appendix XIII [7],
provides limits of secondary stress for Class 2 components.
The local stress limit of XHI-1145 for primary plus
secondary stress intensity is 3Sm.
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In conclusion, a review of current acceptance criteria
points to a 25V or 35m allowable for the evaluation of local
stress. Since 2Sy is approximately equal to 35m for most
steels, the different industrial standards are consistent.
However, the stress should not be allowed to exceed Su.

Classification Of Stress
Appendix XIH-1000 [7] classifies a secondary stress

as a stress developed by self constraint of a structure.
Bending stress at a gross structural discontinuity is given in
Appendix XIII as an example of a secondary stress. A gross
structural discontinuity is a geometric structural
discontinuity that effects the stress distribution through the
entire wall thickness.

The calculation below shows that the largest
contributor to the local pipe stress at the saddle supports is
through wall bending. Therefore, the local, stress limit of
3Sm was used for an acceptance criterion. Table 1 shows a
representative through wall stress distribution for the pipe
near the saddle support.

Surface

Outside

Mid-plane

Inside

Stress Components (psi)

Hoop(an)
-111,400

-10,900

89,900

Axial ( a 2 2 )

-83,900

-22,200

39,500

Shear ( a I 2 )

21,500

10,000

1,500

Table 1. Through Wall Stress Distribution

The bending stress component is determined by
subtracting the mid-plane (membrane) stress from the stress
at the outside and inside surfaces. The bending stress
components are shown in Table 2.

Surface

Out - Mid

In - Mid

Bending Stress Components (psi)

Hoop(a n )

-100,500

100,800

Axial ( a 2 2 )

-61,700

61,700

Shear ( 0 U )

11,500

-11,500

Table 2. Through Wall Bending Stress

A review of the data in Tables 1 and 2 shows that the
local stress is largely through wall bending (secondary
stress) and the 35m limit for primary plus secondary stress
applies.

Trie design stress intensity (Sm) is determined from
ASME Article IH-2000 [8].

{3}

For A53 Grade B, a commonly used steel
Sy - 35,000 psi and 5U - 60,000 psi, therefore, Sm - 20,000 psi

and 3Sm - Su = 60.0C0 psi is the primary plus secondary
stress intensity i'.'.owable.

RESULTS

The results of the analyses are categorized as either
global or local stresses.

Global Stresses
The finite element model described above was used to
calculate the maximum bending stress at mid-span of ihe
shell model. The bending stress for the mid-span of the
finite element analysis (FEA) model were then compared to
classical beam theory where the maximum bending stress
was calculated at mid-span using the flexure formula:

JMax
Me
I

{4}

The moment at mid-span for use with the beam
theory was calculated from the beam formula for fixed-fixed
end conditions with a uniformly distributed load. These
conditions match the boundary and loading conditions of the
finite element model. The equation for the moment at mid-
span is given below.

midspan
we2

24
{5}

figure 4 shows the comparison between the global
bending stress calculated using the finite element model and
beati theory.

Figure 4. Global Pipe Stress as a Function of
Dlt

The data is in good agreement for values of Dlt less
than 100. When the values of Dlt exceed 100, the difference
between stresses produced using beam theory and the shell
model increase. There is a 44% increase in stress above the
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beam theory stress for a D/t = 200 and a 119% increase in
stress above beam theory for a D/t = 400. In all the cases,
the reaction forces calculated using beam theory and the
finite element method were comparable.

Local Stresses
The finite element analysis investigates the effect of

three aspects of the pipe and saddle structure on the localized
stresses. The diameter to thickness ratio is varied from 50
to 400. The saddle wrapper angle is varied from 72° to 168°.
The saddle width is varied from 0.4D to 0 for a line contact
support.

The AWWA [3] method was used to investigate two
aspects of the pipe and saddle structure on the localized
stresses. The diameter to thickness ratio of the pipe and the
saddle wrap angle were varied the same as in the finite
element analysis. The results of the two analysis methods
are presented below.

Diameter to Thickness (Dlt) Ratio. For this
investigation the diameter (D), saddle wrap angle ( a ) , and
saddle width (b) were held constant at 60 in., 120°, and 0.4D
respectively. The thickness was varied so as to yield Dlt
ratios of 50 100, 150, 200, 300, and 400. The highest
stresses occur at the top outside corner of the saddle. The
stress intensity as a function of the Dlt ratio is plotted in
Figure 5 for both the finite element (FEA) and AWWA
methods.

800

700

I 60°

ns
ily

S
tre

ss
 In
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3 
8

o FEA

— * AWWA

-

B
0

0

r

100 20t 300 400
Diameter to Thickness Ra io - D/t

Figure 5. Local Pipe Stress as a Function of
Dlt Ratio

As can be seen in Figure 5, the Dlt ratio has a
dramatic effect on the stress intensity, S, Doubling the Dlt
ratio from 50 to 100 causes S to increase by a factor of 2.8
for the FEA and 3.9 for the AWWA method. Doubling Dlt
from 200 to 400 causes S to increase by a factor of 3.1 for
the FEA and 4.3 for the AWWA method. The FEA method
consistently predicts significantly higher stresses than the
AWWA method.

Saddle Wrap Angle (Q). In order to investigate
the effect of saddle wrap angle, the pipe diameter (D) and
thickness (/) and saddle width (b) were held constant at 60
in., 0.6 in., and 24 in. respectively (D/t = 100). The saddle
wrap angle (a) was varied from 72° to 168° in 24°
increments. The stress intensity as a function of a is plotted
in Figure 6 for both the FEA and AWWA methods.

96 120 144

Saddle Wrap Angle - Alpha ("]

168

Figure 6. Local Pipe Stress as a Function of
Saddle Wrap Angle, a

Figure 6 from Equation {1} shows that the stress
intensity, S, calculated using the AWWA method is a linear
function of the saddle wrap angle, a. Furthermore, Figure
6 shows that the FEA method also predicts a relationship
between 5 and CC, which is close to linear. The FEA
predicts significantly higher stresses than the AWWA
method.

Saddie Width (b). In order to investigate the
effect of saddle width, the pipe diameter (D) and thickness (t)
and saddle wrap angle (Of) were held constant at 60 in., 0.3
in., and 120° respectively (D/t = 200). The saddle width (b)
was varied from 40% of the diameter to a line contact in
0.1D increments. The stress intensity from the FEA as a
function of h/D is plotted in Figure 7. The AWWA [3]
states that the stress is practically independent of the saddle
width.
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Figure 7. Pipe Stress as a Fun^iion of Saddle
Width Ratio, b/D

As can be seen in Figure 7, the FEA results show
that the b/D ratio has a strong effect on the maximum stress
intensity, S. Decreasing the saddle width from OAD to a
line contact increases S by a factor of 1.6. However,
increasing the saddle width from 0.3D to 0.4D only
decreases 5 by a factor of 1.1. Thus, for a small b/D ratio
the maximum stress intensity is very sensitive tr change in
saddle width. For a large b/D ratio, the stress int. asity is not
sensitive to change in saddle width, Therefore, the premise
stated by AWWA [3] is valid for b/D ratios of 0.3 and
greater.

CONCLUSION

Review of the deadweight stresses produced by the
analyses described herein leads to the following conclusions:

• Global stresses in piping can be predicted accurately
using beam theory for values of D/t less than 100. For
values of D/t greater than 100, shell theory must be
used to calculate stresses and to account for distortion
of the cross section.

• For thin walled pipe, D/t greater than 100, the local
stresses due to through wall bending at the pipe
supports dominate the state of stress.

• For large saddle widths, b/D greater than 0.3, the local
stresses due to pipe supports are independent of saddle
width. However, for small saddle widths the local
stresses increase rapidly with decreasing saddle width.

• The finite element method consistently predicts
higher local stress than the AWWA method.
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SEISMICALLY INDUCED LOADS ON INTERNAL COMPONENTS
SUBMERGED IN WASTE STORAGE TANKS

M. A. Rezvani, J. L. Julyk and E. O. Weine.r
Westinghouse Hanford Company

P.O. Box 1970
Richland, Washington

ABSTRACT

As new equipment is designed and analyzed to be installed in the double-shell waste
storage tanks at the Hanford Site near Richland, Washington, the equipment and the
tank integrity must be evaluated. These evaluations must consider the seismically
induced loads, combined with other loadings. This paper addresses the hydrodynamic
behavior and response of structural components submerged in the fluid waste.

The hydrodynamic effects induced by the horizontal component of ground shaking is
expressed as the sum of the impulsive and convective (sloshing) components. The
impulsive component represents the effects of the fluid that may be considered to
move in synchronism with the tank wall as a rigidly attached mass. The convective
component represents the action of the fluid near the surface that experiences sloshing
or rocking motion.

The added-mass concept deals with the vibration of the structural component in a
viscous fluid. The presence of the fluid gives rise to a fluid reaction force that can be
interpreted as an added-mass effect and a damping contribution to the dynamic
response of the submerged components.

The distribution of the hydrodynamic forces on the internal components is not linear.
To obtain the reactions and the stresses at the critical points, the force distribution is
integrated along the length of the equipment submerged in the fluid.

INTRODUCTION

This paper describes the detailed analysis used to
determine the dynamic response of submerged internal
tank components during an earthquake. In particular,
the paper addresses the hydrodynamic forces on an
internal component suspended in an underground waste
storage tank at the Hanford Site near Richland,
Washington. The internal component response is
predicted for seismic loads caused by an earthquake with
zero period acceleration (ZPA) of 0.2 times the
gravitational acceleration (0.2 g).

Closed-form solutions were used to calculate the
tonvective and impulsive effects on the suhmerged
equipment.

The natural frequencies and mode shapes for the
convective (sloshing) and impulsive cases are
calculated, with the added-mass effect included. Also
presented are the convective potential function :'.:.. the
corresponding fluid velocities. Stresses in the internal
component are calculated for hydrodvnamicaliy
induced loads. The stresses then are combined with
other stresses to evaluate and qualify the component
against national codes and standards. For comparison,
the maximum numerical stresses resulting from the
hydrodynamically and seismically induced loads are
presented.

The impulsive effects were calculated to Tank
Seismic Experts Panel (TSEP) guidelines [1]. The
response spectra curves were taken from Hanford Site
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design criteria, SDC-4.1 (21. The TSEP requirement of
0.5-percent damping was used for the sloshing mode.
The response spectra for 2.0-percent damping WL;S scaled
up for the analysis [3j. The ZPA was kept at 0.2 j> to
comply with SDC 4.1.

GEOMETRY AND MATERIAL

The component under consideration is a 55-tt long,
2-in. diameter Schedule 40 pipe made of A-106,
Grade B carbon steel (Figure 11. The pipe is secured to
the tank dome at the top and free at the bottom,
suspended in the tank as a cantilever where the bottom
end is 1 ft from the tank bottom. Thermocouples are
attached to the pipe to monitor the temperature of the
tank contents as a function of elevation. Throughout this
paper, this equipment is referred to as the thermocouple
tree (T/C tree).

Ground Level

Storage—
Tank 4

• ;

r

A.

* "*">

Liquid Waste

West
90°

ThernK»couple Tree

• • - • ! " •

The rnw n; i iu p 1 e
Tree Lcnjjth (L

%

It *

Soulil_j

Easl

North-South Earthquake

Figure 1. Schematic of the Waste Storage . ank and
the Location of the Internal Component.

The T/C tree is inside a 1,000,000-gal double-shell
waste storage tank at the Han ford Site. The tank, 75 ft
in diameter and approximately 47-ft deep, is designated
as tank 241-AN-107. The tank contains radioactive
waste, distributed as follows: 26 ft of liquid waste over
6.5 ft of sludge; a total waste height of 32.5 ft
(Figure 1). The T/C tree is located at a radius of 20 ft
from the center of tank.

It is expected that a pump installed in the tank, to
inject caustics and mix the contents, will keep the
sludge suspended in the liquid waste and the contents
homogenous. The average specific weight of the waste
is 1.4.

APPROACH

The analysis sequence and assumptions are
outlined in this section. The final results are the Ibices
and stresses at the interface where the T/C tree
connects to the tank dome. This connection yields the
maximum stress".! used for evaluation and qualification
of the equipment.

The hydrodynamically induced loads acting on the
T/C tree resulting from the horizontal component of
the ground shaking are expresses as the sum of
convective and impulsive components.

CONVECTIVE MODES
The contribution of convective (sloshing) loads are

obtained by expressing the motion of the fluid in terms
of a potential function, <t>.

The sloshing assumptions listed below are used for the
derivation (4|.

1. The liquid is homogeneous, inviscid, irrotational,
and incompressible.

2. The boundaries of the tank are rigid.

3. The wave amplitudes are sufficiently small in
comparison with the wavelengths and depths to
permit nonlinear effects to be neglected.

4. The influence of the surrounding atmosphere is
negligible.

5. The influence of surface tension is negligible.

The fluid velocities are derived by applying
response spectrum techniques in conjunction with the
methodologies outlined in References [1] and (4(. The
three modal velocities (radial, tangential, and vertical)
then can be calculated as spatial derivatives of the
potential function. These modal velocities are used to
obtain the actual fluid velocities by modal combination
techniques.

Next, the drag forces on the T/C tree are
calculated with standard drag formulas for flow over a
stationary cylinder. The appropriate dynamic load
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factor, DLF, also is included.

IMPULSIVE MODE
To calculate the impulsive mode contribution, TSEP

[1] guidelines provide a dimensionless function defining
the impulsive component of the wall pressure vs. axial
position. Then the pseudo-acceleration at the impulsive
natural frequency induced by the earthquake motion is
calculated, enabling the calculation of forces on the
component associated with the impulsive mode.

The absolute sura of the convective and impulsive
forces then varies with fluid depth; the value is used for
the reaction and stress calculations at the critical
location, the connection of the T/C tree to the tank
dome. The variation is not linear; to obtain shear and
moment reactions, the total force distribution is
integrated along the length of the equipment. Likewise,
the stresses (axial, bending, and shear) can be
calculated.

ANALYSIS

CONVECTIVE ANALYSIS
Convective (sloshing) effects are caused by the

earthquake-induced motion of the free surface of the
tank waste.

The mode shapes of the potential function, $^, and
the natural frequency of a tank with radius R can be
written [4, 5, and 6] as a function of Bessel's function,
tank radius, and radial and circumferential location of
interest in the tank as shown below.

(1)

(2)

where

$ij = mode shape of the potential function
J,(X) = Bessel function of first kind
Xjj = ij th root of the first derivative of Bessel's

function of the first kind and first order,

J'As) = o
r,9 = radial and circumferential location, polar

coordinates
R = tank radius = 37.5 ft
h = fluid height in the tank = 32.5 ft
f̂  = natural frequency of ij slosh mode

g = gravitational acceleration
i = 0, 1, 2 6 number of nodal diameters

= 0, 1,2, 6 number of nodal circles.

Selected mode shapes for B = 0, and r = 0 to R
(37.5 ft, which is the tank wall location) are plotted
below. Only modes with i = 1 are of interest.

0.5

-1
0 .2 0.4 0. S 0.8

r/R
~*"~ mode shape ac i-l, j-0
—*— mode shape ac i--l. j —i-
—"— node shape ac i-i., j-2
"H— mode shape ac i-L. j—3

Figure 2. Mode Shapes as a Function of r for
6 = 0(note: i = 1, j = 0...3).

Figure 3.

-0.582

Mode Shapes as a Function of r and 8
(note: i = 1, and j = 0).

The spectral acceleration at 0.5-percent damping
[11 for the sloshing modes is determined from an
extrapolation of the 0.2 g ZPA response spectra
(Newmark-Hall) curves [2]. Thus, a 50-percenti!e
acceleration scaling of the response curve at 2-percent
damping is applied as outlined in Reference [3]. The
resulting response spectrum is shown in Figure 4.
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Figure 4. The Modified Newmark-Hall Response
Spectra Curves.

Next, a dimensionless function defining the axial
variation of the wall pressure associated with the ij th
sloshing modes of vibration is given by Equation 3 [1 | .

\x..
_± L K (3)

To calculate the maximum modal vertical
displacements. Equation 3 is maximized at the liquid
surface (z = 0) to give

- l
(4)

The maximum modal vertical displacements
at the fluid free surface, is defined as

as,.
'max,, (5)

Ŝ j = Resulting spectral acceleration at 0.5
percent damping, Figure 4.

The maximum wave amplitude,
convective mode shape is given by

y, for each

• « «
(6)

The above parameters complete the elements required
to scale the potential function, 4>(r,0,z,i,j), at the
maximum response as

coshMA

(7)

where

z = axial position, positive above the free
surface, Figure 1.

u>ij = circular frequency = 27rf|j.

The velocity components then are calculated by
using the potential function. The amplitude and phase
angle are calculated by assuming that the component of
fluid velocity normal to the side and bottom of the tank
is zero. The radial, circumferential, and vertical
velocities in cylindrical coordinates are calculated from

r 36
(8)

The modal combination of velocities are calculated
by the square-root-sum-of-squares (SRSS) for the ij
modal velocities.
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' i

ve(r,6,z) (9)

The axial distribution of vr and ve at the T/C tree radial
location is illustrated in Figure 5. The horizontal in-
plaue resultai:- fluid velocity, v (r,0,z), is

(10)

The axial distribution of v (r,0,z) at the T/C tree radial
location is shown in Figure 6 for selected values of 6.

S-

1.5
cu

0.5

V.

0
Free
Surface

0.5

-z/h
1

Bottom of
Liquid

Figure 5. Maximum In-Plane Velocity components
as a Function of z, Radial (6=0) and
Circumferential (0=TT/2), at r = 20 ft
(T/C Tree Location).

1.5

N

0.5

Figure 6. In-Plane Resultant Fluid Velocity at
r = 20 ft, 0=0, ir/4, ir/2, as a Function
ofz.

The drag force per unit length on the T/C tree is
given by

(ID

where

Cd = Drag coefficient for a circular cylinder
as function of Reynold number along the
T/C tree [9]

D = Diameter of the submerged T/C tree
(2 in).

Pw*,u: = Mass density of waste (87.4 lb/ft3).

To account for the dynamic behavior of the T/C
tree and the liquid, a dynamic load factor (DLF) is
applied to the drag force. The DLF includes the
natural frequency of the T/C tree, the sloshing forced
frequency, and a 5-percent structural damping. The
DLF can be calculated as follows [7].

DLF = = 1.265
(12)
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where

f = Structural damping (0.05)
f, 0 = Minimum sloshing frequency, forced

vibration (0.192 Hz)
fT0 = Minimum T/C tree frequency, natural

frequency with added mass in viscous fluid
(0.1439 Hz) [101.

IMPULSIVE ANALYSIS
The impulsive component of the wall pressure, C,,

as a function of the vertical displacement of the fluid is
calculated from [1].

N

Ec,
j

c,y
(13)

The plot of C, and Cc for 6 = 0 and r = R ft, is shown
in Figure 7 as a function of axial position z (i= 1).

TOTAL FORCE
The total force per unit length caused by the

impulsive and convective (sloshing) effects is

F , ^ M . z ) = F,(r,0,z) + (DLF) FD(r,0,z). (15)

The total force, FloUl, the sloshing force, FD, and the
impulsive force, F,, for the thermocouple location are
plotted in Figure 8, for three different 0 values, as a
function of z. The depth is normalized with respect to
the fluid depth, h.

One can use the value of Flola, and integrate along
the length for shear and moment values at the
connection of the T/C tree to the tank or any other
location of interest. The axial, bending, and shear
stresses also can be calculated. The equations are
listed below; results at the radial location of the T/C
tiee for different radial angles are tabulated in Table 1
for i = 1 and j = 0 to 6, modes of vibration.

Shear force

1-4 r-J

* ^ 0.5

1 *

V

-—>' •- —

0 .3 0 . 4 0 . 6 0 .8

-z/h

(16)

Moment force

Wrfi) =

Axial stress

(17)

-x— cc(r,0,z)

Figure 7. Convective and Impulsive Functions for
r = R, 9 = 0, and as a Function of z.

The buoyancy force per unit length resulting from
the acceleration of fluid waste for the impulsive mode,
F|, is given by

p —I (14)

"•TC (18)

Bending stress

M(r,6)-
D

oh(r,Q) =-

Shear stress

(19)

'TC

The A, factor denotes the impulsive component of the
instantaneous pseudo-acceleration induced by the
earthquake motion and refers to the fundamental
frequency of the tank vibration (7.16 Hz) including the
impulsive component of liquid mass [1 and 8].

(20)
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Figure 8. Force Distributions Along Thermocouple Tree as a Function of z for r = 20 ft and 6 = 0 (a), 7r/4 (b),
and 7r/2 (c), Respectively.

the thermocouple tree.

The fundamental natural frequency of the TIC tree
(with and without the added mass), sloshing
(convective mode), and tank-liquid-system (impulsive
vibration mode) are 0.1439, 0.1917, 0.192, and 7.16
Hz, respectively.

The analysis considers a north-south (0 degree)
seismic earthquake with the T/C tree 20 ft from the
tank center. The maximum stresses for 0, 45, and 90
degrees are calculated. Obviously, the maximum
numerical value occurs at 0 degrees. The effects of
convective and impulsive fluid-induced stresses are
compared against the seismically induced stresses with
added mass in an atmospheric environment, Table 2.

SUMMARY AND CONCLUSIONS

The analysis considers the hydrodynamic effects of
tne liquid on the T/C tree. For calculation of the
dynamic behavior of the fluid on the T/C tree, the
sloshing modes (i = 1 and j = 0...6) are considered to
contribute to the dynamically activated loads acting on

where

hTC

L
A l c

" T C

ITC

D

= Height of thermocouple tree submerged in
the fluid waste
(31.5 ft)

= Total length of thermocouple tree (55 ft)
= Thermocouple tree cross-sectional area

(1.0745 in:)
= Mass of thermocouple tree pipe (4.6505

lb/ft)
= Thermocouple tree moment of inertia

(0.6657 in4)
= Diameter of thermocouple tree

(2 in.).
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Table 1. Maximum Hydrodynamic Results for 0-, 45-. and 90-Degrees Location of T/C Tree with Respect to a
North-South Earthquake Load.

Maximum Hydrodynomie Results

Fluid Waste Velocity (ft/see)
1. Resultant in-plane (@ T/C)
2. Vertical @ lank wall. r = R

Forces on TC at Surface (lbf/ft)
1. Drag force (convective, Fu)
2. Buoyancy force (impulsive, F,)
3. Total hydrodynamic force (Fv<ll)

Reaction Forces on T/C at Flange
1. Shear force (lhf)
2. Moment în-lhf)

Stresses on T/C at Flange (Ihf/iir)
1. Axial stress
2. Bending stress
3. Shear stress

0 Degrees

1.8
2.6

0.76
0.74
1.71

25.3
11,968

180.4
21.347

23,6

45 Degrees

1.9
1.8

0.81
0.52
1.55

22.6
10,412

186.4
18,573
21.0

90 Degrees

1.9
0

0.86
0

1.09

12.8
5,271

186.4
9,402
11.9

Table 2. Maximum Hydrodynamic and Seismic
Stresses on the T/C Tree for a Design-
Based Earthquake (DBE) Event Occurring
in the North-South Direction.

Loading
Condition

Hydrodynamic

Seismic

Stresses at the flange
(lbf/in:)

Axial

186.4

205

Bending

21.347

5,245

ocation

Shear

24

22
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STRUCTURAL ASSESSMENT
OF ROOF DECKING USING VISUAL

INSPECTION METHODS

Richard A. Giller,
Ronald M. McCoy, and

Gary R. Wagenblast
Westinghouse Hanford Site

P.O. Box 1970
Richland, WA 99352

ABSTRACT

The Hanford Site has approximately 1,100 buildings, some of which date back to the
early 1940s. The roof on these buildings provides a weather resisting cover as well as
the load resisting structure. Past experience has been that these roof structures may
have structural modifications, the weather resisting membrane may have been replaced
several times, and the members may experience some type of material degradation.
This material degradation has progressed to cause the collapse of some roof deck
members.

The intent of the Hanford Site Central Engineering roof assessment effort is to
provide an expedient structural assessment of the large number of buildings at the
Hanford Site. This assessment is made by qualified structural inspectors following the
"Preliminary Assessment" procedures given in the American Society of Civil
Engineers (ASCE) Standard ASCE 11-90. This roof assessment effort does not
provide a total qualification of the roof for the design or in-place loads. This
inspection does provide a reasonable estimate of the roof loading capacity to detennine
if personnel access restrictions are needed.

A document search and a visual wa.lJcdown inspection provide the initial screening to
identify modifications and components having questionable structural integrity. The
structural assessment consists of baseline dead and live load stress calculations of all
roofing components based on original design material strengths. The results of these
assessments are documented in a final report which is retrievable form that future
inspections will have comparative information.
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INTRODUCTION

In April 1992 a Hanford Site building experienced
a roof panel collapse under normal loading conditions. This
collapse initiated a series of investigations and reviews of
the Hanford Site facility and maintenance operations. As a
result of these investigations, recommendations were made
that all Hanford facilities be reviewed for structural
adequacy of the roof deck.

Past inspections of Hanford Site roofs have been
performed using the condition assessment survey (CAS) or
preventive maintenance (PM) inspections programs. The
purpose of the CAS and PM inspections is to find building
defects, including roof membrane defects so that repairs can
be made before leaks start. These inspections do not
explicitly inspect the structural integrity of the roof deck or
its supporting members. However, buildings with active
PM inspection programs, are generally in much better shape
structurally than buildings without such programs.

Inspection Plan Development
The purpose of the Central Engineering roof

inspection program is to make structural roof assessments.
These assessments are based on visual inspections, design
documentation, and load evaluations. To provide
meaningful information the inspections were performed by
qualified and trained personnel.

During the development of the Hanford Site Central
Engineering Roof Assessment program, information from
offsite experts was gathered. These experts represent the
U.S. Corps of Engineers (COE), roofing material
manufacturers, and professional roofing consultants. The
groups and organizations contacted in this investigation are
listed below.

(1) The Federal Roofing Committee which is made up
of COE and Department of Defense (DOD)
engineers from offices across the country. These
engineers are involved in the maintenance and
repair of a large number of the U.S. government
owned facilities.

(2) Product engineers representing the manufacturers
of Concrete, Asbestos-Cement, Gypsum-Cement,
and other roof deck products. These people
provided design properties and strength information
on their current and non-current products.

(3) Consultants from Seattle and San Francisco who
are considered and recommended as roofing
experts by their peers. These consultants provided

comments on the Hanford Site inspection program
and structural roof repair recommendations.

The results obtained from these experts are as
follows. (1) Current roof inspection programs
(except the Central Engineering Inspection
program) look only at the weather resisting
membrane of the roof. (2) Structural roof
inspections in the commercial arena are performed
in isolated cases only, and only when problems are
suspected. (4) The Central Engineering Roof
Inspection Program was reviewed and found to be
an acceptable inspection method for determining
structural adequacy of roof decks. (3) Some
inspection and strength information was obtained
usually in the form of outdated catalogs and
personal experience.

DISCUSSION

Hanford Site Inspection Guidelines
The structural roof inspection guidelines followed

the American Society of Civil Engineers (ASCE) Standard
11-90 for preliminary assessments.

The structural roof-assessments were performed in
four parts similar to ASCE 11-90. Part one was a document
search for the structural as-built details and vendor
information. The document search provided <ui initial
screening to identify modifications. Part two was the
formulation of building specific inspection guidelines and the
completion of the field inspection. The actual field
inspection consisted of a visual inspection of the access
route and selected structural roof decking and support
members. Part three was a simple dead and live load
structural Msessment of the roof deck and components
identified in part two as being of questionable structural
integrity. No attempt was made to evaluate under-strength
materials or material degradation that could not be verified
visually. Part four was the preparation of the final report.

The inspection team consisted of structural
inspectors, facility representatives, safety, and quality
assurance personnel.

The field inspection focused on an under-the-root
inspection of the structural elements. The field inspection
then proceeded to the rooftop if necessary to document in-
place equipment loads. The access pathways and stairs to
elevated portions of buildings were structurally inspected
before proceeding. Rooftops were generally inspected from
the roof edges or walkways only. Roof top access when
necessary was granted only after a life-safety assessment
was performed.
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A visual inspection for potential deterioration in
critical load paths of structural roof members considered;
cracks, spalls, or chips in concrete members; exposed rebar
in concrete members; rust stains that indicate rebar
corrosion inside concrete members; cracks, splits, rot and
holes in wood members; broken or missing connectors in
wood members; rust scale, or holes in metal deck and
support members; dents, kinks, and bends in metal roof
members; broken, cracked, or missing welds and bolts in
metal roof members; and evidence of leakage, damage, or
repairs. Physical modifications or changes in member
configuration were checked against the drawings. Obvious
sagging, buckling, instability, gaping or offset of roof
members were noted.

These guidelines were for a screening visual field
inspection of the roof. The roof decks and integral
structural members were inspected to these guidelines, and
a simple pass or fail judgement was made by the structural
inspector. A conservative "component fails" determination
was made when doubt existed about the acceptability defined
by these guidelines. Structural members of all roof areas
were inspected or noted otherwise and documented in the
field notes accordingly.

Qualifications
Structural inspectors were engineers with degrees

or equivalent work experience in structural, civil, or
mechanical engineering fields having two years of combined
field and analysis experience in the type of building
construction such as steel, concrete, or wood, that was
being inspected.

The facility representatives were authorized by the
facility manager and had complete knowledge of the safety
rules, restricted areas, and required entrance training for the
building being inspected. The facility representative was
responsible for obtaining access permission, craft support,
and removal of in-the-way equipment or false ceilings.

Pre-Inspection Training
The pre-inspection training was a combination job

safety, facility orientation, structural component inspection
training, and pre-job planning. A Job Safety Analysis was
written and presented by the safety representative to the
team members. Facility orientation included review of the
building hazards and restrictions such as radiological,
toxicological, and biological (snakes, spiders, and bees)
hazards and was presented by the facility representative.
The structural inspector described the structural elements to
be inspected as shown on the drawings.

Roof Investigation Teams
Several teams were formed at the Hanford Site to

investigate the structural adequacy of roof decks. Starting
in the spring of 1992 several teams were formed to perform
inspections, track roof inspection and remediation progress
and to coordinate roof repairs. Currently there exists three
teams involved with the structural inspection and repair of
roof decks.

A "Roof Task Team" was setup for the purpose of
tracking and reporting progress on roof inspections and
repairs. This team was established by the upper
management of the Operations Contractor and includes
representatives from all divisions and engineering groups.

The "Central Engineering Inspection Team" was
formed to develop standardized inspection criteria and
perform structural roof inspections at the Hanford Site.
This team is made up of qualified and trained inspectors
from the site contractors to perform structural roof
assessments. These roof inspectors were divided into
subteams of twos and threes to provide inspections in the
different areas of the site.

The "The Qualitative Risk Assessment of Retired
Facilities Team" was formed by the Operations Contractor
to perform facility assessments. This team is a
multidiscipline, multicontractor team that performs risk type
safety assessments that include roof inspections. This team
investigates only retired facilities, which are the oldest and
least maintained buildings on site.

RESULTS

The roof inspection program at the Har.ford Site
required a discovery period to identify existing roof deck
types and typical deficiencies, see Figure 1 for typical roof
types. Some deficiencies were found to be common to all
deck types, see Table 1. for typical roof deficiencies.
Unframed and unsupported openings in roof decks,
undocumented modifications to structures, and spans lengths
greater than design are deficiencies common to all deck
types. These deficiencies represent design and construction
problems as opposed to water damage or age deterioration.

The results of the visual roof inspections are
depicted in terms of deficiencies and building classifications,
see Tables 1. and 2. for these results. During the
inspections, deficiency lists are compiled by the inspector
and then each deficiency is judged on its structural
significance. Structurally significant deficiencies are
considered unsafe roof conditions for personnel access.
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Building classifications are determinations made by
the inspector concerning the safe condition of the roof.
Some roofs or parts of roofs cannot be visually inspected
because of rigid or drywall ceilings. In such cases the
building is classified as unknown or partially safe and
partially unknown.

Pre-Cast Concrete Panels
28 roofs of 315 buildings inspected

3E

E

Cast-in-place Concrete Slab
73 of 315

Fiberboard Panels
1 of 315

Asbestos-Cement Panels
13 of 315

Gypsum-Cement Panels
2 of 315
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Plywood and Plank Decking supported
by Beams, Joists, or trusses.
80 of 315

Metal Deck Types
147 of 315

1 1

Figure 1.
Roof Deck Types
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Table 1.
Typical Roof Deficiencies

Table 2.
Building Classifications

All roof types
• Unframed and unsupported openings
• Undocumented structure modifications
• Span lengths greater than design

Asbestos-cement panels
• Cracked panels

Cast-in-place concrete
• Large cracks
• Exposed and rusted reinforcement
• Spalled concrete

Fiberboard panels (i.e. Tectum)
• Rot and water damage
• Sagging

Fiberglass
• No known problems

Gypsum-cement panels
• Rot and water damage
• Cracks
• Precast panels with tongue and groove systems

not fully engaged

Metal deck and supports
• Rust holes

Precast concrete panels
• Large cracks
• Exposed and rusted reinforcement
• Spalled concrete
• Broken panels

Wood deck and supports
• Cracked and rotten sheathing
• Beams and rafters with bad splices
• Cracked, split, and broken truss members
• Sheathing tongue and groove system not fully

engaged

Safe: This classification of a roof requires that two
conditions be meet. First, the roof must past the visible
inspection. Second, by calculations, proved that the roof
can carry a minimum uniform live load of 20 lb/in plus
the uniform dead load of the roof. A roof can also be
classified as safe if it can pass a load test.

Safe-PCR: This classification is given to a roof that has
passed the visible inspection but, the calculations for
dead and live loads are not completed. This
classification is temporary. Once the calculations are
completed, the roof is reclassified to safe or unsafe
depending on the results of the calculations.

Unsafe: This classification is give to a roof which does
not meet the classification for a safe roof.

Unknown: This classification is given to a roof were an
inspection could not be performed.

Partial-Safe: This classification is given to a roof which
had only a portion of the roof inspected and that portion
is considered safe as defined above.

Partial-Unsafe: This classification is given to a roof
which had only a portion of the roof inspected and that
portion is considered unsafe as defined above.
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Roof Inspection Statistics
The roof inspections at the Hanford Site have

produced a large data base of information on construction Table 3. presents the total number of Hanford Site
materials and deficiencies. From this information, trends buildings and the number of buildings inspected. Table 4.
between construction material and the number and type of presents the roof inspection status by providing the percent
deficiencies can be observed. The statistical information of safe and unsafe roofs. Figure 2. present the same roof
presented is based on roof inspections performed between
June 22, 1992 and May 6, 1993.

status information in graphic form.

Table 3.
Hanford Site Buildings

Total number of buildings at the Hanford Site

• Permanent buildings

• Trailers

Number of permanent buildings inspected to date

Number of trailers inspected

Table 4.
Deficiencies By Roof Type

Roof Deck Type

Asbestos-cement panels;

Cast-in-place concrete;

Fiberboard;

Fiberglass;

Gypsum-cement panels;

Metal Decking;

Precast concrete panels;

Wood decking;

No. of Roofs

13 of 315

73 of 315

1 of 315

1 of 315

2 of 315

147 of 315

28 of 315

80 of 315

Safe
Roofs

38%

78%

0%

100%

0%

65%

28%

33%

Unsafe
Roofs

46%

18%

100%

0%

100%

22%

68%

43%

Status
Unknown

15%

4%

0%

0%

0%

12%

3%

6%
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Note; Twenty seven buildings contained more than
one roof deck type. The Gypsum and Fiberboard roof deck
types, were found only in buildings with multiple roof deck
types. The roof deck type could not be determined on 2
buildings because of the rigid drywall ceiling and the lack
of construction drawings.

REMEDIATION

Roof Repairs
The inspections identify structural deficiencies that

usually require roof remediation. The remediation may be
a simple repair or an extensive replacement that requires a
budgeted project. To date several simple repairs have been
made and may small and large repairs are scheduled some
in conjunction .vith the roof membrane replacement.

Examples of simple remediation efforts are; replace
damaged member in like kind, replace missing member, or
add a member to strengthen. Examples of extensive
remediation are; multiple examples of simple type repairs,
replacement of whole deck areas, or replacement of deck
support members.

The roof repairs needed are identified from
deficiencies listed in the inspection reports. The needed
repairs are then described in detail and priced on "plant
force work review" forms. These forms are then reviewed
to determine whether onsite personnel or ofisite contractors
will make the repairs.

Use of the Inspection Information
The information gathered during the roof inspection

effort is provided to the facility manager. Given this
information the building manager may then decide to allow
limited roof access. The building manager can also start
planning for needed repairs. Some structures have
extremely bad roofs but are not slated for repairs because
there is no planned use for them. In these buildings access
restricted until they can be demolished.

The roof deficiencies observed present two types of
hazardous conditions. The first is a personnel fall-through
type hazard and the second is a collapse-on-top-of hazard.

The fall through hazard is a roof access hazard. A
concentrated load from a person walking on the roof deck
could cause the collapse of a roof deck panel or single
support member. For this type of deficiency, building
managers restrict access to keep personnel off of the
deficient area only. Other roof areas and building access is
not restricted.

The coilapse-on-top-of hazard is a building access
hazard. A high wind load, a heavy snow load, or a little
more deterioration could cause a roof deck or support
member collapse. For this type of deficiency, building
managers prohibited access, or restricted access to
unaffected areas.

Reinspections
The condition of a roof structures change with

time. Some buildings inspected during the summer of 1992
have seen additional deterioration over the winter months of
1992, 1993. This deterioration is evidenced by additional
spalling of concrete and new and larger rusted deck areas.

Because of the observed roof deck deterioration,
and continued degradation, reinspection is recommended.
The time interval recommended for these roof reinspections
is based on the roof material type and condition at the initial
inspection. The inspecting engineer assigns an inspection
interval to each of the roofs which were inspected. The
intervals range from annual inspections to a maximum of
once every five years.

Inspections of Other Components
The roof inspection effort and findings have raised

concerns for other parts of building structures and work
areas. Structural inspections of accessways, stairs, handrails
and entire buildings are being performed. These inspections
have identified some overloaded members, unframed
openings, and modifications not shown on the design
drawings. Occupational Health Safety Administration
(OSHA) are also being assessed during these roof and
building inspections.
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PROBABILISTIC RISK ASSESSMENT APPLICATION
TO EQUIPMENT QUALIFICATION

N. A. Sheikh and S. R. Salaymeh

Westinghouse Savannah River Co.

Savannah River Technology Center

Aiken, SC 29808

ABSTRACT

Probabilistic Risk Assessment (PRA) provides us with an estimation of the chances that a
hazard may happen. In the area of Seismic Equipment Qualification, the chance that a
component will experience an earthquake of highest magnitude (0.2g) can be predicted
using PRA. Recent studies have shown that the components are over-designed to
maintain their structural integrity and functionality. For the purpose of qualification, the
Test Response Spectra (TRS) should envelop the Required Response Spectra (RRS).
However, with the PRA approach, the magnitude of an earthquake can be estimated.
PRA estimates are generally lower than those obtained using traditional methods but do
not compromise the component's structural integrity and functionality. This approach
will result in significant cost savings in design and construction. For expansion on the
concept of PRA that estimates this frequency of occurrence of a given seismic event,
refer to United States Nuclear Regulatory Commission (US NRC), Lawrence Livermore
National Laboratory (LLNL), and Electrical Power Research Institute (EPRI) studies for
development of Natural Phenomena Hazard Curves. Currently, US NRC, LLNL, and
EPRI are involved in a joint program to address seismic hazard methodologies and to
develop recommendations for improved hazard estimations for the future. The final
product of this effort is expected to result in more realistic hazard estimates.

The primary aspect of the equipment qualification is the reliability of the equipment to
perform its intended safety function on demand and to minimize possible human factors.
Therefore, PRA is being used for evaluating equipment for natural hazards (seismic,
flooding, tornado and high winds) and for plant environments' changes/excursions
(temperature, radiation, pressure and humidity). PRA will assist in predicting the
frequency of the equipment's failure to perform its safety function and thus its
qualification. For seismic hazards, the PRA methodology being employed is based on a
geometric average of the EPRI and LLNL median seismic hazard evaluation multiplied
with a correction factor.

The development of the correction factor was outlined in a detailed paper by Dr. Allin
Cornell and will be presented at the technical meeting. At the same time, a DOE Safety
Working Group (SWG) is evaluating the studies conducted to date by TERA, Inc., EPRI
and LLNL. The objective of the SWG is to arrive at a consistent value for probabilistic
natural hazards. These results will be used by various organizations in performing safety
evaluations of nuclear facilities/power plants; hence, the equipment qualification
evaluation can become very sensitive to the probabilistic hazard curves developed and
used.

The PRA is developed based on the design requirements. The results of this PRA will
assist in the determination of the probability of exceedance. The "how to" methodology
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The PRA is developed based on the design requirements. The results of this PRA will
assist in the determination of the probability of exceedance. The "how to" methodology
of occurrence probability numerical calculations of a given natural phenomenon such as
an earthquake will be presented at the technical meeting.

U. S. Department of Energy (DOE) has very recently issued a new order DOE-5480.28
"Natural Phenomena Hazards (NPH) Mitigation" (U). This order will be supplemented
with a set of NPH standards and guidance documents to establish acceptance criteria.

These documents will provide guidance to meet the following requirements:

• Seismic performance goals and the seismic hazard exceedance probabilities based
on the mean probabilistic estimates

Site-specific seismic hazard estimates to be re-evaluated every ten years

Resolve the issue of uncertainty between the two studies (EPRI & LLNL) for
mean and 85th percentile and general consistency of median results

REFERENCES

1. DOE-STD-1024-92, December, 92, "Guidelines For Use of Probabilistic Seismic
Hazard Curve at Department of Energy Sites."

2. Dr. Allin Cornell's presentation at a DOE-sponsored meeting on DOE-STD-1024-92
hosted by DP-621, Germantown, MD on March 26, 1993.
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DEVELOPMENT OF CORRECTION FACTOR

Objective:

Procedure to extract the most stable information from the LLNL and EPRI
hazard studies with the objective of providing a MEAN hazard curve based
ground motion. (Ref. 2)

The Difficulty:

The mean hazard curves from the two studies at any one site differ markedly.

Approach:

Look at results over many sites to see if any trends emerge.

The First Observation:

The HPRI and LLNL medians agree quite well - especially without "expert 5".

But the objective is a Mean hazard curve in part because it reflects
uncertainty. (Due to the truncation at zero the hazard uncertainty
distribution is highly skewed "right" or upwards; hence the mean is larger
than the median - by an amount which reflects the degree of uncertainty.)

The Mean curves are suspect, based on recent results. (LLNL says its objective
was always the median not the mean, until recently).

Focus:

Common trends, if any, in the ratio of the 85th percentile hazard to the median
hazard. Call this the

"Uncertainty ratio" = 85th Hazard
(U. R.) Median Hazard

Examination of Raw Results of Uncertainty Ratio

1) Site-to-site variability is small (relative to other variations) and similar
for EPRI and LLNL. Therefore we focus in remainder on (site-to-site)
Median uncertainty ratio.

(See plots and Figures C-7 to C-24 in DOE-STD-1024-92)

(Tor the site-to-site median U.R.'s): The absolute values of the U.R.'s vary
widely

(1) between IJ.NL and EPRI

(2) from level to level of ground motion
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(3) from frequency to frequency of spectral velocity.

(See plots and Figures C-l to C-6 in DOE-STD-1024-92)

BUT

The ratio of the LLNL U. R. to the EPRI U. R. is quite stable, at least over

(1) lower PGA levels (e.g., up to 0.3g) for

(2) higher frequencies (PGA, 10 Hz, 5 11/, and 2,5 Hz).

The Correction Factor Procedure

• It is based on the trends above

• We apply it here to PGA at 0.2 g for l.l.Nl. (4 G. M. experts)
• But because of the trends it is generally valid for higher frequencies

at lower ground motion levels (but in the range of levels of ultimate
interest).

• The ultimate objective is a correction factor to apply to the
(geometric) average of the LLNL and EPRI MEDIAN ground
motions associated with a specified probability, (or equivalently the
ground motion associated with the median specified probabilities).

NOTE:

These are not the steps taken in applications, but in the development of the
"Standard" Correction factors.

Step 1:

Apply a Standard LLNL/EPRI U. R. ratio to the typical EPRI U. R. value
and take the geometric average of the two {]. R.'s:

c. g., At 0.2g PGA

EPRI U. R. = 3.3

and

LLNL/EPRI U. R. ratio = 2.2

Geometric Average:
[(3.3) x (2.2 x 3.3) ] 1 / 2 = 4.9

= 3.3V12 = (3.3) (1.5)

(Note at O.lg and 0.4g this result is 4.5 and 6.2, respectively)

Recall the U. R. is the ratio of the 85th percentile hazard to the
median hazard.
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But we want a mean/median ratio.

Step 2:

Assuming a lognormal distribution on hazard (confirmed by LI.NL at least),
pass from a 85th/median to a mean/median ratio.

It can be shown that a lognormal distribution with dispersion parameter a
has:

percentile

x50 Median

Therefore: c = In (U. R.)

Also it has mean/median ratio:

MeanX = ei/2a2
Medianx

Substituting:

Meanx
Medianx

e.g., for U. R. = 4.9

= = el/2o2 = exp[i/2 (In U.R.)2]

Meanx
Medianx

= e 1 / 2 (In 4.9)2 = 3.54

Step3

Translate the hazard correction factor (mean/median) to a ground motion
correction factor ("meanVmedian).

H
CORRECTION

FACTOR

G.M
CORRECTION

FACTOR

MEAN HAZARD CURVE

MEDIAN HAZARD CURVE

G.M. (PGA)

G M , _fH,
GM2 IH 2
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Therefore for a mean/median correction factor on the hazard of CFH we get a
correction factor on the GM of CFGM :

CFGM = (CFH)"1/b

.-. CF=(3.54)"1 / 2-5 8 = 0.6126

Step 4

What "b" value? It depends somewhat on the site [in the Eastern United States
(EUS)] and on the ground motion level (i.e., H o c k GM~b holds only "locally").
(Also we saw some dependence of the U. R. values (i.e., the EPRI U. R. and the
LLNL/EPRI U. R. ratio) on ground motion level, so this might as well be
factored in, too.

As discussed in App. E of DOE STD-1024-92 it was decided based on a study of ihe
slopes "b" of all the sites and as calculated by EPRI and LLNL that,

(1) for lower consequence cases (i.e., when the design motion
will be at 2xl0"3 or 10"3) Use a "b" value of 1.93 with
mean/median hazard ratio of 3.12 (based on U. R.'s at
O.lg). The result:

(2) For higher consequence cases (i.e., when the designmotion will
be at 2xlO~4 use the values of "b" (i.e., 2.58) and mean/median
hazard correction factor (i.e., 3.54) (deduced from U. R.'s at 0.2g
PGA) used above, yielding

CFGM = (CFH)"1/b = (3.54)+l/2-58

= 1.65

Note:

Appendix E works with so-called A5/A4 (or A4/A3) ratios analogous to the
A5/A3 ratios that now enters UCRL-15910. Therefore the argument becomes
more involved. It also deals with the performance level probability associated
with the design ground motion hazard. Basically it is saying hazard curves are
steeper at lower probabilities.

Example Application

STEP 1 Calculations of the Peak Ground Acceleration at an
Exceedance Probability of 2xl0'4 Figure 1 (Ref. 1), the
Peak Ground Acceleration.
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EPRI Median Peak Ground Acceleration = 0.1 g
(PGA)

LLNL Median = 0.16 g
(PGA)

Geometric Average = (0 .1 . \0 .16) 1 / 2 = 0.126 5g

STEP 2 From Figure 5 (Ref.l) @ 0.1265 g
EPRI &5Jh = 3.0 (Ratio of the 85th

Median percentile estimate of the
Peak Ground
Acceleration)

LLNL 85 th = 6.8
4 Median

Where EPRI = Electric Power Research Institute
LLNL4 = Lawrence livermore National

Laboratory Expert 4 opinion.

Note: Figure l a n d 5 of Ref.l are at tached as Appendix A.

STEP 3 Geometric Average Ratio "x"= (3.0 x 6 . 8 ) 1 / 2

= 4.516

STEP 4 Mean/Median Hazard Factor "Y" = e(exp 1/2 (In x)2)

Y = 3 . 1 1 6

STEP 5 Peak Ground Acceleration Multiplier
= ( Y ) + 1 / b where b = 3.5 (Ref.l, App. D)

= (3.116)-2859
= 1.384

PGA multiplier is used to adjust upward the
composite Median PGA calculated in step 1 i.e.
0.1265g

STEP 6 Multiply the composite PGA from step 1 with the
value of the PGA multiplier 1.384, caluclated in
step 5 to determine the Mean estimate of the
PGA.

= .1265x1.384
= 0.175 g
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This is the (pseudo) mean hazard curve ground motion associated with an
annual probability of exceedance 2x10"^.

To Illustrate The Issues: (Ref. 2)

See Figure 1 Savannah River Site

1.

2,

Medians not too bad:

At 0.2 g:

Uncertainty ratios very

At 0.2 g:

EPRI

Hazards

LLNLs

EPRI ~ 4

different:

Mean

Median

85rfc

IO-4

x 10~5

10^

4xl0"5

2X10"4

= 2.5

Median 4x10.-5

= 2.5

= 5

LLNL

Hazards

Mean 2x10-3

Median 10~
= 20

85t/i lO"3

Median 10
= 10

Note Incidentlv:

At 2 x 10~4 EPRI Ground Motion
Uncertainty Ratio

Mean 0A5g

Median 0.1 Og
= 1.5
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Waste Tanks
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STRUCTURAL ANALYSIS OF HANFORD'S SINGLE-SHELL 241-C-106 TANK
A FIRST STEP TOWARD WASTE-TANK REMEDIATION

J. P. Harris, L. J. Julyk, R. S. Marlow, and C. J. Moore
Westinghouse Hanford Company

P. O. Box 1970
Richland, Washington

J. P. Day, A. D. Dyrness, P. Jagadish, and J. S. Shulman
ADVENT Engineering Services, Inc.

3 Crow Canyon Court, Suite 100
San Ramon, California

ABSTRACT

The buried single-shell waste tank 241-C-106, located at the U.S. Department of
Energy's Hanford Site, has been a repository for various liquid radioactive waste
materials since its construction in 1943. A first step toward waste tank remediation
is demonstrating that remediation activities can be performed safely. Determination
of the current structural capacity of this high-heat tank is an important element in
this assessment. A structural finite-element model of tank 241-C-106 has been
developed to assess the tank's structural integrity with respect to in situ conditions
and additional remediation surface loads. To predict structural integrity
realistically, the model appropriately addresses two complex issues: (1) surrounding
soil-tank interaction associated with thermal expansion cycling and surcharge load
distribution and (2) concrete-property degradation and creep resulting from
exposure to high temperatures generated by the waste. This paper describes the
development of the 241-C-106 structural model, analysis methodology, and tank-
specific structural acceptance criteria.

BACKGROUND

Tank 241-C-106 is a 530,000-gal capacity single-
shell underground nuclear waste-storage tank located in
the C Tank Farm in the 200 East Area of the
U.S. Department of Energy's Hanford Site. The tank
has been used for radioactive waste storage since 1947.
A program to recover strontium and cesium from high
level waste began during the 1960's . While these
operations were being conducted, problems with the
sludgs washing and decant process caused the transfer of
197,000 gal of strontium-loaded sludge to tank
241-C-106. In 1971, temperatures in the sludge
exceeded 212 °F. Tre cunent radioactive-decay heat-
generation rate has been calculated at between 90,000
and 130,000 Btu/h. To prevent the sludge from drying
out and the tank from overheating, approximately
6,000 gal of cooling water are added to the tank each

month. These additions would have to continue untii
the year 2045 because of the half-life of the strontium.
At that time, the structural integrity of the 100-year-old
tank may n« longer be acceptable.

In response to Public Law 101-510, Section 3137,
Westinghouse Hanford Company submitted to the
United States Department of Energy (DOE) the
document A Plan to Implement Remediation of Waste
Tank Safety Issues at the Hanford Site [1] as part of a
report to Congress. The report ranked and set
priorities for all the waste tank safety concerns.
Tank 241-C-106 ranked fourth with a priority of one.
The Tri-Party Agreement (TPA) mandates the interim
stabilization of tank 241-C-106 by September of 1996
and the interim isolation of all 149 single-shell tanks
by the same date. Interim stabilization and isolation
criteria require the cessation of the current practice of
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adding water to the tank as an evaporative cooling
mechanism. Retrieval of the high-heat waste by sluicing
is the most expedient technique available for achieving
the interim stabilization and isolation of tank 241-C-106.
Once die heat-generating sludge is removed, cooling
water additions can cease. DOE and the Washington
State Department of Ecology designated tank 241-C-106
to be a retrieval demonstration tank. A first step toward
waste tank remediation is demonstrating that the
associated activities can be performed safely.
Determining the current structural capacity of the high •
heat tank 241-C-106 is an important element in the
safety assessment.

INTRODUCTION

Tank 241-C-106, shown in Figure 1, is a cylindrical
reinforced concrete structure capped by a dome with a
rise of 12 ft from the inside of the haunch. The tank
stands 33-ft tall with an outside diameter of 77 ft. It has
a reinforced concrete wall thickness of 1 ft and a
minimum dome thickness of 1 % ft. The floor of the
tank is a 6-in.-thick reinforced concrete dished-bottom
slab covered with a 2-in. layer of grout reinforced with
wire mesh. The tank is buried in sandy soil with a
minimum soil cover of approximately 7 ft at the dome
apex. Tne waste is retained within a '/4-in.-thick welded
steel-plate liner with an open top. The liner is contained
within and separated from the concrete by 54-in.-thick
three-ply asphaltic waterproofing.

/ Grade

Figure 1. Schematic of Tank 214-C-106.

A structural model of the 241-C-106 tank and
surrounding soil has been developed that can be used to
judge the tank's structural integrity with respect to
in situ conditions, as well as additional surface loads.

To predict structural integrity, the model must address
several complex issues associated with the aging effects
of a buried reinforced-concrete tank exposed to
temperatures above 200 °F. Creep and material
property degradation resulting from time and high-
temperature exposure are important considerations in
characterizing the in situ condition of the tank.

Conventional design-based methods of evaluation
need to be augmented to address conditions that are
beyond the original design basis. A useful measure of
the tank's structural integrity is the margin against
collapse. Collapse-load analysis requires a robust
concrete constitutive model. Large surface-applied
loads associated with the collapse analysis impose
similar demands on the soil-plasticity algorithm.
Cyclic temperature changes associated with tank
operations result in thermal expansion and contraction
of the tank against the soil that requires a soil
constitutive model that characterize the cohesionless
mechanical behavior of the sandy soil surrounding the
tank.

The 241-C-106 structural model was used to
predict the present and future in situ conditions of the
tank, evaluate its structural integrity, and determine the
reserve capacity. This paper describes the
development of the 241-C-106 structural model,
analysis methodology, and tank-specific structural
acceptance criteria. Two companion papers detail the
development of the concrete property degradation
relations [2] and the soil modeling effort [3],
respectively. An overview of the structural evaluation
process is shown in Figure 2.

CONSTITUTIVE MODELS

The ABAQUS [4] finite-element program was
chosen as the analytical tool because of its reputation
in solving nonlinear problems, its extensive material
library, and its versatility in accepting user-defined
external subroutines. In the 241-C-106 structural
model, the surrounding soil is modeled explicitly as a
continuum by using the ABAQUS extended Drucker-
Prager granular soil-plasticity material model option.
The Drucker-Prager soil constitutive model has a
pressure-dependent yield function. The elastic
properties also can be made pressure dependent
through the ABAQUS field variable option. The field
variable represents the confining pressure expected to
develop during the analysis at a given soil element in
the model | 3 | .
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Structural Model
Development

Concrete
Properties

— Best Estimate

-{Lower Bound (95/95) |—'

In situ Degradation
Structural Analysis

— In situ Mechanical Loads

"• 1 Temperature History

Prediction of 1992
In situ Conditions

Code Evaluation for
1992 In situ Conditions

{Waste Level History

Collapse Load Evaluation
at 1992 In situ Conditions

Prediction of 2002
In situ Conditions

Code Evaluation for
2002 In situ Conditions

Collapse Load Evaluation
at 2002 In situ Conditions

Figure 2. Tank 241-C-106 In situ Structural Integrity Evaluation Flow Chan.

The application of a material subroutine provided in
ANACAP-U [5] enables analysts to address several
issues relating to the nonlinear behavior of concrete:

• Irreversible degradation of compressive strength,
tensile strength, and elastic modulus as a function of
time and temperature [2]

• Cracking
• Compressive strain hardening with strain softening

beyond the peak stress
• Thermally activated creep.

The concrete material subroutine is based on the
smeared crack approach introduced by Rashid [6].

ANALYSIS METHODOLOGY

THERMAL ANALYSIS
Best-estimate and upper-bound thermal analyses

were performed to determine the temporal and spatial
temperature distribution in the 241-C-106 tank from
initial operation in 1947 to the year 2002. The
following information was analyzed to construct an
approximate heat source for the thermal analyses:

• Historical records of waste material additions and
extractions

• Recorded levels and level changes of both liquid
and sludge layers

• Tank total heat load based on psychrometric
analyses of evaporation rates and the isotopic
chemical makeup of the contained wastes

• Tank thermocouple data in the air space, the liquid
layer, and the sludge layer

• Operating history of the tank ventilation system.

A time-dependent heat source in the sludge waste
layers was established to account for changes in the
volume of waste material and the radioactive decay of
the primary constituent. An axisymmetric thermal
model of t^e tank and surrounding soil was used (see
Figure 3) with appropriate boundary conditions to
obtain the temperature history throughout the tank
structure.

The best-estimate thermal analysis, calibrated to
reliable thermocouple data obtained during the 1992
ventilation system failure, predicts a maximum
temperature of approximately 320 °F in the waste
sludge, 318 °F in the concrete foundation slab, and
162 °F in the tank dome. The upper-bound thermal
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Figure 3. Thermal Model for Tank 241-C 106.

analysis, based on heat-generation rates comparable to
estimates of previous investigators, predicts a maximum
temperature of 312 °F in the waste sludge, 310 °F in the
slab, and 220 °F in the tank dome. The degrading
effect of time at temperature on concrete properties for
temperatures above 200 °F is an important consideration
in the structural analysis. Hence, the upper-bound
thermal history is the primary focus in the structural
analysis because of the higher predicted temperatures in
the critical dome region. A 55-year upper-bound
thermal history (see Figure 4) was developed and applied
in the creep analysis to establish the 1992 and
2002 in situ conditions.

STRUCTURAL MODEL
The structural model of the 241-C-106 tank is an

axisymmetric ABAQUS finite-element model. The tank
and the surrounding soil are modeled with quadratic
axisymmetric Finite elements (see Figure 5). The tank
elements are reinforced with rebar sub-elements where
necessary. The soil regions contain special features for
the development of the initial geostatic stress state, as
discussed in [3J. Contact between the soil and the tank
is enforced through nonlinear interface springs that are
very stiff in one direction and very compliant in the
other. These interface springs reduce the numerical
complexity associated with contact (gap) elements. The
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Figure 5. Axisymmetric Finite-Element Structural
Model of Tank 241-C-106 and
Surrounding Soil.

tank liner is modeled with three-noded axisymmetric
shell elements. The liner interacts with the tank
through spring elements similar to those between the
soil and the tank.

The steel rebar and liner are modeled with the
ABAQUS elastic-plastic constitutive options. The non-
structural grout layer between the bottom of the steel
liner and the foundation slab is modeled as a soft
elastic material. The concrete constitutive model in
ANACAP-U interfaces with ABAQUS through the
user-defined material subroutine (*UMAT) option
provided in ABAQUS. The ANACAP-U etoic-
perfectly plastic concrete model with time-and-
tempsrature property degradation is used in the initial
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static and creep analysis of the tank to determine its
degraded in situ condition. The concrete material model
is switched to the more robust ANACAP-U
strain-hardening/softening model in evaluating the post-
creep state of the structure relative to code-based
evaluation criteria or when determining the collapse-load
capacity of the tank. All analyses are conducted with
the ABAQUS large-displacement option selected.

STRUCTURAL-MODEL LOADING
Loads applied to the structural model include dead-

weight, hydrostatic pressure induced by the waste,
thermal history, and surcharge pressure. Gravity first is
applied to the tank and the soil below the tank. The soil
region around and above the tank is constructed by
adding a series of strain-free layers [3]. The weight of
the soil is transmitted to the tank through the nonlinear
interface springs described above. The waste-induced
pressure is applied to the liner as a hydrostatic pressure.

The complete 55-year thermal-distribution history is
applied as a series of load steps. The waste-induced
hydrostatic pressure is modified during the application of
the thermal history to simulate the mechanical effects of
the addition and extraction of the waste during the tank
operational history. The response state of the tank is
saved at the end of each load step. The state of the
concrete is described by a set of internal state variables
at each concrete element integration point. The state
variables store the values of the degraded material
properties, as well as the position, orientation, and
open/closed status of any cracks that form.

Collapse load analyses are performed from selected
post-creep states by application of a uniformly
distributed load at the soil surface over a 10-ft radius
about the center of the tank with the ANACAP-U strain-
hardening/softening concrete model selected. The load
then is increased until the structure offers little resistance
to additional load or until the solution becomes unstable.

Code-based service-load checks are performed from
the degraded, post-creep state of the tank. The factored-
load cases are described in detail in the following
section.

STRUCTURAL ACCEPTANCE CRITERIA

The structural acceptance criteria combine applicable
sections of American Concrete Institute (AC1)
Code 349-90, Code Requirements for Nuclear Safety-
Related Concrete Structures [7], and the American
Society of Mechanical Engineers (ASME) Boiler and

Pressure Vessel (B&PV) Code | 8 | design-by-analysis
philosophy, with supplementary criteria to deal with
conditions not specifically covered by the code
provisions. The design-by-analysis approach
comprises two independent strategies for evaluating the
tank's structural integrity. The first approach is based
on the current ACI 349-90 requirements, except that
load factors are applied through a nonlinear analysis of
the tank from its degraded, post-creep state. Section
forces and moments are calculated by summing across
the section thickness the nodal forces determined in the
nonlinear analysis. This approach provides a measure
of structural integrity in terms of the provisions of
ACI 349. The second approach relies on the intrinsic
ability of the finite-element model to predict the time-
dependent structural response to the in situ loads and
the structural response associated with conditions near
collapse. The results of the collapse-load analysis,
starting from the predicted in situ state, provide a basis
for determining the reserve capacity of the tank.

DESIGN CODE APPROACH
Table 1 lists the various load types and the

corresponding minimum and maximum load factors
consistent with ACI 349-90, Section 9.2. The live
load L ; is a 100-ton vertical load distributed uniformly
over a 77-ft diameter at the soil surface. All of the
tabulated loads except L, are known to be present in
the in situ condition. Therefore, only L, is assigned a
minimum load factor less than 0.9. Because the

Table 1. Service Load Type and Corresponding
Load Factor.

Load

Symbol

[Vwripnnn "I IJHI I Minimum

I iiaii lauutr

Minimum

1 cud l-ailur

0
f

II
L,
l . j

r

Dead liiad of tank

Hydrostatic load trnm

waste

Lateral earth pressure

Soil overburden

l(K)-lon live load

Temperature

0
1)

t)
I)

4).

t)

I 1 4

i 1 ̂

> 1 7

i 1 4

1 7

J 1 4

vertical component of earth pressure is more certain
than the lateral component, the load factor for soil
overburden is 1.4 as opposed to 1.7 for the side soil-
induced loading. Conversely, because the specific
gravity of the waste is uncertain, a load factor larger
than the 1.4 specified by the code is used for F.

The loads D. F, L,, and L, tend to maximize
vertical dome displacement and/or radial wall
displacement, while lateral earth pressure H has the
opposite effect. Thermal growth tends to increase the
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effect of lateral earth pressure. ACI 349-90 allows a
25-percent reduction on the load factors in load
combinations that include the thermal load T; however,
the effect of temperature is small in comparison to the
effects of other loads. Therefore, the load factor
reduction is not considered. The following two load
combinations envelop service load combinations
applicable to an ACI Code evaluation of the tank:

Load Case 1:

= 1.4D + 1.7F + 1.4L, + 1.7L, + 0.9H
+ 0.9T (1)

Load Case 2:

U = 0.9D + 0.9F + 0.9L, + 1.7H + 1.4T. (2)

The ACI 349-90 Code addresses safety
considerations with load factors and strength reduction
(^-factors. Load factors address the possibility that
prescribed service loads may be exceeded. The
0-factors address variations in materials, construction
dimensions, and calculation approximations. In a
conventional code evaluation, the nominal-load response
parameters (forces, moments and shears) are factored.
An alternative approach considers the response from
factored loads. The two approaches are equivalent only
when linear elastic analysis is used. The second
approach is more appropriate when the structural
response is nonlinear.

Response from one load cannot be isolated from the
response of another load in a nonlinear analysis.
Behavior is path dependent and superposition is invalid.
Therefore, load factors cannot be applied to the
response. Instead, the load factors can be applied with
confidence directly to the loads. Paragraph 19.2.1 of
ACI 349-90 states that "methods of analyses which are
based on accepted principles of engineering mechanics
and applicable to the geometry of the structure may be
used." Commentary on Code Requirements for Nuclear
Safety-Related Concrete Structures [7] offers strong
support for the applicability of nonlinear analysis
techniques in assessing the redistribution of loads in
cracked, reinforced-concrete shell structures. For
structures experiencing significant thermal loads, an
ACI 349 Committee Report 349.IR-91, Reinforced
Concrete Design for Thermal Effects on Nuclear Power
Plant Structures [9], clearly states a preference for
nonlinear analysis. Furthermore, simply factoring the
response parameters at critical structural sections may

not be conservative because of the load redistribution
that occurs within the structure.

MARGIN ASSESSMENT APPROACH
An alternate method of measuring the in situ

structural integrity of the 241-C-106 tank is to develop
a model capable of accurately predicting the nonlinear
structural behavior. Such a model would account for
actual tank details and could be used to predict the
approach to failure. As a measure of the structure's
collapse-load capacity, the collapse load is determined
for a uniformly distributed load applied over a local
region about the center of the tank in an axisymmetric
analysis. An equivalent in situ load is defined as the
corresponding central load that, when acting alone,
gives the same center deflection of the dome as that
obtained in the in situ condition. The total collapse
load divided by the equivalent in situ load is the
computed safety factor (SFuompu_.d) against collapse in
the in situ state, i.e.,

SFcomputed
Total collapse load

Equivalent in situ load
(3)

where

Total collapse load = Central load at collapse
+ Equivalent in situ load.

Another way of measuring the in situ structural
integrity is by determining the reserve capacity of the
structure where

„ . Total collapse load
Reserve capacity =

SFrequired (4)

- Equivalent in situ load.

The ASME B&PV Code definition of collapse
load applicable to experimental stress analysis is
applied to the calculated load-deflection curve to define
the collapse load. On a load-deflection curve an angle
0 defines the angle between the best-fit linear
regression of the linear portion of the load-deflection
curve and the load axis. A second straight line,
hereafter called the collapse limit line, is drawn
through the displacement axis intercept at an angle </>
with the load axis, where 4> = tan' (2tan0). The
collapse load is defined as the intersection of the load-
deflection curve with the collapse limit line, as shown
in Figure II-1430-1, ASME B&PV Code, Section HI,
NB-3213.25 [8]. The ASME technique can give a
grossly conservative collapse load when the linear
portion of the load-displacement curve is interrupted by
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a "jump" in displacement without an appreciable change
in load and then returns to a relatively linear behavior
just after the "jump." In determining the collapse load,
the ASME technique may be augmented to take into
consideration the jump discontinuity. Displacement data
beyond the jump discontinuity may be shifted down by a
constant amount to eliminate the discontinuity. The
ASME method described above then is applied to the
shifted data as shown in Figure 6.

3 -

I 2 L

1 -

Collapse
load

Load distributed at
soil surface over
10-ft radius about
center of tank dome

0 500 1000 1500 2000 2500 3000

Surface Load (tons)

Figure 6. Tank 241-C-106 55-Year Post-Creep
Load-Deflection Curve for Central Load
over 10-ft Radius (Best-Estimate Concrete
Properties and Upper-Bound Thermal
History).

SAFETY FACTOR
The ACI 349 [7] and 318 [10] codes use a

combination of load factors and capacity reduction, or
0-factors. While the magnitudes of the safety factors
are based on some acceptable level of risk, the actual
values are determined by committee consensus. The
ACI Code attempts to reduce the risk of failure to
1 in 100,000, i.e., 1 in 1,000 on load demand and
1 in 100 on structural capacity [11]. Dividing the ACI
load factor by the appropriate 0-factor provides the
expected factor of safety against exceeding the local
section capacity.

A definition better suited to protect against global
structural instability is given by the ASME B&PV code
(NB-3213.25), which allows plastic analysis to
determine the collapse load for normal service
conditions. For concrete shell structures, ACI 349
refers to ACI 318 for applicable commentary on
structural stability. ACI 318 allows the use of inelastic
analysis where it can be shown to provide a safe basis
for design. While ACI 318 requires the designer to
consider general instability, it gives no specific
guidance. Instead, it refers to recommended design
practices for domes used in industrial applications as
given in a 1970 ACI Committee 344 report, Design
and Construction of Circular Prestressed Concrete
Structures with Circumferential Tendons |12| and
refers to design approaches for other shells as given in
ACI SP-67, Concrete Shell Buckling [13|.

The ACI Committee 344 report provides a
minimum shell-thickness equation based on linear
elasticity that contains multiplicative reduction factors
to account for geometric imperfections, creep,
nonlinearities, concrete cracking, and material-strength
uncertainties. Much of what these reduction factors
are intended to account for is addressed explicitly by
the ABAQUS/ANACAP-U finite-element model. The
ABAQUS large-displacement option is invoked to
determine the load-displacement curve. The potential
for concrete crushing is characterized specifically
within the ANACAP-U material subroutine. Whether
the failure of the dome by concrete crushing is abrupt
will be evident from the analysis results. Rebar bond
failure is not modeled in the concrete constitutive
model and must be checked separately. Although
local bond failure may not result in a state of general
structural instability, there would be no defensible
basis for accepting loads that caused bond failure.

The empirical buckling equation from
ACI Committee 344 [12| is

(5)
Per =

where

Per

<t> P , P c Ec

1.5
min

= critical buckling pressure
= elastic modulus of concrete
= minimum shell thickness
= maximum radius of curvature of

shell.
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and the following parameters were introduced to account
for material uncertainties,

4> = 0.7,

creep, nonlinearities, and cracking,

= 0.44 + 0.005 fmin - 0.046,

and imperfections,

P, =
Rm1g

(6)

(7)

(8)

where R, is the radius of curvature of the imperfection.

The collapse analysis for C-106 addresses all of the
issues to some degree except for material uncertainties.
Therefore, the only applicable knockdown factor is
0.7/1.5 = 0.467. An ACI report on Buckling of Thin
Concrete Domes [14] suggests that the critical buckling
load be required to exceed the ACI-factored loads so that
it would be more consistent with the International
Association for Shell and Spatial Structures (IASS)
recommendation as discussed in ACI SP-67 [13].
Gravity loading of the soil overburden dominates the
loads that contribute to dome deflection in the in situ
conditior. Therefore, the applicable load factor would
be 1.4. Hence, the total required factor of safety to
protect against in situ short-term buckling is 1.4/0.467,
essentially 3.0.

REBAR BOND SLIP/SPLICE FAILURE
Failure criteria for rebar bond and splices must be

addressed to establish limits that assure the ability of the
finite-element analysis to predict global structural
behavior. Deformed bars depend primarily on
mechanical interlocking for enhanced bonding. With
little confinement, the bond failure of large deformed
bars may manifest itself by the splitting of the concrete
along the plane of the bar. This type of failure depends
primarily on the load on the concrete, with bar stress
and bar perimeter being of little importance. As
confinement around a bar improves, by virtue of
increased cover or transverse reinforcement, the ultimate
load depends increasingly on the bar perimeter.
Therefore, small bars, top-cast bars, or bars that are
confined to the extent that bond failure occurs by shear
failure of the concrete lugs between bar deformations
instead of splitting, will carry a maximum unit load
proportional to the bar perimeter. Failures of the non-

splitting type tend to be localized and not critical to the
global integrity of the structure.

Splitting bond failure is caused by a system of
forces developed as a result of the bearing of the rebar
lugs on the concrete. The resulting system of forces is
directed outwardly around the bar to form a hollow,
truncated cone of pressure. These outward forces, like
water pressure in a pipe, lead to splitting on weak
planes in the concrete along the bar. A well
established theory for splitting bond failure, first
proposed in Orangun 1977 [15], addresses the
dependency of bond stress on such parameters as
development length, bar size, bar cover, and clear bar
spacings.

Two-dimensional finite-element analyses were
conducted for a concrete cross section for square rebar
having sizes, cover, and clear spacing representative of
the 241-C-106 tank construction. Three adjacent rebar
in a layer (i.e., at the same "cover" distance from the
face of the concrete) were considered in each analysis
case (see Figure 7).

j

I

i

i [ T

Figure 7. Finite-Element Model of Concrete with
114-in. Square Rebar.

The concrete model mesh refinement and boundary
conditions were established with an emphasis on the
accurate prediction of principal tensile stresses in the
critical "cover" region. Square voids having the
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dimensions of the rebar were modeled, and a uniform
pressure was applied to the vertical and lateral surfaces
of the voids. Two cases were addressed:

(1) 1-in. square rebar, 8-in. center-to-center spacing,
and a 3-in. cover

(2) 1 'A-in. square rebar, 8-in. center-to-center spacing
and a 2-in. cover.

Corresponding models for round rebar of the same
characteristic dimensions (i.e., 1-in. and lW-in.
diameter) were also developed. Although the
distribution of the concrete principal tensile stresses for a
square rebar varies appreciably from that for an "equal"
size round rebar, the maximum principal tensile stress
for the square rebar is no more than 11 percent higher
than it is for the "equal" size round rebar. Therefore,
for the C-106 tank square-rebar bond evaluation, it is
conservative to establish their capacities at 80 percent of
that proposed for round rebar.

241-C-106 ANALYSIS RESULTS

The design-by-analysis ACI-based evaluations serve
as an indicator of the structural integrity of the
241-C-106 tank, but are not relied on to characterize the
actual capacity of the structure. All of the current
ACI 349-90 detailing requirements are met, with the
exception of a minor violation in the minimum rebar
cover at the bottom of the footing. After the in situ
post-creep condition of the structure was established, two
ACI-based evaluations were performed corresponding to
current best estimate (45-year post-creep state
determined with best-estimate material properties and
upp,r-bound thermal history) and future worst-case
(55-year post-creep state determined with lower-bound
concrete properties and upper-bound thermal history)
conditions.

Resulting shear, and combined bending and axial
load at various sections throughout the tank were
evaluated with factored-load combinations. Shear was
not the controlling mechanism. The worst-case
condition shows that the location most susceptible to
exceeding the combined bending and axial load capacity
are the wall just below the haunch and the footing.
Even though the ACI criteria are met, there is essentially
no margin in the wall just below the haunch and only a
10-percent margin in the footing. All other locations
have margins of greater than 50 percent.

Collapse analyses were performed with both the
best-estimate and lower-bound Hanford-concrete
properties as summarized in Table 2. In spite of the
lack of significant margin as indicated by the ACI-
based code evaluation, the 55-year (2C02) post-creep
collapse load with the best-estimate Hanford-concrete
properties is predicted to be 2,110 tons. The collapse
load predicted with the best-estimate thermal history
shows very little difference relative to the collapse load
predicted with the upper-bound thermal history. The
55-year post-creep collapse load for the lower-bound
Hanford-concrete properties is predicted to be
1,670 tons. This value produces a safety factor against
collapse of 7 compared to a required safety factor of 3.

CONCLUSION

With the aid of modern computers and
sophisticated finite-element numerical methods, it is
now possible to simulate the complex nonlinear
behavior of reinforced concrete structures. The
application of these methods can give a better estimate
of the response of the structure to time-dependent and
temperature-dependent loading. However, such
analyses require robust solution strategies embedded in
a well-developed nonlinear finite-element computer
program that adequately captures nonlinear geometric
effects.

The ANACAP-U concrete constitutive model with
Hanford-specific material properties that account for
property degradation as a function of time and
temperature was linked to the general purpose
ABAQUS finite-element computer program to
determine the structural response of the 241-C-106
waste-storage tank to its operational load history. The
structural integrity of the degraded post-creep state of
the tank is assessed through application of the ACI 349
code criteria by a continuation of the nonlinear analysis
from the post-creep state with code-based factored
service loads. The in situ reserve capacity of the tank
as determined through a collapse load analysis is
predicted to be significantly greater than indicated by
the results of the ACI code-based evaluation.
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IMPLEMENTATION OF SEISMIC DESIGN AND EVALUATION GUIDELINES
FOR THE DEPARTMENT OF ENERGY

HIGH-LEVEL WASTE STORAGE TANKS AND APPURTENANCES

Thomas J. Conrads
Westinghouse Hanford Company

P.O. Box 1970, H5-55
Richland, WA 99352

ABSTRACT

In the fall of 1992, a draft of the Seismic Design and Evaluation Guidelines for the
U.S. Department of Energy (DOE) High-level Waste Storage Tanks and
Appurtenances was issued. The guidelines were prepared by the Tanks Seismic
Experts Panel (TSEP) and this task was sponsored by DOE, Environmental
Management. The TSEP comprises of a number of consultants known for their
understanding of seismic ground motion and expertise in the analysis of structures,
systems and components subjected to seismic loads. The development of these
guidelines was managed by staff from Brookhaven National Laboratory, Engineering
Research and Applications Division, Department of Nuclear Energy.

This paper describes the process used to incorporate the Seismic Design and
Evaluation Guidelines for the DOE High-Level Waste Storage Tanks and
Appurtenances into the design criteria for the Multi-Function Waste Tank Project at
the Hanford Site. This project will design and construct six new high-level waste
tanks in the 200 Areas at the Hanford Site. This paper also discusses the vehicles
used to ensure compliance to these guidelines throughout Title 1 and Title 2 design
phases of the project as well as the strategy used to ensure consistent and cost-
effective application of the guidelines by the structural analysts. The paper includes
lessons learned and provides recommendations for other tank design projects that
might employ the TSEP guidelines.

INTRODUCTION

A project is underway to design and construct a
number of underground high-level waste storage tanks at
the Hanford Site. These tanks will have a nominal
capacity of 1,000,000 gallons and be of a double-shell
design. Each underground double-shell tank consists of
two concentric structures (See Figure 1). The inner
structure is constructed of welded stainless steel plate.
This completely enclosed tank, normally referred to as
the primary tank, comprises a cylindrical shell with a
gently sloped bottom, an elliptical domed roof, and a
torus-shaped upper and lower knuckle. The outer
structure is constructed of reinforced concrete. This
structure, normally referred to as the secondary concrete
structure, consists of a cylindrical shell with a gently
sloped bottom and an elliptical domed roof, and a torus-

shaped upper and lower knuckle. The secondary
concrete structure is lined with a steel liner that
extends along the bottom, lower knuckle, sides, and
upper knuckle of the secondary concrete structure to
the upper knuckle of the primary tank. The primary
tank dome and the secondary liner walls are attached
structurally to the secondary concrete structure. There
is no structural attachment between the primary Uink
and the secondary liner. The primary tank is located
within the secondary concrete structure and is
separated from the bottom of the secondary concrete
structure and liner by an insulating/supporting pad and
from the sides of the secondary concrete structure and
liner by an annular air space. The dome of the
primary tank is attached structurally to the dome of the
secondary concrete structure.
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The primary tank is designed to contain the
radioactive liquid waste and to sustain hydrostatic,
hydrodynamic, and thermal loads. The secondary
concrete structure is designed to sustain all soil loadings,
dead loads, live loads, seismic loads, and loads caused
by temperature gradients between the liquid wastes and
surrounding soil. The secondary concrete structure
provides lateral seismic support for the top of the
primary tank. The liner of the secondary concrete
structure is designed to safely confine any leakage that
mi>;ht occur from a potential failure of the primary tank.
These waste tanks typically are built in clusters and
maintained in an area called a "tank farm." A tank tarm
comprises a group of tanks separated by a soil harrier.

In 1991 the U.S. Department of Energy (DOE)
Environmental Management (EM) contracted with six
consultants to prepare a set of guidelines to design and
evaluate underground high-level waste tanks to seismic
loads. These consultants include Dr. Kamal
Bandyopadhyay from Brookhaven National Laboratory.
Dr. Robert Kennedy from Robert Kennedy Associates,
Dr. Allen Cornell from Stanford University, Dr. Andy
Veletsos from Rice University, and Drs. Charles Miller
and Carl Costantino from City College of New York.
They are normally referred to as the DOE Tank Seismic
Experts Panel (TSEP). This effort was directed by Dr.
Howard Eckert, representing DOE-EM. In January
1993, the efforts of the TSEP were compiled and
documented in a Brookhaven National Laboratory (BNL)
Report (BNL 52361), "Seismic Design and Evaluation
Guidelines for the Department of Energy High-Level
Waste Storage Tanks and Appurtances." 111

The Project (W236A) adopted these guidelines for
the seismic design of the new tanks. The following
discussion describes the process whereby these seismic
guidelines were formally integrated into the design media
and implemented during the Title I and 2 design
activities.

DISCUSSION

Because the TSEP Guidelines focus only on the
seismic design of underground waste storage tanks and
the project was beyond the conceptual design stage when
these guidelines were issued, a method was needed to
integrate the TSEP Guidelines into the design media to
minimize their effect on the tank design. The project
functional design criteria and conceptual design report
had already been completed with approved Site design
criteria and preliminary design codes and standards
selected for the major double-shell components. A
strategy to incorporate the TSEP guidelines was devised

to have the least effect on the project and to yield
deliverables that would improve the overall efficiency
of the current design process as well as expedite future
efforts to design and construct underground double-
shell waste tanks anywhere in the DOE complex. This
strategy included the development of four documents: a
design-basis synthesis document | 2 | , a design
construction codes and standards document | 3 | , a site-
specific design loads and criteria document [4|, and a
desktop design analysis procedures document | 5 | .
These documents are described below.

DESIGN-BASIS SYNTHESIS DOCUMENT
Because the TSEP guidelines addressed only the

methods to determine the response of the double-shell
tank components to seismic loads and because the
project functional design criteria were already
approved, it was determined that an effort should he
undertaken to compile into one document all of the
structural design requirements trom component design
codes. Site-specific design requirements, TSEP
guidelines, DOE orders and standards, and pertinent
criteria references. The goal of this task was not only
to compile and document all of the structural analysis
criteria pertaining to the design of the tanks but also to
reconcile any differences in requirements that might
surface during its preparation. The design basis
synthesis document in its final form does in fact
include an integrated description of all the
requirements and guidelines used for the structural
design and code evaluation of the new underground
tanks as well as the associated underground piping. It
includes sections on historical analyses of existing
double-shell tanks at Hanford, design codes and
standards, loading conditions and sequences, tank
materials and properties, stress-analysis methods,
appropriate load combinations, influence of
construction loads, and applicable acceptance criteria.
Another important feature included in this document is
the commentary describing the rationale used to select
criteria where voids and discrepancies existed among
the various requirements.

The design basis synthesis document then was
forwarded to EQE Consultants for review and
comment. All comments were resolved to the
satisfaction of both parties, and the process was
formally documented.

DESIGN-BASIS CODES AND STANDARDS
DOCUMENT

To ensure that the staff preparing the design-basis
synthesis document had accurate information about the
appropriate component design/ construction codes, an
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effort was undertaken to prepare a design-basis codes
and standards document. This task included
documenting the rationale used to select the appropriate
design/construction codes for the major components of
the new double-shell tanks from all possible candidates.
It also documented component code boundaries and
provided the basis for resolving code jurisdictional
issues. The results of this task are summarized below
according to component.

Primary Tank
It was determined that the primary tank will be

designed and constructed per ASME Section 111,
Division 1, Subsection NC-3900. Full penetration butt
welds will be used throughout the vessel. All vessel
welds will be 100 percent radiographed. A certified
design specification shall be prepared by the owner, and
a certified design report shall be provided by an
authorized N Certificate Holder as required by ASME
Section 111, Division 1, NC-3900.

The primary tank will have a detailed stress
evaluation performed for specified loading conditions
from ASME Section III, Division 1, NC-3200. The
basic stress intensity values taken from ASME Section
II, Part D, Subpart 1, Tables 1A, IB, and 3, shall be
used (it is important to note that Tables 1A, IB, and 3
provide basic maximum stresses that are lower than the
normal NC-3200 stress-intensity allowed in Tables 2A,
2B, and 4). Secondary stresses shall be evaluated to the
rules of ASME Section III, Division 1, Appendix XIII.
A fatigue evaluation, if required, shall be performed to
ASME Section III, Division 1, Appendix XIV.

The code boundaries and material requirements of
the primary tank are given below:

1) The bottom of the tank (including the thickened
section and centering post over the central air-
distribution chamber), the lower knuckle, the side walls,
and the steel tank dome
2) The dome nozzles up to and including the first weld
bevel or flange face beyond the attachment of the nozzle
to the dome (includes the riser weld to the dome steel
and/or to reinforcing plates attached to the dome)
3) Welds for the nozzle anchor studs, but not the stud
itself. However, the stud material shall be compatible
with the nozzle material
4) Nozzle reinforcement plates (includes the weld to the
dome steel and to the nozzle
5) The dome anchoi stud welds, but not the stud itself.
However, the stud material shall be compatible with the
primary tank dome steel

6) The seal weld that attaches the flashing at the
interface between the secondary liner and the primary
tank
1) The welds attaching any other item, e.g.,
equipment anchors, instrumentation attachments, pipe
supports,
8) Material for structural pressure retaining
attachments shall meet NC-2000 material requirements
9) Material for nonstructural attachments shall be
compatible with the tank steel.

The effect of deformation of the dome of the
secondary concrete structure shall be treated as a
secondary displacement-controlled strain on the
primary tank.

Secondary Liner
The secondary liner shall be designed and

constructed in accordance with the rules of ASME,
Section III, Division 2, CC-3000. The liner must
accommodate the deformation of the secondary
concrete structure without loss of integrity. The lower
knuckle region of the liner, if it is not backed by the
concrete, shall be designed to ASME Code, Section
III, Subsection NC (same as the primary tank).

The code boundaries and material requirements of
the secondary liner are given below:

1) The bottom of the liner, the lower knuckle, the side
walls, and the upper knuckle of the liner
2) The annulus nozzles up to and including the first
weld bevel beyond the attachment of the nozzle to the
liner steel (includes the riser weld to the liner steel
and/or to reinforcing plates attached to the liner)
3) Welds for the liner and nozzle anchor studs, but
not the stud itself. However, the stud material shall be
compatible with the liner material
4) Welds attaching any other item, e.g., equipment
anchors, instrumentation attachments, pipe supports
5) Material for pressure retaining attachments shall
meet CC-2200 material requirements.

Secondary Concrete Structure. Base Mat, and
Insulating/Supporting Pad

The reinforced concrete structure including the
reinforced concrete base mat and the
insulating/supporting pad will be designed and
constructed per ACI-349. Time- and temperature-
dependent concrete properties shall be considered in
the design analyses. The effects of concrete cracking,
temperature gradient, and time-dependent variations of
temperature distribution shall be considered.
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The primary steel dome and the secondary liner
shall he ignored in the analysis for strength contributions
to the secondary concrete structure.

The technical rationale for selection of final concrete
piopertics used in design and analysis shall be fully
documented.

The ACI-349 requirements shall also apply to all
embedments, anchor studs, reinforcing bar, and riser
reinforcements not considered either part of the ASME-
codgd primary tank or secondary liner or part of the
piping or ventilation systems.

Interaction
The analysis of the secondary concrete structure

shall be separated from the analysis of the primary tank
steel dome and from the analyses of the secondary liner.
The loads (deformations) imparted to the primary tank
steel dome and to the secondary liner by the secondary
concrete structure shall be treated as superimposed
component loads as allowed by the ASME Code, Section
111, paragraph NC-3111, and Appendix B, paragraph B-
2121. Detailed evaluation of the composite dome and
the composite wall shall be conducted to determine the
strains and deformations in the primary tank steel dome
and the secondary liner and to determine the demand on
the anchor studs which will be evaluated to the
requirements of AC1 349.

The design-basis codes and standards document then
was forwarded to independent third-party reviewers for
comments. Comments were resolved to the satisfaction
of both parties and documented accordingly.

DESKTOP DESIGN GUIDELINES
This task included further developing the design-

basis criteria and commentary of the design-basis
synthesis document into structural analysis procedures
ensuring compliance to the project design media.
Essentially, this document represents the "how-to" for
design of the tanks. The effort expended during its
preparation resolved issues dealing with modelling,
sequence of load application, software selection and
linking, definition of constants, justification of analysis
assumptions, methods for soil structure interaction on
thermal creep analyses, etc.

Because many of the DOE standards were evolving
during the advanced conceptual and preliminary design
phases of the project, it was of strategic importance to
go through the motions of the analyses and document the
bases for all of the technical decisions together with all
of the data, load factors, and constants before the

analysis of record was completed. This process also
allows the oversight organizations to review the
analysis approach before they review the design
analysis of record and therefore minimizes the
interruptions during this task.

Because a number loadings had to be addressed
and because most loads affect the three major
components as a result of the composite nature of the
double-shell tank, an analysis/modeling strategy had to
be developed. This strategy used various finite-
element models; analysis software; pre- and post-
processors; and computer-aided design software to
generate the models, complete discrete analysis of
specific components, communicate information among
models, and combine results.) 1)

Embodied in this effort was the selection of
element types, boundary conditions, spring rates,
material constants, constraint equations, creep laws and
methods for applying loads.

Once the analysis strategy was final, it was
necessary to define a sequence of analytical tasks.
Because each step of the sequence described the
evaluation of interest, software to be used, input
required, and output expected, it was necessary to
construct a network of software routines so that the
output files from one piece of software would be
configured properly to be accepted as input files for
the following evaluation by another software package.
As this network of software communication links was
being prepared, it was determined to use a computer-
aided design (CAD) database of the key geometric
points as the basis for generating the finite-element
models for the analytical software. Therefore, the
structural analyses models are based on project-
controlled CAD files. As the drawings are revised, a
decision is made as to the effect of the revision on the
design analyses and, if required, finite-element models
are revised and analyses updated accordingly. This
method ensures real-time access to the current design
configuration by designers and analysts alike.

Another advantage in developing a desktop
procedure is the identification of required data and
analysis methods before they are needed for the
analysis of record. This gives the project time to
compile all of the analytical prerequisites, prepare

(1) Codes used were COSMOS, ANSYS, SASSI,
ABAQUS, etc.
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plans for acquisitions, identify costs, and set priorities
for ne«yls based on sensitivity studies, rather than
treating each with the same importance.

SITE-SPECIFIC DESIGN LOADS AND CRITERIA
DOCUMENT

The development of the above three documents
made the approach to the design and structural
evaluation of the new high-level waste storage tanks cost
effective. These documents do not constitute any legal
requirements for either the design or analysis of the
tanks for on-site or off-site contractors. They include
overall design criteria, the bases for design code
selection, and preferred methods of analysis. It was
determined that a Hanford plant standard (HPS) -
standard design criteria (SDC) document should be
prepared for this project. The title is "Design Loads for
Underground High-Level Waate Tanks and Associated
Underground Process Piping." All vendors and
contractors are legally required to comply with the
design criteria in the Hanford plant standard. This HPS-
SDC is designated as number 4.3 and includes the
minimum design loads, load combinations, and
considerations for design and analysis of Project
(W236A) tanks at Hanford. It includes a glossary of
terms, site-specific soil properties, references, and site-
specific natural phenomena loads and addresses both
underground tanks and piping. This document will be
referenced in all project design letters of instruction and
specifications issued to vendors and contractors alike.

SUMMARY

Seldom do projects develop guidance documents as
described above. This task gave the Hanford integrated
conti actor team the opportunity to plan and prepare for
th^ stiuciural analysis of the tanks before actually
embarking on the analyses of record. This project also
had another advantage in that the conceptual-through-
detail-design process was the responsibility of the Site
contractor - Kaiser Engineers Hanford. This staff
worked in a teaming environment with Westinghouse
Hanford Company staff not only to develop the analysis
plan, but also to prepare the desktop procedures and
ultimately to perform the analysis of record. This
strategy forces consensus, develops depth of expertise,
enhances contractor teamwork, establishes a Site
memory of design/analysis activities, and helps to ensure
compliance to design requirements.

This activity and these documents will also provide
a basis for design of a!! future tanks and a benchmark
for the evaluation of existing tanks.
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ABSTRACT

This paper describes structural design and analysis procedures to be used for the Multi-
function Waste Tank Facility underground waste storage tanks proposed for the Hanford
Si

The Multi-function Waste Tank Facility will consist of four one-million-gallon nominal
capacity, double-shell, underground waste storage tanks and will include the associated
process and control systems and aboveground structures. The tanks will consist of an
inner primary steel tank and an outer secondary reinforced-concrete steel-lined tank. The
primary tank head will be structurally attached to the concrete dome. A supporting layer
of material will be placed between the bottom of the primary steel tank and the bottom
of the steel liner on the secondary tank.

The tank analysis is undertaken jointly by a team of engineers and analysts representing
Kaiser Engineers Hanford, the site architect/engineer, and Westinghouse Hanford
Company, the site management and operating contractor. This analysis is planned in
several phases. Heat transfer solutions will address the anticipated mixing pump and
cyclic fill/drain environment to provide steel and concrete temperature distributions.
With this information, an in situ static analysis of the reinforced-concrete secondary tank
will be carried out over the structure design life and will give material states and
deformations along with strength and stability checks. Seismic analysis, accounting for
soil-structure interaction and liquid loads, will be conducted with the most conservative
material state, and the in situ deformations will be incorporated. Finally, penetrations
and other components will be analyzed.

INTRODUCTION

HISTORY
Buried waste tanks are used to store high-

level radioactive waste at the U.S. Department of
Energy (DOE) Hanford Site near Richland,
Washington. Current waste volume projections
show a need for additional tank space. New tanks
are to be built under project W236A, the Multi-
function Waste Tank Facility (MWTF). The design
and analysis of the MWTF tanks is the topic of
this paper.

The Hanford Site has 50 years of experience
with buried waste tanks. From 1943 to 1964, 149
single-shell buried waste tanks (SST) were
constructed at Hanford. These SSTs are cylindrical
tanks with capacities from 55,000 to 1,000,000
gallons. The SST design is a reinforced-concrete
structure lined with steel at the sidewalls and base.

The single-shell design was improved with
the addition of an internal steel tank to form a
double-shell tank. From 1968 to 1986, 28 double-
shell buried waste tanks (DST) were constructed at
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the Hanford Site. These cylindrical tanks have a nominal
capacity of 1,000,000 gal.

The reinforced-concrete structure with the
steel liner at the base and sides is now the secondary
confinement structure. The primary confinement structure
is a complete internal steel tank. There is a gap at the
side walls between the primary and secondary tanks. The
ellipsoidal dome of the primary steel tank is anchored to
the reinforced concrete dome of the secondary
confinement structure. A refractory slab separates the
base of the primary storage tank and the secondary
confinement, protecting the concrete foundation from the
high temperatures (up to 1,100 °F) associated with stress-
relieving the welded carbon steel tanks.

MULTI-FUNCTION WASTE TANK FACILITY
The MWTF project will provide four new DSTs,

a ventilation support facility, a weather enclosure over
the tanks, and an administration building with control
room.

The MWTF DSTs are similar to the previous
generation of DST (Figure 1). The tank outer structure
is a reinforced-concrete cylinder resting on e reinforced-
concrete base mat. The all-welded secondary steel liner
is anchored to the side-walls and rests on the foundation
mat. The primary tank is a 75-ft diameter, 49-ft high all-
welded metal structure contained within the reinforced-
concrete tank. The secondary liner will be structurally
attached to the cylindrical portion of the concrete tank.
The liner will terminate at a point of tangency to the
primary tank head. There will be no mechanical
attachment between the primary tank and the secondary
steel liner. The vertical walls of the primary tank ard the
secondary liner will be separated by a 30-in. annular
space that will be ventilated. The primary tank is also
ventilated.

The major design change in the new generation of
DST is the tank material. The primary steel tank and
secondary liner will be 304L stainless steel instead of
carbon steel. Carbon steel was used in previous DSTs
where an alkaline waste environment existed. Carbon
steel is not considered satisfactory for use in the MWTF
primary tanks with a contained waste pH range of 5 to
14 + .

As no stress-relieving will be done on the
stainless steel, the supporting slab no longer needs
to be a refractory material. This pad will be reinforced
concrete. Radial slots in the pad surface provide access
for inspection of the primary tank base, channels for
ventilation airflow, and leak-collection paths.

The primary steel tank will resist hydrosta1 c
and hydrodynamic loads. The reinforced, steel-lined
concrete tank and dome will carry surface live loads
and static and dynamic soil loads.

The primary tank will have mixer pumps to
maintain solids in suspension. Penetrations
accommodate pumps, thermocouples, samplers,
spares, and construction access. All penetrations
will be located in the tank dome, either into the
primary tank or into the annulus space.

The new tank farm project is in Title 1 design,
preliminary definitive design, which started in January
1993. Title 2, detailed definitive design, start:;
February 1, 1994. The primary tank design
specification is scheduled for issue in 1994 to support
a construction start in 1995. Results given in this
paper are preliminary, based on data deveV-ped and
analyses performed in conceptual and preliminary
design, which are still in progress.

DESIGN CRITERIA

FUNCTIONAL
Normal operating conditions as identified in

the project design criteria are as follows.

• Nominal tank capacity is one million gallons.
• Temperature limits are 250 °F in primary tank

steel,and concrete walls and footing; 200 °F in
haunch and dome, steel and concrete.

• Heat generation is 1.25 million BTU/hr.
• Dome space pressure range is +60 in. water to

-12 in. water.
• Earth cover, based on radiation shielding

requirements, is presently 7 ft.
• Live load is a maximum of 40 lbf/ft2 plus a 50-

ton concentrated load at any point.
• Fill-and-drain cycling is established at four

cycles per year.
• Tank design life is 50 years.

The primary tank and the supporting pad are
identified as safety class items in accordance with the
definitions of DOE Order 6430.1A [ 1].

Safety class structures are required to be
designedfor dynamic loads. Although the secondary
tank and the steel liner are not classified as safety
class items, they wil! be designed as seismic safety
class structures, because the secondary tank supports
the soil overburden and live load above the safety
class primary tank.
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DESIGN CODES AND STANDARDS
The stainless steel primary tank is being

designed and will be constructed to the American
SocHy of Mechanical Engineers (ASME) Boiler and
Pressure Vessel Code [2], Section III, Subsection NC,
Article NC-3900. Stress evaluation will be performed
per Article NC-3200 rules, and the results of the
evaluation will be used to develop the design
specification for NC-3900 design.

The primary tank dome which is anchored to
concrete must accommodate the deformation of the
concrete tank to prevent the tearing of the steel plate.
The strain-based acceptance criteria in ASME Code
Section III, Division 2, Subsection CC (applicable to
nuclear power plant primary containment liner) were
examined. Conversion of the strain limits to a stress
limit (by multiplication of strain by elastic modulus),
with the dome assumed to remain elastic, provided a
higher stress limit than that applicable to NC-3200
design. Therefore, acceptance criteria for NC-3200
design may be used for both primary and secondary
stresses in the dome.

The reinforced-concrete secondary tank and
supporting pad are being designed and will be
constructed to American Concrete Institute (ACI)
349-90 [3].

The stainless steel secondary liner will be
designed to the ASME Code, Section 111, Division 2,
Subsection CC.

ANALYSIS PROCEDURE

OVERVIEW
The analysis of the MWTF Project waste storage

tanks will consist of six primary analysis phases or
activities:

• Tanks Seismic Experts Panel
(TSEP) compliance

• Thermal/heat transfer
• Thermal/creep
• Soil-structure interaction (SSI)
• Combined load case model
• Components.

Because each of the analysis activities involves
unique computer models or unique variations of similar
models (Figure 2), it was decided early in the design to
provide a common database model for all analyses that
would be used to "freeze" the tank geometry. Changes
that evolved dunng the progress of design then could be

coordinated (manually or electronically) among the
various analysis teams. This procedure required that
one individual be responsible for maintaining the
database model and coordinating changes with all of
the other analysts. This coordination provides
assurance that all analysts are working with the same
basic tank geometry at all stages of the design
process.

DATABASE MODEL
The database model is an axisymmetnc model

of the primary tank, secondary liner, secondary tank
and the supporting pad. Soil effects are represented
by springs. Two-dimensional (2D) quadratic shell
elements are used to represent the concrete.
Reinforcing steel is accounted for in the model. The
steel liner and tank are modeled with axisymmetric
shell elements. Where the steel plate is anchored to
concrete, coincident nodes are constrained. Where
there is no anchorage between surfaces in contact,
the sliding gap interface is modeled. Overburden is
lepresented by applied loads.

No piping, penetrations or other appurten-
ances are modeled. These will all be addressed by
submodels consistent with the reference model.

The reference model (Figure 3) used for
analysis is based on the ABAQUS finite-element
model built to analyze an existing DST, and on an
Autocad drawing file of the new tank configuration.
Both the Autocad file and the ABAQUS file were
imported into another finite-element modeler,
COSMOS. The node and element configuration from
the previous model and the geometry from the
drawing were used to produce the geometry
keypoints of the database model.

Use of the database model as a reference
model by all analysts offers consistency in node and
element location. This facilitates combination of
results or application of the results of one analysis
as input to another. This model will also be used
directly for the thermal/creep analysis of the tank.

A version of the database model that adds
soil elements will be used for the SSI analysis.

TSEP COMPLIANCE
The MWTF project is one of the first DOE

facilities to incorporate Brookhaven National
Laboratories (BNL) 52361, Seismic Design and
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Evaluation Guidelines for DOE High-Level Waste
Storage Tanks and Appurtenances, the TSEP guide-
lines [4].

Compliance with the TSEP guidelines as they
relate to the seismic design and analysis of the
primary tank has been examined. These include
calculations for hydrodyuaraic impulsive, convective,
and vertical pressures of the contained fluid under
the seismic loading conditions. Figure 4 shows the
variation of these respective dynamic tank wall
pressures with respect to height above tank bottom.
These pressures were derived by using the methodology
presented in Chapter 4 of the TSEP Guidelines.

In addition, a simplified lumped-parameter
ANSYS model of the waste tank was developed with
the methodology in Chapter 6 and Appendix G of the
TSEP Guidelines for use in a simplified SSI analysis.
This model will be used for parametric evaluations and
to assure the validity of the more detailed three-
dimensional (3D) SSI analyses described below.

THERMAL/HEAT TRANSFER ANALYSIS
The thermal/heat transfer analysis is done with a

model based on the same geometry as the reference
model (Figure 3). A ; iliminary analysis used a 2D
axisymmetric model of the tank air spaces and
surrounding soil column to analyze a full tank in normal
operation. A cylindrical column of soil extending 70 ft
radially outward from the tank centerline and 200 ft
down from the soil surface to the water table provides a
heat sink. Heat transfer by radiation and convection
was included in the model. Heat removal by
evaporation was calculated separately.

The results indicated the limiting requirement is
the 200 CF maximum temperature in the haunch area.
This temperature effectively limits the temperature of
the waste surface to 200 °F. Results of this analysis
were used as a basis for evaluating the design of the
primary tank ventilation system.

During Title 1 design, a separate continuum
fluid dynamics analysis of the gas space was
performed. The results are used in the finite-element
analysis of the tank plus soil column. Normal steady-
state, normal transient, and accident transient cases
must still be evaluated. Results of these analyses will
be translated into nodal tempera-tures on the finite-
element stress model.

THERMAL/CREEP ANALYSIS
A thermal/creep analysis of the secondary

concrete structure surrounding the steel primary tank
identifies the long-term creep effects and thermal
degradation of the concrete structure over the 50-year
life. This analysis is required because the concrete
will be exposed to thermal transients and to
temperatures in excess of 150 °F.

Thermal/creep effects are inelastic strains
thai accumulate in time under load at a rate
increasing with temperature. Not only does creep
increase structure deflections, but it also results in a
reduced load-carrying capacity. Temperature
gradients in the concrete from steady-state operating
conditions in combination with thermal transients can
contribute to the progression of cracking in the
concrete. The analysis will provide cracked section
properties, crack patterns, and deformations at the
beginning and end of life. These will be used as
initial conditions for the seismic analysis.

An ABAQUS/ANACAP-U model has been
developed to perform the thermal/creep analysis of
the MWTF waste storage tanks. This analysis, based
on previous analyses performed for other tank farms
at Hanford, will use the reinforced-concrete and
creep fonnulations appropriate to Hanford concrete.
These previous analyses used axisymmetric and
quadratic elements for the concrete.

The ABAQUS/ANACAP-U model of the
MWTF DST consists of an axisymmetric model with
quadratic elements representing the concrete, shell
elements representing the steel plate, and reinforcing
elements representing the steel reinforcing of the
concrete. Loading will consist of dead loads, soil
overburden, and worst-case thermal transients and
gradients developed in the thermal/heat transfer
analysis. Soil springs along the side walls and
bottom of the tank were developed from soil
properties as described below.

The thermal/creep analysis requires that the
analyst account for the degraded properties of the
concrete versus time and temperature. The
ANACAP-U material properties subroutine of the
ABAQUS analysis was developed using testing and
statistical characterizations performed on Hanford
concrete [5]. The ANA.CAP-U formulation, also in
agreement with data other than that developed
specifically for the Hanford corcrete, is conservative
with respect to the Hanford concrete tests [6].
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SOIL-STRUCTURE INTERACTION ANALYSIS
Preliminary SSI analyses will rely on dynamic

soil properties developed for the Hanford Waste
Vitrification Plant (HWVP) located approximately 1/2
mile from the site of the MWTF. In addition, an
extensive geotechnical investigation to determine soil
properties as well as the statistical variation of selected
properties has been initiated at the MWTF site. The
soils testing program for the MWTF used the TSEP
document as a guideline in establishing the critical soil
parameters to be determined. These include static
properties, dynamic properties, thermal properties, and
cathodic protection characteristics.

The TSEP guidelines indicate that tank-to-tank
interaction effects can be neglected if the tanks are
separated by at least one-half radius. Because the
MWTF project is one of the first DOE projects to apply
the TSEP guidelines, the SSI analysis team felt it
pnident to perform 2D parametric SASSI analyses to
verify the applicability of the "one-half radius rule."

Initially, a soil column model was developed
from the preliminary HWVP soils data. The soil
column analysis provided iterated strain-dependent
soil properties and control motion input for the 2D
SASSI model. Then an ANSYS stick model was used
to determine the fundamental frequency of the
concrete tank for comparison to the 2D SASSI model.

The SASSI analysis will account for impulsive
fluid mass, tank stiffness, and vertical and horizontal
earthquake motions. Critical forces, moments and
accelerations at selected nodes will be compared on
models with one and with two tanks and at varied
separation distances to determine interaction effects and
optimal spacing distance.

Preliminary results at this site indicate that
the tank separation distance should be increased to one
radius or greater before tank-to-tank interaction effects
can be neglected. Further interaction studies are
underway.

A 3D SASSI model has been developed for use
in the SSI analysis of the MWTF tanks. The model
consists of solid elements for the soil above the spread
footing, solid elements representing the concrete
structure, shell elements representing the secondary
liner and primary tank, and mass elements representing
the fluid mass of the contained wastes.

The SASSI analyses will be performed in two
steps. First, the model will be used to develop soil-

structure seismic interaction effects in terms of
dynamic lateral soil pressures, deformations, and
internal shears, forces and moments. These will be
used in a subsequent, more detailed ABAQUS model
of the tank where all load cases will be combined.

In addition, acceleration response spectra at
selected locations in the tank will be developed from
the SASSI analysis for use in design and analysis of
equipment mounted on the tank.

COMBINED MODEL ANALYSIS
An ABAQUS model, possibly the thermal/

creep model with additional detail, will be used in
performing load-combination evaluations of the tank.
To determine conservative reactions and stresses,
loads will be applied at the end of tank life.

COMPONENT ANALYSES
Analyses will also be performed on tank

components and sections. Primary tank buckling is
evaluated with an axisymmetric ANSYS shell model
of the primary tank. Effects of dome penetrations
are examined with a 3D partial ANSYS model
(Figure 5) of the tank dome and sides with the
largest penetrations modeled. Local effects will be
addressed by submodels of the penetration areas.

Any portions of the secondary concrete
structure that require more resolution than is
available in the generic or combined models, such as
the haunch and knuckle areas, will also be addressed
by detailed submodels. Boundary conditions will be
taken from the overall structure analyses. The risers,
vaults and piping will be evaluated separately. The
supporting pad is included in the generic and
combined models, but may require additional
evaluation.

DESIGN PROCEDURE

GENERAL
The results of the various Title 1 and Title 2

analyses discussed in the previous sections of this
paper will be used in preparing the detailed design
drawings and the construction specifications. In
addition, loads will be developed for inclusion in
the ASME-Certified Design Specification. This
specification will be given to the fabricator for use
in the design and construction of the primary tank.

PRIMARY TANK
Analysis results, which will include tank

stresses and internal forces from the ANSYS model
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evaluation of the primary tank, will be compared to the
stress criteria in ASME Section III, Division 1,
Subsection NC-3200. Minimum plate thicknesses and
tank configurations will be selected as a basis for the
design of the primary tank and will be verified by the
tank fabricator who, as previously noted, will design to
the rules of NC-3900. The fabricator will then submit
an ASME Certified Design Report.

SECONDARY LINER
The arilysis of the secondary liner will provide

plate stresses, strains, deformations, and anchor stresses
that will be compared to the allowables of ASME
Section III, Division 2, Subsection CC-3000 rules for
metal liners. Detailed liner drawings and construction
specifications will be prepared for use by the fabricator
in the construction of the liner. It will be the
fabricator's responsibility to ensure that the liner will
withstand the loads imposed during construction (e.g.,
concrete pour loads).

SECONDARY CONCRETE STRUCTURE
Detailed design drawings and construction

specifications for the secondary concrete structure
will also be prepared. The combined concrete structure
analysis will provide the deformations, shears, forces
and moments. These will be used to define concrete
section dimensions and reinforcement requirements for
the secondary concrete structure dome, walls,
supporting pad, and foundation mat, based on the
requirements of ACI 349-90.

CONSTRUCTION

GENERAL
It is anticipated that the construction sequence

for the MWTF waste storage tanks will proceed in a
fashion similar to previous tank farm projects at the
Hanford Site. The first step will be site grading and
excavation of a large pit to accommodate the
construction of the four tanks. On the MWTF project,
a shoring system will be employed to allow the
concurrent construction of the adjacent at-grade support
facility structure.

After preparation of the subgrade at the
bottom of the pit, the foundation mats for the tanks will
be constructed. The bottom of the secondary liner will
then be fabricated on a system of raised shoring and
will be lowered onto the finished foundation. The
concrete of the supporting pad will be placed on top of
the secondary liner bottom and around the previously
fabricated annulus air ducts. The top surface of the
supporting pad will be formed for the ventilation/leak

detection and in-service non-destructive examination
slots.

Once the supporting pad has cured
sufficiently, the bottom of the primary tank will be
fabricated and lowered into position on the
supporting pad. The remainder of the primary tank
and the secondary liner walls will then be fabricated.
Finally, the dome of the primary tank will be
fabricated at ground level, either adjacent to the tank
or inside it. The dome will be lifted into place and
welded to the tank walls.

Wall and dome reinforcing for the secondary
concrete structure will be placed, the forms installed,
and the concrete placed (the wall of the secondary
liner and the dome of the primary tank will be used
as inner forms for the concrete). To offset the
placement pressures of the fluid concrete during the
dome pour, the primary tank will be filled with
water. This process will occur concurrently with the
hydrostatic leak test of the primary tank.

On completion of the secondary concrete
structure and after sufficient cure time, the space
around the tanks will be backfilled up to the dome
level. Tank penetration risers, vaults, pits, and
piping will be placed, and final backfill will occur.

A photograph of previous tank farm
construction activity in the mid-1980's is included
as Figure 6.
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STRUCTURAL DESIGN REQUIREMENTS AND GUIDELINES
FOR THE MULTI-FUNCTIONAL WASTE TANKS

Harry P. Shrivastava
Evan O. Weiner

Westinghouse Hanford Company
P.O. Box 1970, H5-55
Richland, VVA 99352

ABSTRACT

Structural design requirements and guidelines are synthesized for the Multi-function
Waste Tank Facility underground waste storage tanks proposed for the Hanford Site
near Richland, Washington. The governing structural design requirements are
delineated in the following -.pplicable documents: Department of Energy Order
6430.1A; UCRL-15910, Revision 1; the Tank Seismic Experts Panel "Seismic Design
and Evaluation Guidelines for DOE High Level Waste Storage Tanks and
Appurtenances"; and the consensus national codes, e.g., American Society of
Mechanical Engineers Section III and American Concrete Institute 349.

The Multi-function Waste Tank Facility consists of four one-million- gallon nominal
capacity, double-shell, underground tanks, and includes the associated process and
control systems and aboveground structures. The tanks consist of an inner primary
stainless steel tank and an outer secondary reinforced-concrete stainless steel-lined
tank. The primary tank is attached structurally to the concrete dome. A supporting
reinforced-concrete pad is placed between the bottom of the primary steel tank and the
bottom of the steel liner on the secondary tank.

INTRODUCTION

This paper briefly describes the structural
evaluation process and provides guidance on the
analysis sequence required for satisfying requirements
of the design code? used for the design and construction
of the primary and secondary tanks, and the secondary
liner for the Multi-function Waste Tank Facility
(MWTF) Project at the Hanford Site near Richland,
Washington.

U.S. Department of Enerigy (DOE) Order
6430.1A [1] provides general design guidelines for
DOE facilities, and UCRL-15910 [2] provides specific
guidelines for evaluating the effects of natural
phenomena hazards. These two documents do not
discuss the special structural requirements relating
to the design and analysis of underground tanks and
structures. The recently issued draft "Seismic Design
and Evaluation Guidelines for DOE High-Level Waste
Storage Tauks and Appurtenances" [3] , prepared by

the Tanks Seismic Experts Panel (TSEP), provides
design and evaluation guidelines for the earthquake-
induced loading. The TSEP Guidelines, however, do
not address other design and operating loads such as
soil overburden, that are critical in combination with
seismic loadings, for underground high-level waste
(HLW) storage tank design.

DESCRIPTION OF MWTF TANKS
The MWTF consists of four one-million-

gallon nominal capacity, double-shell, underground
tanks and includes the associated process and control
systems and aboveground structures. The
underground tanks, as shown in Figure 1, consist of
two main concentric cylindrical structures: an inner,
primary steel tank and an outer, secondary
reinforced-concrete steel-lined tank. The primary
steel tank contains the liquid waste, and the
secondary u eel-lined concrete tank serves as a
secondary or redundant barrier to confine the
radioactive fluid in the event of failure of the primary
tank. The primary steel tank is designed to resist
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hydrostatic and hydrodynamic loads. The reinforced,
steel-lined concrete tank and dome is designed to carry
surface live loads and static and dynamic soil loads.
The reference material for the primary tank and
secondary liner is 304L stainless steel.

The primary tank head is attached structurally
to the concrete dome. During construction, the upper
surface of the steel tank head serves as a construction
form for the concrete dome.

The primary tank contains mixer pumps to
maintain solids in suspension. The primary tank is
ventilated to remove heat generated by these mixer
pumps and by radiolytic decay. The water vapor
removed from the primary tank is extracted by the
condensing system and returned to the primary tank.

The secondary liner is attached structurally to
the cylindrical portion of the concrete tank. The liner
terminates at a point of tangency to the primary tank
head. There is no mechanical attachment between the
primary tank and the secondary steel liner. A
supporting reinforced-concrete pad is placed between
the bottom of the primary steel tank and the bottom of
the steel liner on the secondary tank.

The vertical walls of the primary tank and
the secondary liner are separated by a 30-inch
annular space that is ventilated to remove heat. The
total heat-removal capacity of the primary and
annul us ventilation systems is sufficient to
accommodate the maximum predicted heat-generation
rate given by the functional design criteria (FDC)
14].

The FDC requirements relevant to tank structural
analyses are listed below.

• The stainless steel primary tank is designed
per the American Society of Mechanical
Engineers (ASME) Code, Section III.

• The stainless steel secondary liner is
designed per the ASME Code, Section 111,
Division 2, Section CC.

• An evaluation of thermal transient effects
needs to be made to establish the maximum
number of Fill cycles on the basis of the
assumption that the ventilation systems are
operating at design capacity.

• The range of design/operating conditions
are:

Primary Tank:
Capacity

Specific Gravity of Liquid
Temperature Limit

Figure 1. W236A HLW Tank Configuration

Heat Generation
Corrosion
Pressure in the vapor space

Secondary Tank:
Pressure
Temperature

Design Life

1.16 million
gallons
1.6
250 °F in primary
tank steel
including lower
knuckle, 200 °F
in haunch and
dome steel
2.6 million Btu/hr
0.4 mil/yr
-12 to +60 in of
water

Same as above
200 °F in haunch
and dome 250 °F
in wall and footing
50 years
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DESIGN REQUIREMENTS OF DOE ORDER
6430.1 A

General design and evaluation guidelines are
provided by DOE Order 6430.1 A. Safety class
structures are required to be protected against dynamic
effects, including effects of wind-driven missiles and
discharging fluids. Earthquakes, tornados, straight
winds and floods need to be addressed. Potential
nonunifonn distribution of decay heat must be
considered in the design, and fatigue analysis is
required where temperature cycling occurs. The DOE
order further requires confinement structures to be
designed to withstand aircraft crashes, a major
explosion at a nearby facility or transportation route,
and internally generated missiles or blast loading unless
the safety analysis demonstrates no risk.

The DOE Order 6430.1A requires safety class
structures to be evaluated in accordance with load
combinations provided in UCRL-15910. New concrete
structures must be designed and constructed to meet the
requirements of American Concrete Institute (ACI) Zvi.
Safety class steel structures .are to meet the design and
construction requirements of American Institute of Steel
Construction (AISC) N690. The ASME Boiler and
Pressure Vessel Code, Section III, or other comparable
safety-related codes must be used to design safety class
items.

Specific guidelines for protection against
natunl phenomena hazards and for seismic evaluation
of underground tanks and structures are available in
UCRL-15910. This document provides criteria for
evaluating the effects or earthquake, wind, and flood on
DOE facilities. The applicability of UCRL-15910
guidelines to these new underground tanks is limited to
the wind loading during construction and seismic effects
on the underground structures. Flood loading is not a
concern as the tanks will be located well above the
elevation of the flood-affected zone of the Columbia
River. The TSEP Guidelines are directed specifically at
seismic evaluation of underground tanks, and the
seismic evaluation guidelines provided herein are based
on them.

APPLICABLE CODES

In accordance with the FDC, the primary and
secondary tanks are treated as safety class structures.
The code-selection process for metal tanks, beyond the
general requirements of DOE Order 6430.1 A and the
FDC, is given in Reference [6]. It recommends ASME

Code, Section III, Subsection NC [71 for the primary
tank design and construction and the ASME Code,
Section III, Division 2, Subsection CC [8] for the
secondary liner.

PRIMARY TANK
The subarticles of Subsection NC directly

applicable to storage tanks are NC-3800 and NC-
3900. NC-3800 provides design rules for vertical,
cylindrical, flat-bottom, atmospheric storage tanks,
and NC-3900 addresses 0-15 lbf/in2 tanks. These
rules generally are applicable to aboveground tanks,
but may also be used for these underground tanks as
they are not subjected to external pressure from earth
or fill.

The MWTF tanks fall into the NC-3900
class of tanks. NC-3900 currently limits the design
temperature to 200 °F. A code inquiry to raise this
limit to 250 °F has been approved and will be
published soon in the ASME Mechanical Engineering
magazine as code case N-511. As required by the
ASME Code, the N Certificate Holder is responsible
for evaluating all loading conditions specified in the
design specification and for providing a certified
design report as required by NC-3900.

The MWTF tanks are restrained vertically at
both the top and bottom, and the top ellipsoidal head
is anchored to the concrete dome at relatively close
intervals. This configuration differs significantly
from aboveground NC-3900 tanks and requires an
evaluation of stresses resulting from thermal effects
and creep displacement of concrete. These stresses
are secondary in nature, and no acceptance criteria
ari specified by NC-3900. Therefore, NC-3200
rules are used to evaluate both mechanical and
thermal stresses. Evaluations of secondary stresses
use stress limits of Appendix XIII, and fatigue
evaluation may use Appendix XIV rules, if required.
The local seismic anchor loads on the primary tank
are considered primary.

The detailed stress analyses per NC-3200
rules are performed to provide a basis for specifying
the design loads in the design specification required
by the N Certificate holder.

SECONDARY LINER
ASME Code, Section III, Division 2,

Subsection CC has been selected for designing the
secc . lary liner as this code addresses steei-lined
concrete containments for nuclear power plants and
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contains specific design rules for the leak-tight, metallic
liners. If the lower knuckle of the liner is not backed
by the concrete, rules of the ASME Code, Section III,
Subsection NC, may be used to design the lower
knuckle.

SECONDARY TANK
The reinforced-conciete tank is to be designed

and constructed in accordance with ACI 349. The ACI
Code limits the concrete temperature to 150 °F unless
material tests are provided. Time- and temperature-
dependent concrete properties must be considered in the
design analyses. The effects of concrete cracking,
temperature gradient, and time-dependent variations of
temperature distribution need be analyzed.

ACI 349 provides minimum requirements for
reinforced-concrete design or construction in
applications where protection against potential
radioactive releases is a concern. Some unique
structures, such as the MWTF, involve singular
problems not covered by the Code. However, many
Code provisions such as those governing concrete
quality and design principles are applicable for these
structures.

TANK DESIGN LOADS

CONSTRUCTION LOADS
During construction, the primary tank, the

secondary liner, and the secondary concrete tank are
subjected to a variety of loads, e.g., wind loads,
concrete placement loads, and construction equipment
loads. The detailed evaluation of construction loads are
to be included in the constructor's design report.

OPERATEJG AND NATURAL HAZARD LOADS
A preliminary safety analysis did not require

accidents such as aircraft impact, nearby explosions,
and postulated internal explosions to be considered in
the design of these tanks. The tank system, therefore,
are qualified for the following loadings.

DESIGN PRESSURE
In addition to the design pressures for the

primary tank, the FDC further specifies that the
secondary tank must be designed for the same pressure
loads as those for the primary tank. If vapor pressure
is assumed to be equal to 60 in. of water and annulus
pressure equal to -12 in. of water, the design pressure
to be used for the primary tank is 72 in. of water at the
top of the tank. The total pressure on the tank wall is
the sum of this vapor pressure and the static liquid head
based on a slurry specific gravity of 1.6. The

secondary tank and the secondary liner are designed
to a normal pressure in the annulus of -12 in. of
water. This load is treated as a live load. In the
most unlikely event of primary tank failure, the
slurry must be contained by the secondary tank. The
secondary tank wall pressure above the liquid surface
is then 60 in. of water, and the static liquid head is
included for wall pressures below the liquid surface.
As this is an abnormal condition, the pressure
loading is categorized as P, in accordance with
loading definition in ACI 349.

In accordance with NC-6500, the primary
tank hydrostatic test pressure under the topmost point
in the roof should be 1.25 times the design pressure
as calculated above which the vapor space is
designed to withstand when the tank filled to its
specified high liquid level. The testing condition is
to be analyzed by the constructor.

DEAD LOAD
High-level waste tanks are designed for dead

loads associated with the self-weight of the structure.
The secondary tank self-weight load comes from the
concrete dome, walls, and foundation along with the
steel liners of the primary and secondary tanks.

LIVE LOAD
HLW tanks are also designed for live loads

consisting of a uniformly distributed surface load of
40 Ibf/fr2 and a 50-ton concentrated surface load.
The latter is placed at the point where maximum
effect occurs on the secondary tank concrete dome.
To ensure that the maximum stresses are determined,
live load stress evaluations are required to consider
the effect of eccentric application of the concentrated
loading on the primary and secondary structures.

The design basis ashfall loading is specified
to be 24 lb/ft2. This load is added to the, above live
loads. Unbalanced ashfall loads from drifting is also
considered.

SOIL LOADS
HLW tanks are designed for static and

dynamic soil loads as defined below.

9 Detailed soil mechanical properties are to be
determined by means of borings, test pits,
triaxial shear tests, or other approved field
and laboratory n.athods. Unless determined
by site sp>\ .fie subsurface evaluation, a soil
density of 120 lbf/ft3 is used for the soil
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overburden. Soil bearing information from the
site subsurface investigation must be used for
foundation design.

• The effect of dynamic earth pressures is
required to be considered in the design of
HLW tanks.

• High level waste tank walls are designed for
lateral at-rest earth pressures. Load
distribution with depth is based on classical
earth-pressure theory. Superimposed lateral
pressures resulting from uniform and
concentrated surcharge loadings are calculated
by using at-rest pressure coefficients.
Consideration is given to passive or active soil
loading produced by thermal growth or
contraction.

• The soil weight inside an extended cylinder
above the tank wall is applied as a distributed
vertical load on the dome. The construction
backfill procedure should be written to control
the backfill placement such that this loading
assumption is valid. The overburden load
depends on the soil placement procedure. If
the backfill placement is ... t controlled, the soil
outside the cylinder may contribute to the dome
load. Consideration is given to the uncertainty
in the soil loading resulting from soil
placement effects and arching.

THERMAL LOADING
High level waste tanks are designed for

structural loads resulting from transient and steady
thermal effects. The design must account for degraded
material properties at the highest structure temperatures.
The structural evaluation should consider the maximum
temperature to which the structure is exposed, the
degraded material properties at temperature, and
stresses resulting from differential thermal expansion.

Heat-transfer analyses are performed to obtain
the temperature distributions in the structural
components. The results of these analyses, which
include both normal and off-normal events, are used to
evaluate the thermal effects.

The primary tank is to be designed for four
fill-and-drain cycles per year with 1,100,000 gallons of
HLW at an ambient fluid temperature 200 °F, a
maximum fill-and-drain rate of 160 gal\min, a viscosity
of 10.0 cP, solids of 30 percent by volume. The design
life of the tank is required to be 50 years. The total

number of fill and drain cycles to be considered is
thus 200. The design temperature for the primary
tank is specified to be 250 °F.

The secondary tank is also analyzed for the
temperature distribution occurring as a result of the
postulated primary tank failure. Structural evaluation
of the primary tank and the secondary liner must
include the effects of secondary tank deformations.

THERMAL CREEP OF SECONDARY TANK
The secondary tank is designed for the

effects of concrete creep. The design for concrete
creep effects considers the factors that influence
creep, e.g., loading history, water-cement ratio of
the concrete, exposure of the concrete to drying
conditions, and exposure to high temperatures.
Time- dependent creep analyses of the HLW concrete
secondary tanks must include the effects of creep,
temperature variations, cracking and large
displacements. Analyses consider initial
imperfections and decentering operations during the
construction sequence.

SEISMIC LOADING
HLW tanks are designed for a site-specific

design-basis earthquake (DBE) response spectrum.
The design response spectrum is applied in one
horizontal direction for the axisymmetric tanks. For
vertical motion, the design response spectrum is
taken as 2/3 the horizontal spectrum over the entire
range of frequencies.

The underground HLW tanks are designed
for elastic response and response level 3 damping as
shown in the following table. Response levels 1 and
2 are used in support structures to obtain equipment
loading.

The seismic loading is a service level D
loading for the primary tank. For the secondary tank
and the secondary liner, this loading is considered the
safe-shutdown earthquake (E!8) loading.

As the leak tightness of the secondary liner
is a design requirement, the seismic displacements of
the secondary tank must be accommodated by the
secondary liner without exceeding the applicable
stress/strain limits of the ASME Code, Section III,
Division 2, Subsection CC.

Fourth DOE Natural Phenomena Hazards Mitigation Conference - 1993

623



Table 1. Response Level and Damping

Response Level 1 2

Primary Tank and
Secondary Liner:

Liquid containing
metal tank

Impulsive mode

Sloshing mode

2%

0.5%

3%

0.5%

3

4%

0.5%

Secondary Tank:

Reinforced-
concrete
structure

4% 7% 10%

EQUIPMENT AND PIPING LOADS
The loads imposed on the tank dome by large

equipment, e.g. mixing pumps, may be significant and,
therefore, must be included in the tank structural
evaluation. Similarly, the effects of piping nozzles
must be evaluated for large penetrations.

STRUCTURAL ANALYSIS OF TANKS

Each of the three components of the tank
system is being designed and constructed to different
design codes with somewhat different design/analysis
requirements. For example, the secondary tank is being
designed to ACI 349, which uses a load-factored
approach, whereas the primary tank design code
NC-3900 specifies stress limit approach for the design
and service loadings listed in the design specification.
The CC-3000, the design code for the secondary liner,
uses a combination of specified service load
combinations and load-factored design. Also, CC-3000
requires that the liner not be used as a strength element
and that it accommodate deformations of the concrete
structure without jeopardizing leak-tight integrity. Qtie
interpretation of this requirement is that the secondary
tank be designed with no credit taken for either the
strength or stiffness of the liner. These somewhat
different code requirements necessitate in the
design/analysis a certain degree of uncoupling of the
three tank components.

Another code-related issue is the complexity
of dealing with code load factors in conjunction with
nonlinear analyses that may be required if creep
effects cause significant cracking in the concrete
structure. For nonlinear analyses, individual loads
cannot be analyzer! separately and later combined
with the appropriate load factors. For the secondary
tank evaluation, this issue raises the possibility that
several nonlinear analyses may be necessary, one for
each applicable load combination.

hi view of the above, both coupled and
uncoupled tank models are required. The coupled
model, which consists of primary and secondary
tanks, secondary liner, and surrounding soil, is used
to perform heat-transfer analyses and the
soil/structure interaction (SSI) analyses. The heat-
transfer analyses provide the temperature
distributions in the structural components so that the
effects of thermal stresses can be quantified. The
earthquake- induced soil pressures on the concrete
tank and the seismic response spectra at appropriate
locations of the primary tank can be obtained from
the SSI analyses.

Once the temperature, seismic data and
interface anchor loads are defined from the coupled
model analyses, the three components of the tank
system can be analyzed separately with uncoupled
models.

SECONDARY TANK ANALYSIS
The secondary tank is analyzed for thermal-

creep effects. All thermal and pressure transients are
considered either individually or by grouping them
conservatively. ACI 349 (19.2.6) simply states that
investigations of the stability of thin shells include
reduction of buckling capacity from large deflections,
creep effects, temperature, cracking, and deviations
of the mid surface. No specific margin of safety or
further detail is provided. A load factor of 2.5
against creep buckling is suggested for these Hanford
tanks in view of their thermal environment. That
load factor should be applied to the soil and
deadweight loading and not to the thermal loading
unless there is considerable uncertainty in the
thermal-expansion coefficient.

If no significant cracking is predicted, linear
elastic analyses with unit load factors can be
performed for the other applicable loads. The
section forces and moments then may be combined
using the ACI 349 load factors, and the applicable
code equations then are evaluated. If linear solutions
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are not acceptable, nonlinear analyses with factored
loads must be performed separately for each controlling
load combination. These analyses use the cracked-
section properties.

PRIMARY TANK ANALYSIS
Linear elastic analyses are performed for the

primary tank. The loadings to be applied are the design
pressure, weight of the tank and its contents, thermal,
earthquake-induced wall pressures (to be calculated by
using the response spectra obtained from the SSI
analysis and the methodology provided by the TSEP
Guidelines), and the dome deformations in the
secondary tank. The load combinations and acceptance
criteria of NC-3200 are used to evaluate the resulting
stresses.

Section 5.4 of the TSEP Guidelines calls for
limiting the axial membrane compression stress in the
tank shell to critical stresses representing both elephant-
foot and diamond-buckling failure modes. The buckling
limits of NC-3900 are more conservative than the limits
provided by the TSEP Guidelines. As the Hanford
tanks are to be code stamped, the Code procedures are
used to calculate the buckling capacity.

The slosh height must be checked against the
criteria given in the TSEP Guidelines.

SECONDARY LINER
The secondary liner is analyzed for secondary

tank deformations per Table CC-3230-1 which provides
the required load combinations. The calculated stresses
and strains are compared with the Code limits provide
in Table CC-3720-1.
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STRUCTURAL ANALYSIS AND EVALUATION OF A MIXER PUMP
IN A DOUBLE-SHELL TANK AT THE HANFORD SITE

M. A. Rezvani and J. P. Strehlow
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Richland, Washington

R. Baliga
ADVENT Engineering Services, Inc.

3 Crow Canyon Road, Suite 100
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ABSTRACT

The double-shell waste tank 241-SY-101 is a 1,000,000 gallon tank used to store radioactive
waste at the Hanford Site near Richland, Washington. With time the waste has formed two
layers of sludge, a convective and a nonconvective layer. In addition, a crust has formed over
the surface of the waste, isolating the conveciive layer from the vapor space. Ongoing
reactions in the waste cause a buildup of hydrogen molecules that become trapped within the
nonconvective layer and under the crust. Over time, this hydrogen buildup increases pressure
on the crust from beneath. Every 100 to 140 days, the pressure is released when the crust lifts
upward in what is called a waste rollover. To prevent the release of a large volume of
hydrogen to the vapor space, a mixer pump has been designed to be installed in the tank to
circulate the waste and reduce or prevent the hydrogen buildup.

The structural analysis and evaluation designed as part of the hydrogen mitigation test process
and presented herein addresses the response of the mixer pump and the tank dome resulting
from expected op rational and design loads. The loads include deadweight, waste rollover,
asymmetric thrust, and pump vibration, as well as seismic loads. The seismically induced loads
take into consideration both the convective and the impulsive effects of the waste-filled tank.
The structural evaluations were performed in accordance with applicable national codes and
standards. The qualification of the mixer pump required the design of a unique mounting
assembly to transfer the loads from the pump to the surrounding soil without overstressing the
structural components such as the dome penetration riser. Also, special consideration was
given to minimize the additional stresses in the already stressed concrete tank dome.

INTRODUCTION

This paper addresses the structural analysis and
evaluation of the mixer pump components for normal,
abnormal and extreme load categories. The pump will be
installed in an underground double-shell waste tank
designated as 241-SY-101 at the Hanford Site near
Richland, Washington. The effect of the mixer pump loau
on the tank dome and the pump pit also will be addressed,
alony with the load path considered for the pump
assembly.

The tank is filled with radioactive waste material.
With time the waste has formed two layers, a convective
and a nonconvective layer; the total height of the waste
is approximately 400 in. The nonconvective layer has
formed in the bottom 200 in. as a result of the settlement
of the suspended solids in the waste. The top 200 in.
layer is waste liquid. A crust has also formed on the top
of the convective layer. The function of the pump is to
mix the two layers into one homogeneous convective
layer to eliminate the buildup of hydrogen in the
nonconvective layer.
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The nature of the waste in the underground tank
requires some approximations in definition of the various
types of loadings on the pump assembly. These
approximations in load definitions are conservative so that
the design of the testing system is safe. To envelope other
issues, the analysis takes a probabilistic approach in the
load combinations and the nonlinear characteristics of the
pump at a whole assembly level as well as at the individual
component level.

The evaluation of the lank dome includes the long-
term creep effect on the concrete and the preloaded
condition of the dome.

The paper also addresses the complexities encountered
in developing a load path between the pump and the
concrete dome and explains the techniques used to
minimize the transfer of load from the pump assembly to
the tank dome.

The tank dome has been qualified in the past for the
existing operational conditions. The unique design of the
pump support system (a mounting plate assembly with
Belville springs, a load distribution frame and the
hydraulically actuated shims) will transfer only
compressive load to the tank dome and the pump pit wall
by means of a force couple. The analysis will use finite-
element methodology for the specified loads. The
evaluation will be based on the functional design criteria
(FDC) requirement developed by Westinghouse Hanford
Company (WHC) for the hydrogen mitigation system for
tank241-SY-l01. The FDC reqmicnents were established
according to the national codes and standards and specific
U.S. Department of Energy and Hanford Site requirements
U.2].

GEOMETRY AND MATERIAL

The mixer pump weighs approximately 20,000 lbf. It
is 64-ft long, and approximately 50 ft of it is inside the
tank. It is secured to a load frame in a pump pit located
right above the apex of the tank dome. The mixer pump
has two main sections. The top section is a
16-in.-diameter schedule 30 pipe with a length of 36 ft.
The bottom section is a combination of four 6-in. schedule
80 pipes located 90° apart. The pump is installed at the
connection of the two sections (Figure 1). Both sections
are made of ASTM A53, carbon steel material. The
material properties are taken from Reference 3.

The tank dome is a reinforced concrete structure. It
is 15-in. thick at the apex; the thickness is constant in the
center portion of the tank. The inside of the concrete tank

dome is integrally connected to a carbon steel liner. The
42-in. riser through which the pump assembly is inserted
into the tank is near the apex of the dome. Therefore,
for reinforcement, minimum specified rebar was used.
The reinforcing bars are #6 at an average spacing of
10 in. radially extending on top and bottom of the dome
cross section.

The structure, which is designed to transfer most of
the loads from the pump assembly to the pump pit, is
made up of a built-up frame with 4- by 4- by 1/2-in. and
6- by 6- by 1/2-in. structural tube steel members. The
pump pit in which the load frame is installed is a
120- by 192- by 89-in. box-type structure with a
removable concrete cover slab. The thickness of the pit
floor is 16 in. and the thickness of the pit wall is 12 in.
for a certain height from the bottom, then tapers to 9 in.
at the top of the pit. The pump pit is not attached
structurally to the tank dome, but rests on the tank dome
and is surrounded by the soil above the tank dome.

LOAD CATEGORY

One of the unique elements in the analysis presented
in this paper involves defining the various types of
probable external loads the mixer pump will experience
during its operation and the simplified application of
these loads in the analysis by making conservative
assumptions and using engineering judgment. These
loads and their combinations in different load categories
are explained and tabulated below

DEAD LOAD (D)
The total weight of the pump assembly was

estimated as 20,000 lbf. In the analysis, the individual
component weight was modelled as lumped mass at the
component center of gravity. The deadweight of the load
frame was included in the analysis by using the material
density. The concrete weight of the tank dome was not
considered because the excitation of the tank dome is not
of interest in this analysis.

WASTE ROLLOVER LOADS (VI, V2)
Fluid drag force is induced m. 'he pump assembly by

the inversion (rollover) of the waste fluid during a
hydrogen release event. Calculation of the drag force is
based on a dynamic viscosity of 25,000 cP, a waste
specific gravity of 1.7, and a waste velocity of 2 ft/sec.
Through computer simulation, a velocity profi1; was
calculated as a function of depth and radial location of
components in the tank. For the mixer pump, this
velocity is conservatively considered as uniform in the
top 10 ft of the waste; the rest of the fluid depth will
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Figure 1. Double-Shell Waste Storage Tank and the Mixer Pump.

have a zero velocity field. The drag force resulting from
this velocity profile is referred to as the waste rollover
load acting on the pump assembly during normal operating
and sxtreme conditions. A velocity profile based on
2.5 ft/sec, is used in calculating the waste rollover load
under abnormal conditions.

PUMP VIBRATION LOAD (PV)
No quantitative analysis was made to determine the

magnitude of the vibration load on the pump assembly.
However, the maximum intensified stress in the pump
column was limited to an endurance limit of 12,500 lbf/in2

during normal operation. Strain gauges were installed
inside the pump column to shut the pump off automatically
should the stress at the critical section exceed the
endurance limit. For extreme load conditions, only 25 %
of the PV loading was considered.

ASYMMETRIC THRUST LOAD (R)
Asymmetric jet thrust load is applied at the nozzles

(180° apart) of the 6-in. outlet pipe assembly. This load
develops in the event that one nozzle gcis plugged and
becomes inoperable. When only one nozzle out of two is
operable, an unbalanced thrust load is created. An

unbalanced thrust force of 970 lbf with a dynamic load
factor of 2.0 (static equivalent force = 970 x 2 =
1940 lbf) is estimated at the outlet nozzle of the pump
assembly.

DESIGN-BASIS EARTHQUAKE LOAD (DBE)
The reinforced concrete tank is classified as a safety

class 1 structure. The DBE response spectra curves with
5% damping and 0.2 g zero-period acceleration (ZPA)
are used to compute the loads transmitted to the waste
tank, pump pit, and other structures in the pump pit.
The pump assembly is classified as a safety class 3
structure. The DBE response spectra curves with 5%
damping and 0.12 g ZPA are used to compute the loads
on the pump hardware.

The response spectra curves for the DBE for safety
class 1 and 3 structures are presented in Fig. 2.

Buoyancy load was not considered as a separate load
case. However, the analysis was performed for the
buoyancy load, and the results were combined with the
seismic results. The buoyancy load on the pump
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assembly is equal to the displaced waste mass times the
acceleration of the waste. For the impulsive mode, the
acceleration of the fluid is the same as the spectral
acceleration at the impulsive mode frequency of the tank.

1

~ ~I
- - Q -

s.n,
o

in

n

o — - -
_
- • -

o <

f. 100

Figure 2. Frequency (Hz) vs. Acceleration (x g) for
0.12 and 0.2 ZPA.

WASTE SLOSHING LOAD (SL)
The sloshing load on the pump, representing the effect

of the waste that moves within the tank as a result of an
earthquake was idealized as the drag force on the waste
moving at a velocity of 1 ft/sec. It is assumed that the
waste velocity is uniform from the waste surface to the
bottom of the tank. Parametric studies showed that this
velocity would result in the same reaction at the mixer
pump column as the detailed sloshing loads. The sloshing
wave frequency of 0.2 Hz is considered [4] in the
calculation of the dynamic load factor (DLF) for the
sloshing load. The combination of load cases are shown
below. The symbols for the load cases are defined above.

Category Load Combination Stress
Limit Coeff.

Normal
Abnormal
Extreme D

D +
D +

+ VI

VI +
V2 +
+ PV

PV
R
+ DBE + SL

1
1
1

.0
fi
.7

ANALYSIS

HARDWARE MODELLING
The structural analysis of the mixer pump was carried

out at the same time as the design. To minimize the
number of iterations, the noncritical members in the pump
assembly were modelled with simple beam elements and
the critical members in the pump assembly were modelled
in detail with appropriate types of elements. The tank
dome was modelled with quadrilateral shell elements with
fixed boundary conditions at the periphery of the dome
near the dome haunch region. A 42-in. penetration was
provided in the dome at its apex. The pump pit also was

modelled with quadrilateral shell elements. The pump
pit model included the 16-in.-thick pit floor and four pit
walls 12-in. thick at the base and tapered to 9-in. thick
at the top (Figure 3). The model of the tube steel frame
included 4-in. and 6-in. tube steel members mounted on
six screw jacks supported from the pit floor; the end
plates of the tube steel members were fit snugly to the
pump pit walls without any anchorage. The load frame
plate with a hole in the middle, which is welded to the
tube-steel members on its four sides, was modelled with
quadrilateral shell elements. The stick model for the
pump assembly included 16-in. schedule 30 pipe, a rigid
element to represent the pump/n.otor casing, and four
6-in. schedule 80 pipes (Figure 4). The perimeter nodes
of the pump pit floor were fixed in three translational
directions.

The penetration in the pump pit floor was connected
to the penetration in the tank dome by rigid elements
along the perimeter of the penetration hole. Because the
pump pit is resting on the dome near the penetration,
additional nodes on the pit floor were connected to the
nodes on the tank dome by spar elements to monitor any
uplift of the pump pit. The soil pressure and soil mass
surrounding the pump pit and the tank dome were
conservatively ignored.

Because excitation of the tank dome was not of
interest in this analysis, no mass was associated with the
dome. The master degrees of freedom were defined only
for the pump pit, tube-steel frame, and the pump
assembly. The lumped masses in the model were
modelled with three-dimensional (3D) mass elements.

At the mounting plate level, the pump assembly was
connected to the load frame at the mounting bolt
locations on the plate by six rigid elements. The rigid
elements were coupled to the load frame plate in
translation only. At the dome penetration level, more
than one set of boundary conditions was required
depending on the available clearance between the pump
column and the penetration liner. One set of boundary
condition for the pump assembly at the penetration level
was to decouple the pump column from the tank dome.
With that modelling approach, the pump column behaved
like an overhanging beam connected translationally at
mounting plate level only. That model was applicable at
the initial stage of the loading of the pump assembly
before the pump column came in contact with the
penetration liner. The other set of boundary condition
was to connect the pump assembly to the tank dome by
a series of spar elements along the circumference of the
penetration hole. With the second modelling approach,
the pump column behaved like a overhanging beam
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Figure 3. The Dome, the Pump Pit, and the Mixer Pump Finite-Element Model.

Figure 4. The Load Frame, the Load Frame Plate,
and the Mixer Pump Finite-Element Model.

translationaliy connected in horizontal plane to the
supporting structures at two locations (one at the
mounting plate level and the other at the penetration
level) and vertically connected to the supporting structure
only at the mounting plate level. The second model was
applicable after the pump column was in contact with the
penetration liner.

MASS MODELLING
In the seismic analysis, for the excitation of the

pump assembly in the horizontal direction, the total mass
included the pump hardware mass, entrapped fluid mass,
and the added mass. The excitation of the pump
assembly in the vertical direction was based on the pump
hardware mass only. The weight of the waste entrapped
inside the 6-in. and 16-in. tube-steel and the pump casing
were calculated on the basis of the inside volume of the
pipes and the pump casing submerged in the waste. The
added mass for different submerged components of the
pump assembly were calculated for different geometries
using equations given in Reference 5.

MATERIAL MODELLING
The following material properties were modelled.

For steel pipes and structural steel:

E.
v
y

29.0 x 106 lbf/in2

0.3
0.284 lbf/in3.

Fourth DOE Natural Phenomena Hazards Mitigation Conference -1993

630



For reinforced concrete:

4.066 x 106 lhf/in-
0.15
0.0868 lbf/in\

LOAD CALCULATION
The drag force on the submerged portion of the pump

assembly from the waste rollover was calculated with the
equation [6]

sphere

drag coefficient
area of the submerged body normal
to the fluid flow
mass density of the fluid
velocity of the fluid.

The asymmetric thrust force on any one nozzle with a
dynamic load factor of 2.0

= »940 lbf.

The 0.2 g ZPA with 5% damping was applied in all three
directions to the entire model, including the load frame,
the pump pit, the tank dome, and the pump assembly. The
results for the analysis for the pump assembly were scaled
down by 60% to obtain the response from a 0.12 g ZPA.
fhe three directional responses were combined by square-
root-sum-of-the-squares (SRSS) method. For the modal
combination in each direction, the grouping method as
defined in Ref. 7 was used.

The sloshing drag force on the pump assembly was
based on a 1 ft/sec uniform velocity along the length of the
pump submerged in the waste, and a dynamic load factor
of 1.129 was used. The range of the drag forces was
between 0.35 lbf/in and 0.95S Ibf/in depending the
diameter of the pump component.

Structural analysis of the mixer pump was performed
with the ANSYS general-purpose finite-element program.
To account for the 1/2-in. gap between the pump column
and the tank penetration liner in the dynamic analysis
without performing a time-history analysis, two separate
ANSYS models were developed, as explained ubove. In
the first analysis, the pump was allowed to displace more
than 1/2 in. from its initial position at the location of the
dome penetration. The structural response from the first

analysis was valid only when the pump was not
restrained at the dome elevation and the load transfer
path was only at the mounting plate at the load frame
location. Once the pump comes in contact with the dome
penetration, the pump boundary condition was changed
and the load transfer path was at the mounting plate as
well as at the location of the dome penetration on the
pump. The total structural response was the sum of the
partial structural response from the first analysis and the
partial structural response from the second analysis.
However, for conservatism, 100% of the response from
the second ANSYS analysis with zero gap was
considered for the abnormal load condition. The partial
response from the first ANSYS analysis was obtained by
scaling down the response from the analysis of the first
model by the ratio of the 0.5-in. available maximum gap
between the pump column and the dome penetration to
the computed lateral displacement of the pump column
from the first analysis at the dome-penetration location.
For normal load condition, the analysis showed that the
displacement of the pump column at the dome-
penetration location was less than 0.5 in.; therefore only
the first analysis was applicable for normal load. For the
extreme load condition, to minimize the conservatism in
using certain inertia effects twice, the maximum
structural response from the two ANSYS models was
considered in the structural evaluation.

RESULTS

The structural evaluation o f the critical components
in the pump assembly, i.e., discharge piping, pump
column, flange bolts between the pump mounting plate
and the load frame plate, load frame and its components
(jack screw, load frame plate and the corresponding
welds, pump pit floor and walls, and the tank dome) are
as follows. In the pump assembly, the maximum stress
occurs in the 16-in. pump column. In the load frame,
the maximum stress occurs in the 4-in. tube steel. In the
reinforced concrete pit, the maximum stress occurs in the
floor. The computed flexural stresses for different
structural components together with the allowable
stresses are tabulated in Tables 1 through 4. The
computed shear stresses in these components are less
than 50% of the limits allowed; therefore they are not
tabulated here.
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Table 1. Axial and Bending Stresses in Tube Steel.

Load
Category

Normal

Abnormal

Extreme

Total
• Bending

Stress
(lbf/in2)

28,954

44,478

48,728

Allowable
Stress

(lbf.'in2)

30,360

48,576

51,612

Table 2. Axial and Bending Stresses in 16-in. Pipe.

Load
Category

Normal

Abnormal

Extreme

Total
Bending

Stress
(lbf/in2)

15,066

25,677

37,935

Allowable
Stress

(lbf/in2)

23,100

36,960

39,270

Table 3. Maximum Equivalent Stresses in Reinforced
Concrete Structures.

Structural
Component

Pump Pit
Floor

Pump Pit
Walls

Tank Dome

Computed
Stresses
(lbf/in2)

219'

193»

240b

Stress
Capacity
(lbf/in2)

285

493

422

'Extreme load case governs.
'Abnormal load case governs.

Table 4. Maximum Shear and Bearing Stresses in
Pump Pit Wall.

Computed
Shear
Stress

(Ibf/in1)

104

Shear
Stress

Capacity
(lbf/in2)

119

Computed
Bearing
Stress

(lbf/in2)

499

Bearing
Stress

Capacity
(lbf/in2)

2,677

CONCLUSIONS

As the above tables show, all structural components
evaluated for all load cases are within the allowables.
The peak stress in the 16-in. pump column that results in
the pump vibration must be limited to 12,500 lbf/in2 at
the strain gauge location to maintain peak stress below
the endurance limit. The conclusions of the analysis of
the mixer pump are the following.

• Reasonably conservative analysis results were
obtained by a simplified application of complex
hydrodynamic loadings on the pump.

• a feasible pump support system was designed; the
design eliminated the redesign and modification of
the penetration riser.

• an automatic cutoff mechanism for the pump system
was designed by means of installing strain gauges to
limit the strain levels, corresponding to endurance
limit, at the critical location on the pump column.
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SEISMIC HAZARD ANALYSIS AT ROCKY FLATS PLANT

Robin K. McGuire
Risk Engineering, Inc.
5255 Pine Ridge Road

Golden, Colorado 80403

ABSTRACT

A probabilistic seismic hazard analysis is being conducted for the DOE Rocky Hats
Plant, Jefferson County, Colorado. This is part of the overall review of the seismic
exposure to facilities being conducted by DOE.

The study has four major elements. (1) The historical seismicity in Colorado is being
reviewed and synthesized to estimate historical rates of earthquake activity in the region
of the site. (2) The geologic and tectonic evidence in Colorado and along the Front
Range is being reviewed to determine appropriate seismic zones, potentially active
faults, and constraints on fault slip rates. (3) Earthquake ground motion equations are
being derived based on seismological knowledge of the earth's crust. Site specific soil
amplification factors are also being developed using on-site shear wave velocity
measurements. (4) The probability of exceedence of various seismic ground motion
levels is being calculated baued on the inputs developed on tectonic sources, faults,
ground motion, and soil amplification. Deterministic ground motion estimates are also
being made.

This study is a state-of-the-art analysis of seismic hazard. It incorporates uncertainties
in the major aspects governing seismic hazard, and has a documented basis founded on
solid data interpretations for the ranges of inputs used. The results will be a valid basis
on which to evaluate plant structures, equipment, and components for seismic effects.

INTRODUCTION Without obvious geologic faults, detailed instrumental
seismicity studies, strong motion records, or soil response

The Rocky Hats Plant, Jefferson County, Colorado, is being measurements, there are uncertainties in each of the major
studied to determine the level of seismic hazard at the plant. ' ^ ^ ltlBK ™«"tamues are treated explicitly in this
The site is located about two km east of the Rocky Mountain s t u d v u s i n8 alternatives w i t h weights. This is a state-of-the-
Front Range, where the Rocky Mountains meet the Great »" m e t h o d f o r accounting for uncertainties; it leads to
Plains. Historical seismicity in Colorado has been low, with uncertainties in the seismic hazard that reflect our level of
only one earthquake in the state exceeding an estimated MM knowledge about earthquake processes, characteristics, and
intensity (MMI) of VI or a magnitude (MJ 5.5. There is ground motions,
evidence of faulting in the region, but no strong motion
accelerograms. Therefore, all of the inputs to a seismic The following secUons of this paper describe the earthquake
hazard study must be inferred from geology and tectonics, h i s t o ry i n Colorado, the geologic and tectonic studies, the
from historical seismicity, from knowledge of ground motion &ound m o U o n "ivesugatoons, and the integration of seismic
characteristics in other regions, and from measurement of h a z a i d to o b t a i n s e i s m i c h a z a r d c u r v e s- A f u t u r e W™ wiU

surficial soil characteristics on-site. c o n t a i n ^tailed results and sensitivity studies from this
investigation.
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HISTORICAL SEISMICITY

Historical earthquakes in Colorado date from 1870. The
earliest events, of course, are only available in terms of MMI
as a description of size. Using a larger data set and more
recent earthquakes from the Rocky Mountains and Great
Plains, empirical relationships between maximum reported
MMI Io and local magnitude ML were derived. Figure 1
shows historical seismicity in Colorado and parts of the
adjacent states. The catalog of seismicity was derived by
combining the catalogs of the U.S. Geological Survey [1] and
the Colorado Geological Survey [2]. Each event has a
magnitude estimated either instrumentally or by converting
Io to M,, using

M, = 0.63 + 2/3 L (1)

Equation 1 is the average relationship derived, and
uncertainties in ML values were considered by using two
relationships, and estimating a residual uncertainty given
each. Where body-wave magnitude was available in the
catalog, it was converted to ML using relationships that
expressed the uncertainty in the conversion.

magnitude range so that the corrected rates of earthquake
occurrences (the observed rates divided by P,j) are
stationary.

Figure 2 illustrates the Pd values derived for Io = III to VI
earthquakes. For Io = III, the observed rate of earthquakes
in recent times was less than what would be predicted by
an exponential distribution, so the Pd value of 0.83 for
recent years was adopted (Figure 2) to be consistent with
an exponential distribution. The derived Pd values lead to
adjusted rates of seismicity for Colorado that are stationary,
as illustrated for Io = V in Figure 3. In this figure the
"Actual" curve is calculated as:

1992
actual cumulative rate (year i) =

(no. earthquakes in year j)/(\993-i) (2)

This curve decreases for times prior to 1962 because of
incomplete reporting. The "Adjusted" curve is calculated
as

adjusted cumulative rate (year i) =

COLORADO SEISMICITY 1B70 - MAY 1993

Figure 1: Historical seismicity in Colorado.

In any earthquake catalog, the reporting of earthquakes is
most complete in the recent years and less complete in early
years. The level of completeness depends on earthquake
size. To use the entire catalog for estimating rates of
activity, including the parts that are less than 100% complete,
we adopted a purely empirical approach. Probabilities of
detection Pd were determined as a function of time and

1992

(no. earthquakes in year j)

1992

(3)

and this curve in Figure 3 shows that the rate adjusted by
the Pd values of Figure 2 is stationary. This justifies the
choices of those Pd values.

These Pd values were used to adjust the early data in the
catalog for incomplete reporting. An additional correction
was to account for uncertainty in estimated magnitude for
the purpose of estimating rates and b-values. This was
accomplished using

M*L = ML + 1/2 (4)

which follows the procedure of EPRI [3J. In Equation 4,
OML is the standard deviation of the estimate of ML and P
is b In 10. The estimator M," accounts for uncertainty in
ML so that estimates of activity rate and b-value are
unbiased.
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rate of Io = V earthquake.

Figure 4 shows that reasonable fits, rates of activity, and b-
values are obtained for the entire catalog. The advantage of
deriving and using Pd values is that, when seismic sources
are drawn and fewer data are available for analysis, the data
in the early years of the catalog can be fully used, not just
the later data that are complete.

MAGNITUDE (ML)

Figure 4: Historical seismicity of Colorado,
summarized with b-value plot.

EARTHQUAKE FAULTS AND SOURCES

An analysis of possibly-active faults in the vicinity of
Rocky Flats, and of areal seismic sources of earthquakes in
Colorado, was made using geologic, geomorphic, and
tectonic interpretations. This work is being conducted by
Geomatrix Consultants, Inc., and is documented in a
companion paper in these proceedings [4]. The earthquake
faults represent local structures that might generate
earthquakes; the areal sources represent seismicity that,
because of its depth or lack of association with surficial
features, cannot be associated with known faults.

The rate of seismic activity for the seismic sources is
determined from historical seismicity as described in the
previous section. Uncertainty in the rate and in the Richtcr
b-value derive from three areas:

• uncertainty in the Io - ML conversion

• uncertainty in the location of the 1882 earthquake

• statistical uncertainty in the b-value

The first of these relates to estimating ML from Io and was
discussed in the previous section. The second uncertainty
means that, for sources in northwestern Colorado, there is
uncertainty on whether the ML - 6.3 earthquake from 1882
should be included in the rate and b-value estimation for a
particular source. The third uncertainty derives from
statistical uncertainty on rating a slope to the data (see
Figure 4 for an illustration). All of these uncertainties are
handled explicitly using multiple alternative rales and b-
values for each source.
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The rate of seismic activity for the earthquake faults is
determined using observed or inferred offsets of datable
horizons [4], Also, a quantitative analysis of each faults
characteristics leads to an assessment of its probability of
being seismically active.

EARTHQUAKE GROJND MOTIONS

The estimation of earthquake ground motion in Colorado is
uncertain because of the lack of strong motion records on
which to base equations. The site lies at the juncture of the
Rocky Mountains and the Great Plains, two tectonic
provinces that might have different ground motion
characteristics. This being the case, »wo general methods are
being used to derive rock ground :• .; / a relationships for the
parameters of interest (peak ground acceleration, PGA, and
spectral velocity in the range 25 Hz to 1 Hz). TTiese we
designate the "modified empirical" method and the
"analytical" method. Soil effects are added using site
specific factors.

The modified empirical method adopls empirical ground
motions from California and modifies these to account for
attenuation in the Rocky Flats region. This work is being
performed by EQE International, Inc. Synthesized ground
motions are estimated for both California and Colorado,
using anelastic attenuation factors Q and near-surface
attenuation constant K appropriate for each region. The
differences in attenuation for the two regions are then
quantified and used to modify empirical relations for
California. The relations chosen for use are those of Sadigh
ct al. [5], Joyner and Boore [6], and Campbell [7]. These
three modified relations give a reasonable estimate of the
uncertainty associated with the modified empirical method.

The analytical method is based on the band-limited, white
noise model of earthquake ground motions, recently used in
a large study of ground motions for the U.S. [8]. The model
accounts for the crustal velocity structure in Colorado, uses
a median stress drop of 120 bars, and uses attenuation factors
(Q and K) appropriate for the region. The variability in
ground motion is divided into randomness and uncertainty,
and multiple coefficients are used to express uncertainty in
the predictive equations. This leads to four analytical
equations representing the method of ground motion
estimation.

Figure 5 illustrates the range of PGA values predicted for ML
= 6.5 vs epitentral distance. Seven curves are shown, three
for the modified-empirical method and four for the analytical
method. The extreme high and low curves for the analytical
method show large variations from other curves, but are
given low weight (only several percent each). This set of

seven curves adequately represents the uncertainty in
median rock ground motion.

Peak Ground Acceleration - Magnitude 6.5

3 S
§

2
o
•a

Mod. Emp. no. 1
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— Mod. Emp. no. 3

Analytical no. 1
— Analytical no. 2
— Analytical no. 3

Analytical no. 4

100 ioi iO2

Distance to Epicenter (km)

Figure 5: PGA vs distance for the seven attenuation
questions. Note that curves shown with dots only

(analytical nos. 1 and 4) have very low weight.

Structures at the Rocky Flats Plant are underlain by 0 to 50
feet of alluvium containing coarse boulders, cobbles, and
gravel, which is further underlain by some 10,000 feet of
claystone and sandstone of the Arapahoe and Laramie
formations. To estimate the effects of these formations on
ground motions, drill holes are being placed to depths up
to 500 feet, and shear wave velocities are being measured
in situ. The coarseness of the material precludes obtaining
undisturbed samples for laboratory testing of shear modulus
and damping. The shear wave results have been used in a
one-dimensional shear wave model to estimate soil
amplification and its uncertainty at the site.

SEISMIC HAZARD ANALYSIS

The seismic sources, earthquake faults, seismicity
parameters, ground motion equations, and soil amplification
are used as input to a seismic hazard analysis for the site.
This work is cwently (fall of 1993) underway. The
metliod to be followed is that of EPRI [3]: this method
uses the logic tree process to identify and document
alternative input assumptions. Each alternative has a
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probability associated with it reflecting the credibility of (hat
assumption, and the seismic hazard analysis is performed
with all possible combinations of alternatives. This then
gives a range of seismic hazard reflecting uncertainties on the
inputs.

In addition to the probabilistic seismic hazard results,
deterministic ground motion spectra will be generated for
worst-case hypotheses. This will indicate the level of ground
motion for the largest earthquake occurring on each fault or
in each source, located at the closest distance to the site.
These deterministic results can be compared to the
probabilistic hazards, to indicate the degree of conservatism
in the deterministic ground motions.

CONCLUSIONS

The seismic hazard study at the Rocky Flats Plant, Colorado,
consists of:

• an analysis of historical seismicity to determine
completeness of reporting as a function of magnitude
and time,

• specifications of earthquake faults and areal sources,
based on geologic, tectonic, and geomorphic evidence,
including assessments of maximum possible magnitudes,

• calculations of seismic activity rates and b-values, using
historical seismicity and fault slip rates,

• derivation of three modified-empirical attenuation
equations, and four analytical attenuation equations, to
estimate seismic ground motions,

• shear wave velocity measurements at the site to
determine local site amplification, and

integration of the above inputs into a probabilistic
seismic hazard analysis to determine probabilities of
exceedence of specified levels of ground motion.

Deterministic results (predicted ground motions for the
largest earthquake on each feature located at the closest
distance to the site) will supplement the probabilistic results.

This seismic hazard study is a state-of-the-art analysis. It
incorporates uncertainties in all of the critical inputs to a
seismic hazard calculation, and presents a rational and
dependable set of hazard results. The seismic hazard curves
and spectra can be used for selecting seismic hazard re-
analysis or re-evaluation levels for buildings, equipment, and
components at the Rocky Flats Plant.
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ABSTRACT

A site-specific probabilistic seismic hazard analysis has been performed for seven
facility sites at the Idaho National Engineering Laboratory (INEL). The INEL is
located near the boundary between the northern Basin and Range province and the
eastern Snake River Plain, and seismic sources of both tectonic and volcanic origin
were considered in the evaluation. These included both Basin and Range normal faults,
magmatically-induced structures, and random areal sources. For each seismic source,
the maximum earthquake, source location, source geometry, and recurrence were
estimated. These values and their uncertainties were incorporated into the probabilistic
analysis through the use of logic trees. Ground motion attenuation was modeled using
both empirical and site-specific relationships. The latter were developed using a
stochastic ground motion methodology, and geologic and velocity profiles for each of
the facility sites. Seismic hazard curves and site-specific equal-hazard response spectra
were calculated for each facility site. Preliminary peak horizontal accelerations ranged
from 0.14 to 0.28 g at an annual exceedance probability of 2x10"* (high hazard). The
Lemlu and Lost River faults and the ESRP and northern Basin and Range source zones
are the significant contributors to the total hazard at the INEL.

INTRODUCTION recently performed for the proposed site of the New
Production Reactor (NPR) [1]. A significant aspect of

As part of continuing efforts to mitigate for seismic this study is the incorporation of site-specific geologic
hazards at the Idaho National Engineering Laboratory and geotechnical data for each facility site.
(INEL), a site-specific probabilistic evaluation of ground
motions was recently performed. Ground motion OBJECTIVES AND SCOPE OF WORK
estimates were computed for seven facility sites at the
INEL. The bases for this analysis are the deterministic The purpose of this study was to update the seismic
and probabilistic ground motion evaluations that were design criteria presently being used at the INEL in
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response to recently published DOE standards for seismic
hazards. Specific tasks in this study were:

1) To perform a site-specific probabilistic seismic
hazard analysis for the INEL, using state-of-the-art
methodologies and incorporating the most up-to-
date geological, geophysical, seismological, and
geotechnical data available. The approach was
aimed specifically at incorporating the uncertainties
associated with seismic source characterization and
ground motion assessment;

2) To perform sensitivity analyses to evaluate the
dominant contributors to the seismic hazard and the
most important elements of the model. These
results can be instrumental in identifying the most
important issues that should be addressed in future
site characterization studies; and

3) To compare the results of this study with the
existing seismic design criteria for the INEL as
specified in UCRL-53582, and to update and revise
these criteria as required.

There are three primary components of probabilistic
seismic hazard analysis: (1) seismic source
characterization; (2) characterization of ground motions
from the sources to the site; and (3) calculations of the
seismic hazard at the site. In this study, all significant
seismic sources in the INEL region were characterized in
terms of capability, maximum magnitude, sense of slip,
fault geometry, and earthquake recurrence. A logic tree
approach was used to capture the range of interpretations
and to allow for an explicit quantification of uncertainty
for each source parameter.

Based on empirical data and observations, it is well
known that near-surface geology can significantly
influence, if not dominate, the level and spectral content
of strong ground motions. Specifically, the intcrbedded
volcanic stratigraphy beneath the INEL appears to be
capable of strongly affecting ground motions. Based on
geologic and velocity profiles developed for each of the
seven INEL facility sites, site-specific attenuation
relationships were developed and used to characterize the
propagation of ground motions from the seismic sources
to the individual sites. Empirical attenuation relationships
were also used to incorporate the uncertainty in ground
motion modeling. Site-specific probabilistic hazard
curves were calculated for all sites and equal hazard
spectra were developed.

SEISMIC SOURCES

The INEL is located near the northwestern margin of the
eastern Snake River Plain (ESRP) in southeastern Idaho.
The ESRP is a northeast-trending, topographically-
subdued physiographic province that is bordered on the
northwest and southeast by the Basin and Range
province, and on the northeast by the Yellowstone
Plateau. The Intermounlain Seismic Belt, a major zone
of seismicity in the western United States, and the
Centennial Tectonic Belt, an east-west trending seismic
zone, wraparound the southeastern, eastern, northern, and
northwestern sides of the ESRP. Portions of the
Intermountain Seismic Belt exhibit repeated episodes of
surface rupture associated with predominately normal-
faulting earthquakes of M 7 and greater [2]. The
Centennial Tectonic Bell includes the epicentral area of
the 1983 moment magnitude (MJ 6.8 Borah Peak
earthquake [3] which occurred approximately 100 km
northwest of the INEL.

Geologic and geophysical evidence supports the
interpretation that the Snake River Fiain is the continental
track of a mantle hotspot that now resides beneath the
Yellowstone Plateau. The processes involved in
producing the Snake River Plain are: 1) input of magma
and heat into the continental lithosphere and crust from
the hotspot produces uplift, crustal melting, and
voluminous silicic volcanism from large calderas; 2)
cooling of the crust, solidification of midcrustal mafic
magmas and upper crustal silicic batholiths, and
subsidence due to thermal contraction and densification
of the crust in the wake of the hotspot as the plate moves
to the southwest; and 3) filling of the subsiding elongate
basin with basalt lava flows and terrigenous clastic
sediments to depths as great as 1-2 km in the ESRP.

In this setting, three types of seismic sources were
considered most significant to the INEL and are
incorporated into the probabilistic seismic hazard
analysis: (1) the Basin and Range faults immediately
north to northwest of the INEL; (2) the ESRP volcanic
zones; and (3) seismic sources with no surficial geologic
expression, which would be associated with a random
"background" earthquake.

BASIN AND RANGE FAULTS

Three major Basin and Range normal faults approach the
northwestern margin of the ESRP adjacent to the INEL
and are considered significant seismic sources (Figure 1).
The Lemhi fault, the closest and most significant fault to
the majority of facility sites at the INEL, is 150 km long
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Figure 1. INEL Facility Sites and Basin and Range Faults
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and bounds the western front of the Lemhi Range
(Figure 1). Crone and Haller [4] divided the fault into
six segments based on several characteristics including
structural discontinuities along the fault zone. The
segments range in length from 12 to 43 km and average
25 km long [4]. A revised segmentation model of the
southern Lemhi fault based on paleoseismic trenching [1]
was used in the seismic source characterization.

The Lost River fault extends for 140 km along the
western front of the Lost River Range and Arco Hills
from Arco to Challis, Idaho (Figure 1). The fault has
been divided into six segments by Scoti et al. [5] with an
average length of about 24 km and a range in lengths
from 18 to 29 km [4]. The Thousand Springs segment,
in the central part of the fault zone, ruptured during the
1983 Borah Peak earthquake. This segment and the
adjacent Warm Springs and Mackay segments all exhibit
major Holocene surface displacements.

The 150-km-long Beaverhead fault has been divided into
six segments based on fault-scarp morphology and
geometric discontinuities along strike of the fault [4]
(Figure 1). The average segment length is 25 km and
segments range from 20 to 42 km in length. Only the
Leadore segment along the central part of the fault has
ruptured during the Holocene, based on degradation
modeling of fault scarps in alluvium. No Quaternary
scarps occur on the southernmost segment of the
Beaverhead fault.

Source parameters for each of the three faults were
defined on logic trees (Figure 2). All faults were
characterized as moderately dipping normal faults
extending to a depth of about 16 km. Both characteristic
and exponential recurrence models were considered and
earthquake recurrence was estimated from either
recurrence intervals and/or fault slip rates. Maximum
magnitudes for individual fault segments ranged from M^
6.7 to 7.2 and considered multiple segment ruptures. For
the Lemhi fault, the possibility of temporal clustering as
recognized in a paleoseismic investigation along the
southern portion of the fault [6] was incorporated into the
analysis (Figure 2).

ESRP VOLCANIC ZONES

Parts of three volcanic zones containing a concentration
of volcanic features are located near the INEL: the Arco
and Lava Ridge-Hells Half Acre volcanic rift zones, and
the axial volcanic zone (Figure 3). Although no volcanic
seismicity has been observed in the vicinity of these
volcanic zones, the potential exists for seismicity
associated with dike injection based on models of rift

zone formation and worldwide observations of active
volcanic rift zones.

Although it is difficult to distinguish between different
types of volcanic earthquakes, it is generally accepted
that seismic events produced by volcanic explosions and
migration of magma are relatively small and typically
have magnitudes of M 5 or less. Based on other regions
of basaltic volcanic rift zone seismicity worldwide, the
maximum magnitude earthquake that is unequivocally
associated with volcanic rift zone development is about
Mw 4. Other less common events of questionable
volcanic origin appear to reach M^ 5.5.

The Arco volcanic rift zone extends for a distance of
more than 20 km and is characterized by a discontinuous
series of ground deformation and constructional volcanic
features [7] (Figure 3). The ground deformation features
consist of fissures and faults that offset the basaltic lava
flows at the surface. The fissures are open vertical
cracks characterized by dilational opening only, with no
vertical or strike-slip motion [7]. Normal faults are
expressed at the surface as monoclinal fiexures and as
vertical scarps. The maximum fault length observed
within the Arco rift is 5.3 km and is associated with the
"Railroad" monocline (Figure 3). Fault displacements are
predominately southwest-side-down and range up to 10 m
although they generally are less than 5 m. The most
recent volcanic activity within the rift zone appears to
have occurred approximately 95,000 years ago [8].

Although the Lava Ridge-Hells Half Acre volcanic rift
zone is not as well preserved or as well studied as the
Arco rift, its surficial features are similar [7]. The
longest fault or fault-related features within the zone are
two sets of fissures associated with the Hell's Half Acre
vent (Figure 3). These sets have a mapped extent of 3.8
km, but may be as long as 15 km.

In contrast to the northwest-trending volcanic rift zones,
the axial volcanic zone contains few visible dike-induced
fissure swarms, monoclines or fault scarps (Figure 3).
Nonetheless, it is a volcanic zone, as shown by its
constructional volcanic topography and its numerous
volcanic vents. Geochronometry indicates that the axial
volcanic zone has been an area of basaltic and rhyolitic
volcanism for at least the past 1.2 million years, including
development of several Holocene lava fields [8].
Seismicity associated with volcanic vents occurring
outside the mapped boundaries of volcanic rift zones is
addressed by the ESRP random earthquake.

Based on analogies to other rift zones, such as Kilauca,
Hawaii and Krafla, Iceland, the maximum magnitude
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and bounds the western front of the Lemhi Range
(Figure 1). Crone and Haller [4] divided the fault into
six segments based on several characteristics including
structural discontinuities along the fault zone. The
segments range in length from 12 to 43 km and average
25 km long [4]. A revised segmentation model of the
southern Lemhi fault based on paleoseismic trenching [1]
was used in the seismic source characterization.

The Lost River fault extends for 140 km along the
western front of the Lost River Range and Arco Hills
from Arco to Challis, Idaho (Figure 1). The fault has
been divided into six segments by Scott et al. [5] with an
average length of about 24 km and a range in lengths
from 18 to 29 km [4]. The Thousand Springs segment,
in the central part of the fault zone, ruptured during the
1983 Borah Peak earthquake. This segment and the
adjacent Warm Springs and Mackay segments all exhibit
major Holocene surface displacement.

The 150-km-long Beaverhead fault has been divided into
six segments based on fault-scarp morphology and
geometric discontinuities along strike of the fault [4]
(Figure 1). The average segment length is 25 km and
segments range from 20 to 42 km in length. Only the
Leadore segment along the central part of the fault has
ruptured during the Holocene, based on degradation
modeling of fault scarps in alluvium. No Quaternary
scarps occur on the southernmost segment of the
Beaverhead fault.

Source parameters for each of the three faults were
defined on logic trees (Figure 2). All faults were
characterized as moderately dipping normal faults
extending to a depth of about 16 km. Both characteristic
and exponential recurrence models were considered and
earthquake recurrence was estimated from cither
recurrence intervals and/or fault slip rates. Maximum
magnitudes for individual fault segments ranged from NL,
6.7 to 7.2 and considered multiple segment ruptures. For
the Lemhi fault, the possibility of temporal clustering as
recognized in a paleoseismic investigation along the
southern portion of the fault [6] was incorporated into the
analysis (Figure 2).

ESRP VOLCANIC ZONES

Parts of three volcanic zones containing a concentration
of volcanic features are located near the INEL: the Arco
and Lava Ridge-Hells Half Acre volcanic rift zones, and
the axial volcanic zone (Figure 3). Although no volcanic
seismicity has been observed in the vicinity of these
volcanic zones, the potential exists for seismicity
associated with dike injection based on models of rift

zone formation and worldwide observations of active
volcanic rift zones.

Although it is difficult to distinguish between different
types of volcanic earthquakes, it is generally accepted
that seismic events produced by volcanic explosions and
migration of magma are relatively small and typically
have magnitudes of M 5 or less. Based on other regions
of basaltic volcanic rift zone seismicity worldwide, the
maximum magnitude earthquake that is unequivocally
associated with volcanic rift zone developmeni is about
Mw 4. Other less common events of questionable
volcanic origin appear to reach IvL, 5.5.

The Arco volcanic rift zone extends for a distance of
more than 20 km and is characterized by a discontinuous
series of ground deformation and constructional volcanic
features [7] (Figure 3). The ground deformation features
consist of fissures and faults that offset the basaltic lava
flows at the surface. The fissures are open vertical
cracks characterized by dilational opening only, with no
vertical or strike-slip motion [7]. Normal faults are
expressed at the surface as monoclinal flexures and as
vertical scarps. The maximum fault length observed
within the Arco rift is 5.3 km and is associated with the
"Railroad" monocline (Figure 3). Fault displacements are
predominately southwest-side-down and range up to 10 m
although they generally are less than 5 m. The most
recent volcanic activity within the rift zone appears to
have occurred approximately 95,000 years ago [8].

Although the Lava Ridge-Hells Half Acre volcanic rift
zone is not as well preserved or as well studied as the
Arco rift, its surficial features are similar [7]. The
longest fault or fault-related features within the zone are
two sets of fissures associated with the Hell's Half Acre
vent (Figure 3). These sets have a mapped extent of 3.8
km, but may be as long as 15 km.

In contrast to the northwest-trending volcanic rift zones,
the axial volcanic zone contains few visible dike-induced
fissure swarms, monoclines or fault scarps (Figure 3).
Nonetheless, it is a volcanic zone, as shown by its
constructional volcanic topography and its numerous
volcanic vents. Geochronometry indicates that the axial
volcanic zone has been an area of basaltic and rhyolitic
volcanism for at least the past 1.2 million years, including
development of several Holocene lava fields {8j.
Seismicity associated with volcanic vents occurring
outside the mapped boundaries of volcanic rift zones is
addressed by the ESRP random earthquake.

Based on analogies to other rift zones, such as Kilauca,
Hawaii and Krafla, Iceland, the maximum magnitude
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earthquake that can be generated on the rift zones is
believed to be M, 5.0. Earthquakes of this size are
generated at shallow depths along faults above the
intruding dike. The thickness of the seismogenic crust
above the dikes is about 2 to 4 km. The maximum
dimensions of faults and fissures within the ESRP rift
zones are compatible with a maximum magnitude of Mw

5.0.

RANDOM EARTHQUAKES

Within the Basin and Range province and the
Intermountain Seismic Belt, a random earthquake is often
assigned a maximum magnitude of about Richter
magnitude (MJ 6Vi [1]. The random earthquake is
defined as an event that can occur without an apparent
association with a known or identified tectonic feature.
Random earthquakes associated with five seismic source
zones located with the INEL region were defined
including the ESRP, the northern Basin and Range, the
central Basin and Range, the Yellowstone region, and the
Idaho Batholith. Two source characteristics were
assessed for the seismic source zones: their maximum
earthquake magnitude and earthquake recurrence rates.
The latter are estimated directly from the historical
seismicity, accounting for catalogue incompleteness.

Despite the observation that the historical seismicity of an
area often does not reflect the level of potential seismic
hazard, the historical quiescence of the ESRP probably
accurately reflects the absence of observed significant
tectonic earthquake sources and low differential stresses
within the Plain [10]. Several tectonic/volcanic
hypotheses, generally related to the thermal effects of the
advancing Yellowstone hotspot and magmatic processes
within the ESRP, may explain this seismic quiescence.
Consistent with recent precedent, however, an ESRP
random earthquake with a specified maximum magnitude
must still be considered for seismic hazard evaluations.

The largest historical earthquakes that have been
associated with the ESRP are two earthquakes whose
epicentral locations are poorly known: (1) the 1905
estimated ML 5V4 earthquake reported near Shoshone and
(2) the 1928 ML 5.2 earthquake. It is likely that both
earthquakes occurred outside the ESRP [1].

Given the relatively thin ESRP seismogenic crust, on the
order of 5 to 10 km, it is likely that earthquakes larger
than M 5V& to 6 would be accompanied by surface
rupture, repeated events of this size would produce
recognizable geologic structures at the earth's surface.
Such geologic structures are absent within the ESRP
(other than the volcanic rift zones) and given the

uncertainties in the locations of both the 1905 and 1928
earthquakes, a maximum magnitude of M, 5.5 was
assumed appropriate for a random earthquake in the
ESRP.

GROUND MOTION ATTENUATION

The limited empirical strong ground motion data from the
Basin and Range province necessitates the use of
empirical data from other regions, and direct modeling of
ground motions using numerical techniques. The
comparisons presented in [1] indicate that empirical
attenuation relationships developed to model strike-slip
earthquake motions in California provide a reasonable
estimate of the ground motions that may be experienced
at the INEL from predominantly normal-faulting
earthquakes occurring in the region. Thus, three
empirical attenuation relationships were used in the
analysis to represent the uncertainty in modeling ground
motions in the region: Joyner and Boore [10], Geomatrix
Consultants [11], and Campbell [12].

To incorporate the effects of site geology into the
characterization of ground motions, a state-of-the-art,
stochastic point-source ground motion modeling approach
was used to develop site-specific attenuation relationships
for each of the seven facility sites. The Band-Limited-
White-Noise (BLWN) source model combined with
random vibration theory (RVT) is appropriate for
engineering characterizations of ground motions since it
captures the general features of strong ground motion
with a minimum of free parameters. A detailed
description of this approach is contained in [1].

For the range of relevant magnitudes and distances upon
which the stochastic site-specific attenuation relationships
are to be derived, source, path and site parameters were
defined. Ground motions were calculated for a range of
magnitudes: M» 5, 6 and 7. Stress drops considered in
the analysis range from 10 to 200 bars. Our preferred
values of about 50 to 75 bars are based on an analysis of
stress drops for Basin and Range normal-faulting
earthquakes [1]. The point source focal depth for all
magnitudes was assigned to be 8 km, the midpoint of the
seismogenic upper crust within the Basin and Range
province.

The epicentral distances considered in developing the
stochastic attenuation relationships range from 0 to 200
km. The seismic attenuation along the path from source
to site is parameterized in the model by the parameters
Qo and r\. Based on an inversion of regional earthquakes
to the north, east, and south of the INEL and Borah Peak
aftershocks, a Qo of 220 and an T| of 0.44 were
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determined and used in our analysis [1]. Lower and
upper-bound values of 150 and 500, respectively, were
also considered to incorporate the uncertainty in Qo.

The subsurface geology at a site influences the ground
motions in two ways. A velocity gradient (velocity
increasing with depth) amplifies motions, while damping
reduces the motions. In our model, the near-surface
damping is characterized by the parameter K and the
amplification is modeled by propagation through a site-
specific velocity profile. K is inversely proportional to
the shear wave velocities and Q, beneath each site. The
lower the K, the more efficient the transmission of
seismic energy up through the geologic profile.

Based on an inversion of regional earthquakes and Borah
Peak aftershocks described in [1], K ana a frequency-
independent amplification term were estimated for each
site as well as source and path parameters. The K values
ranged from 0.002 to 0.023. The average K for the INEL
sites is 0.013 sec, which is lower than typical western
U.S. rock values of 0.02 to 0.06 [1]. The presence of
relatively dense, high-velocity basalts probably accounts
for the generally low K values at the INEL sites. This
effect, however, is probably offset by the low-velocity
sedimentary interbeds within the basalt section. An
evaluation of borehole data at the INEL suggests that the
number and thickness of interbeds beneath sites generally
increases towards the Big Lost River floodplain [1].

Geological and velocity profiles were developed for each
site, for the stochastic site-specific modeling. Shear-wave
velocities and densities were estimated from a limited
amount of in situ data including crosshole velocities,
downhole sonic velocities and densities, and a few
laboratory-measured velocities of samples at in situ
conditions. The estimated velocities with the greatest
uncertainties are those of the interbeds in the basalt
section.

RESULTS OF SEISMIC
HAZARD ANALYSIS

To evaluate the levels of ground motions associated with
the probability or likelihood of being exceeded in a
specified time period, a probabilistic seismic hazard
analysis was performed. The analysis procedure was
originally proposed by Cornell [13]. Since that time
there has been significant progress in our understanding
of the earthquake process and in the techniques for
evaluating relevant seismological, geological, and
geophysical data. The methodology used in this study
incorporated the significant advances that have been made
in probabilistic seismic hazard analyses (e.g., [14]).

Seismic hazard calculations were made for peak
horizontal ground acceleration and 5%-damped response
spec'.ral accelerations at periods of 0.05,0.1, 0.2, 0.3,0.5,
1.0. and 2.0 sec (20, 10, 5, 3.3, 2, 1. and 0.5 Hz,
respectively). For hazard computations, the faull-specific
sources were modeled as segmented planar surfaces. The
areal source zones were modeled as a set of closely
spaced parallel fault planes allowing for consideration of
magnitude-dependent rupture dimensions in defining the
distribution of source-to-site distance. The hazard was
computed with the distribution in peak ground motion
about the median attenuation relationships truncated at
three standard deviations.

Distributions for the annual frequency of exceeding
various levels of peak ground acceleration and spectral
acceleration were developed by performing hazard
computations with the input parameters defined by each
end branch of the logic trees. The hazard was computed
considering the contributions of earthquakes of Mw 5 and
larger. Ground motions from events smaller than M,, 5
were not considered to represent a significant shaking
hazard to well-engineered structures.

At each ground motion level, the complete set of results
forms a discrete distribution for the probability of
exceedance, v(z). The computed distributions were used
to obtain the mean probability of exceeding various levels
of peak ground motion (mean hazard curve) as well as
hazard curves representing various percentiles of the
distributions. The logic trees represent our best
judgement as to the uncertainty in defining the input
parameters and thus the computed distributions represent
our confidence in the estimated hazard.

Figure 4 presents the computed preliminary hazard curves
for a typical site located near the center of the INEL for
peak acceleration. (Note the level of hazard varies across
the INEL as a function of the site location especially with
respect to the Basin and Range faults.) Shown are the
mean hazard and the 5th-, 15th-, 50th-, 85th-, and 95th-
percentile hazard curves resulting from the input
parameter distributions defined by the hazard model logic
trees. The uncertainty band varies from about one order
of magnitude at low ground motion levels to one and
one-half orders of magnitude at large acceleration levels.
The distribution in computed frequency of exceedance is
moderately skewed at all higher ground motion levels,
lying near the TS^-percentile of the hazard distribution.
The width of the distribution in the computed hazard
increases with increasing ground motion period.
However, at some of the sites there is significant
uncertainty in the 0.05 sec motions due to the large
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Figure 4. Mean and 5th to 95th Percentile
Seismic Hazard Curves at
Central Site

differences between the site-specific and western
empirical ground motion estimates.

Figure 5 shows the contributions of various seismic
sources to the mean hazard at the central site for peak
acceleration. The relative contributions of these sources
varies as a function of site location and ground motion
level. Typically at lower ground motion levels, the
Lemhi and Lost River faults have the largest contribution
to the site hazard. There is also a significant contribution
from the combined areal source zones. At sites that lie
at larger distances from the faults, the ESRP areal source
becomes a major contributor to site hazard because it
considers the occurrence of earthquakes in the immediate
site vicinity. The volcanic rift zones have little
contribution to the hazard because of their low activity
rates. The relative contribution of the Lemhi and Lost
River faults increases as longer period motions are
considered because of the increased effect of magnitude
on ground motion levels at longer periods, resulting in an
increased domination of the hazard by larger magnitude
events. The fault zones are expected to have higher
frequency of large-magnitude events and the largest
maximum magnitudes compared to the other sources.

The uncertainty in recurrence rate for the Lcmhi fault and
in selecting the appropriate attenuation relationship are
the largest contributors to total uncertainty in the INEL
hazard. The uncertainty in the recurrence rate for the
ESRP becomes significant at very low probability levels
where this source has the gi latest contribution to the total
hazard.

The choice of attenuation relationships is a major portion
of the uncertainty for short-period motions (periods of 0.2
sec and less). This results from the effect of the local
crastal properties on the site-specific attenuation model
predictions. For example, the value of K at several sites
leads to significantly different predictions of site-specific
ground motions than are obtained using the empirical
rock relationships. At longer periods, and at sites where
the estimated value of K is more similar to values for
California rock sites, the two approaches lead to similar
estimates of ground motion.

Id"1

:~ ' -•

Peak Acceleratio

Figure 5. Contributions of the Seismic Sources
to the Mean Seismic Hazard at
Central Site
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Introduction

In this paper we summarize a proposed method of
determining earthquake vibratory ground motions for
seismic design of a high level nuclear waste (HLNW)
repository facility. The repository is assumed to consist of
waste handling facilities located on the ground surface and
waste storage facilities located at depth. Design loads are
considered primarily for the pre-closure period (<100
years), but also apply for the post-closure period (10,000
years). The method discussed in this paper is developed in
detail in a proposed ASCE guideline and complete
guidelines are given for its implementation (ASCE, in
draft).

Components of a HLNW repository are formally
classified as low, moderate, or high hazard, depending on
their importance in preventing radioactive contamination
effects to the environment or to on-site personnel. There arc
two primary performance objectives in the seismic design of
a HLNW repository: U) the shorter-term objective of
maintaining a safe, functional facility over the active life of
HLW handling and transport, surface clean-up, and
repository securement in the pre-closure period (design life
<100 years); and (2) the longer-term objective of
minimizing significant disturbance of repository contents
and maintaining containment integrity of the repository
barriers over the post-closure period.

Sources of vibratory ground motion include naturally
occurring earthquakes, induced earthquakes, explosions,
and missile impacts. Both surface and subsurface motions
must be determined for complete seismic design of a
HLNW repository. However, both empirical observations
and results of ground motion modeling show reductions in
motion at depth. Therefore, acceptable vibratory ground
motion loads for seismic design of surface facilities will
generally be conservative for subsurface facilities. Separate
consideration must be given to excavation and thermal load
induced earthquakes which, although small in moment
release, may have source volumes located within the
repository. Such localized sources are capable of large,
short duration accelerations at very high frequencies which
may be a concern for equipment, shafts and drawworks
during the pre-closure period. In this paper we limit our
discussion to a summary of guidelines for determining
earthquake ground motions for seismic design.
Determination of earthquake loads is generally viewed as

having the greatest uncertainty and to pose the most
difficulty in regulatory decision-making. In addition,
earthquake loads will generally be governing in a HLNW
repository seismic design.

The guidelines for determining earthquake ground
motion design loads are predominately applicable to seismic
design for the pre-closure (<10() years) time-frame. In the
post-closure lime-frame (10,000 years) concern is with long
term performance. Ground motion related issues during the
post-closure period include spauling of rock mass that could
impact containment and changes in ground water How
through the systems caused by fault offset or ground
shaking (Hardy, 1992). Thus, earthquake ground motion
loads should be considered in the design of engineered
barrier systems and in the long-term waste containment
performance assessment.

Both probabilistic and deterministic evaluations of
earthquake ground motions have advantages in the seismic
design of a HLNW repository. Deterministic evaluations
link design load requirements to familiar engineering design
practice. Probabilistic evaluations provide a powerful basis
to achieve consistent performance goals pertaining to
explicit levels of safely and reliability. Therefore, a
combined probabilistic-deterministic procedure is
recommended. The recommended combined approach
gives the broadest perspective on the seismic hazard
exposure of a site. It results in the identification of seismic
sources that dominate the hazard in different ground motion
frequency bands. For these dominant seismic sources,
deterministic evaluations that consider maximum source
earthquakes, can be made to obtain source-siie specific
ground motions. In addition, the combined approach allows
seismic designs lo be determined consistent with desired
component and facility performance goals. Finally, the
combined approach permits a complete assessment of
uncertainty in seismic sources, earthquake recurrence and
other source parameters, and ground motion propagation to
be incorporated into the analysis.

The inputs and analyses required for a complete
seismic hazard evaluation as recommended in ilv draft
ASCE Guideline include: 1) identification of earthquake
sources (seismic sources) that contribute to the seismic-
hazard at the site; 2) for each seismic source, specification
of earthquake parameters by all means available (including
rales of slip or tectonic deformation, earthquake recurrence,
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and maximum earthquake size; 3) incorporation and
documentation of uncertainties in inputs; 4) evaluation of
sensitivity of results to inputs; 5; specification of
performance goals; 6) determination of the earthquake
events and seismic sources that dominate hazard at the site;
7) deterministic assessment of ground motions at the site
due to dominant earthquakes and seismic sources. The
fourth step results in identification of input parameters that
most influence seismic loads. Focused additional attention
can then be given to assuring the most complete evaluation
of these parameters, including further detailed data
acquisition. The fifth step links site seismic hazard to
familiar engineering seismic design practice (Kennedy,
1992; Kennedy, et al., 1990). The sixth and seventh steps
link probabilistic and deterministic seismic hazard
assessment methods. Guidelines for accomplishing these
steps are given in the draft ASCE Guideline (ASCE, in
draft).

Overview of Combined Probabilistic-Determination
Method

The most complete insight for determining the proper
seismic design loads for a site is obtained by combining the
results of probabilistic and deterministic analyses. This
combined procedure has been described by the Panel on
Seismic Hazard Analysis (NRC, 1988). Both probabilistic
and deterministic methods depend on an interpretation of
seismic sources, maximum earthquake magnitudes, and
ground motion attenuation characteristics in the site
vicinity. However, in probabilistic assessments, the
additional step is taken of incorporating the variability on
these inputs and modeling them as uncertain values.
Determination of these parameters and their variabilities is
guided by knowledge about the earthquake environment
around the site. It requires acquisition and interpretation of
geophysical, geological and seismological data site relevant
to the site's earthquake environment. Input interpretations
are fully documented and amenable to scientific peer and
regulatory review. The result is a seismic hazard curve and
its uncertainty as shown in Figure 1.

Using the probabilistic seismic hazard curves, a
general design criterion, or performance goal, is established
that achieves the desired performance objective for the
facility, expressed as an acceptable probability of
exceedance. The performance goal incorporates
importance-to-safety considerations for components and
accounts for uncertainly in the hazard curves and margin in
the seismic design criteria (Kennedy, 1992; Kennedy ct al.,
1990). When the target probabilistic seismic hazard
corresponding to the performance goal has been established,
along with its mean annual probability of cxcecdancc, the
probabilistic analysis can disaggregate the total hazard and
determine the contributions of different types of causative
earthquakes (e.g., into magnitude and distance ranges or
specific seismic source contributions). By implementing
this step we can determine the seismic events that dominate

the hazard, or identify specific dominant seismic sources.
These events or sources will depend on the seismic
environment, regional seismic wave attenuation and the
level of design motion.

Then, for the dominant earthquakes the underpinning
basis for determining the design ground motion loads can be
slated in terms of familiar characteristics such as u
magnitude and distance. Deterministic analyses can then be
used to examine in derail the seismic characteristics (stress
drops, rupture properties, and so on) of these earthquakes,
and their associated ground motions at the site (regional
seismic wave propagation, effects of local site geology on
seismic wave motions, and so on). Detailed characteristics
of the ground motions can then be modeled—for example,
non-stationarity caused by dispersed arrivals of different
wave types, time histories and duration of motion. Coupled
wilh models of structural performance, these detailed results
provide a basis for more precise structural analyses than arc
available from the response spectrum representation of the
hazard analysis alone. Thus the combined probabilisiic-
delcrministic approach achieves the advantage ol both
methods and avoids the disadvantages.

Performance Goals

The performance objective (in terms of lailure
probability, or reliability) for a given component will
depend on its importancc-lo-salcty classification (Kennedy.
el al.). Specific quantitative values for performance goals
for HLNW repository facilities of IxK)^ and I x Id"4

mean annual probability of failure, respectively, lor high-
hazard and moderate-hazard components have been
proposed (Kennedy, 1992). These performance objectives
arc equivalent to the design guidelines developed for U.S.
Department of Energy facilities (Kennedy, et al., 1990). As
a comparison, for existing nuclear power plants, a safely
goal of lx 10"* annual probability of core damage from all
causes has been proposed (L'SNRC, 1987). Considering the
results of a large number of probabilistic risk assessments
(PRAs) for nuclear power reactors, seismic events produce,
on average, a contribution of about 309! to the toial plant
risk. Hence, to meel the currently proposed safety goal for
existing nuclear power plants, a plant-level performance

objective of 3x1 ()"•*> mean annual probability of core-
damage is roughly implied for seismic eveins.

Unacceptable performance in either nuclear power
plants or HLNW repository facilities can occur in multiple
ways. For instance, in a HLNW repository facility,
unacceptable performance can result from direct failure of
critical structures (i.e., "hot cells") thai temporarily store
high-level waste, or from direct failure of key components
of the vcntilalion/filiration system, and so on.
Consequently, to meet a given sysicm-lcvel, plant-level, or
facility-level performance goal where failure may occur in
series, each component in the series must meel an
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appropriately higher performance goal than the overall
system. A performance goal of lxlO"-' for high-hazard
components, therefore, is roughly consistent wi'h
performance objectives for currently operating nuclear
power reactors. However, in the event of an accident (core-
damage with possible containment breach) a nuclear power
reactor presents the potential for a significantly greater risk
than does a HLNW repository facility.

For a variety of reasons seismic performance goals
for HLNW repository facilities are likely to be more
stringent than might be justified on the basis of risk to
public and to personnel alone (Kennedy, 1992). Because
the performance goals of lxH)"-' and lxlO"** mean annual
probability of failure for high and moderate hazard
components are consistent with safely guidelines for
existing nuclear power reactors and with design
performance guidelines for U.S. Department of Energy
facilities, it is reasonable to develop compatible goals for a
HLNW repository facility taking account of risk reduction
achieved by proposed seismic design criteria.

Procedures to link probabilistic seismic hazard and
deterministic seismic design criteria to achieve desired
performance have been given by Kennedy, ct al., 1990 and
Kennedy, 1992. Detailed guidelines for implementing these
procedures arc given in the draft ASCE Guideline (ASCE,
in draft).

Disaggregation of Probabilistic Results to a
Deterministic Event

A probabilistic seismic hazard analysis (PSHA) is a
composite analysis of multiple earthquakes (in concept, all
possible earthquakes), evaluated with their probabilities of
occurrence, resulting in a calculation of probabilities per
unit lime, of ground motion levels at the site of interest. A
deterministic analysis of earthquake hazard then is a special
case of the probabilistic analysis. The selected deterministic
earthquake is one of many that might affect the site. To link
probabilistic and deterministic analyses then, we find one or
a few earthquakes that have the characteristics of (for
example) the ground motion associated with a target
probabilistic seismic hazard corresponding to the desired
performance goal for the facility proposed for the site. The
disaggregation is done over the range of frequencies
important for structural analysis and design of the proposed
facility. From this earthquake such parameters as the
duration and time history of motion can be derived as
required for engineering analysis and seismic design.

We term the combined probabilistic-deterministic
method a "composite seismic hazard analysis" (CSHA).
The key to a CSHA is to calculate and evaluate the
contribution to hazard at a given amplitude by magnitude,
distance, and e value, where e is the number of standard
deviations a\n y that the (log) amplitude of ground motion
is above or below the median value (of log amplitude)

predicted by the appropriate attenuation equalion(s). That
is, for a given amplitude of ground motion, we accumulate
the annual frequency of occurrence of certain magnitudes,
distances and e values that cause exccedanccs of that
amplitude. Dividing these frequencies by the total hazard
(the total annual frequency of c.xccedance) gives the
probability that, given an exceedance of that amplitude, it
has been caused by a certain magnitude, distance, and r
value.

Figure 2 illustrates the marginal distribution of
magnitudes, distances, and e values causing an execedance
of the 10,000-ycar ground motion at 10 Hz (i.e., thai ground
motion with an annual probability of execedance of 10"*).
This illustrative example is based on a hypothetical, but
realistic, seismic environment in which the site's seismic
hazard is due to three seismic sources and ground motion
variability is modeled with two equally weighted
attenuation relationships. The top plot on Figure 2 shows
the contribution to the total site hazard by magnitude based
on hazard contributions calculated at 0.1 magnitude
intervals. Note that all magnitudes in the range Irom 5.0 to
6.1 contribute. This reflects the contributions to the total
site seismic hazard of earthquakes occurring on a near-by
fault-specific seismic source and an areal seismic source
within which the site is located. In our example, we assume
that these seismic sources can have maximum earthquakes
of M5.2 and M6.1 respectively. Contributions to the total
hazard of magnitudes in the range from M6.5 to M7.5
reflect the hazard contribution of a more distant areal source
that is assumed to be capable of a larger maximum
magnitude of M7.5. The largest contribution comes from
magnitudes M5.0 to M5.2, indicating the dominance of the
near-by fault-specific source in determining the 10 Hz
motion.

The distribution of distances causing exceedances ol
the 10,000-ycar ground motion is shown in the middle ol
Figure 2, These results were calculated at 5 km intervals on
distance. There is a large contribution from 20 to 27.5 km,
reflecting the location of the near-by fault-specific seismic
source. Note that this figure is a combination of cpicentral
distance for i.he arcal sources and rupture distance for the
fault-specific source.

The bottom of Figure 2 illustrates the contribution of
e values to cxcccdanccs of the 10.000-year ground motion.
These results were obtained using bins that are 0.2 f units
wide. The values at +2 include all contributions below -2
and above +2, which is why these contributions are slightly
higher than those for +.1.9. The distribution of e
contributions is broad but is largest for r values between
about 0.5 and 1.5. This again reflects the contribution of the
near-by fault-specific seismic source, with small magnitudes
(less than M5.2) generating large, high frequency ground
motions (positive e values) that dominate the 10""* ground
motion. Note that e is defined as the number of standard
deviations of the ground motion distribution such that the
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10,000-year ground motion is equaled, even though the
probability of exceedance of that ground motion is
calculated by the PS HA; where e is defined in this way
because we wish to replicate the i0,000-year amplitude with
the CSHA.

It is informative also to display these results in three-
dimension. A three-dimensional display of magnitude-
distance contributions of disaggregated probabilistic seismic
hazard results is shown in Figure 3.

Similar analyses can be done to determine the
contributions of M, R, and e 10 the total site hazard at other
frequencies. From these results we can determine specific
sources and magnitudes that dominate the seismic hazard at
the site over the range of frequencies of interest for the
design of a facility.

CSHA also can be used to choose a single set of
values for magnitude, distance, and £ that replicate the
selected level of ground motion (in this example, the
10,000-year motion) over a broad frequency band, (taken
for this application to be 10 to 1 Hz). In this application the
mean magnitude, distance, and e (M, R, and £) arc
determined. Using these mean values, the 'best fit"
earthquake is determined. The calculated values of M, R,
and E, will vary as a function of target probability level. In
general the magnitude and values decrease with increasing
hazard, and the distance values increase.

Summary

Seismic design of a HLNW repository facility must
account for vibratory ground motion loads from naturally
occurring earthquakes, induced earthquakes and explosions.
Among these earthquakes, loads are of greatest concern,
since these loads arc expected to dominate facility seismic-
design and arc of most concern in regulation and long-term
performance. The principal concern is for seismic safety
during the prc-closure period (<100 years). For the post-
closure period (10,000 years), earthquake hazards must be
considered in the placement oi' waste, the design of
engineered barriers and in long-term performance
assessment.

Both probabilistic and deterministic evaluations of
earthquake ground mo* ion hazard have advantages in the
seismic design of a F.LNW repository. However, the most
complete insight s obtained by combining the two
approaches in a con.po.site seismic hazard analysis (CSHA).
The strength of in.'. CSHA are that: 1) it allows direct
linking of seismic design hazard with safety margin
achieved by detcrminist." seismic design criteria to achieve
consistent performance goals; and 2) ihe probabilistic
seismic hazard can be disaggregated to identify controlling
seismic sources and other parameters of the seismic
environment of the site. The resulting information base
provides a clear picture of whai controls the site seismic

hazard, giving valuable insighLs to accomplish an optimum
engineering design and to facilitate regulatory review ami
decision-making.
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ANALYSIS OF ROCKFALL HAZARDS AT LOS ALAMOS
NATIONAL LABORATORY

Stephen G. McLin
Los Alamos National Laboratory

P.O. Box 1663 MS-K490
Los Alamos, NM 87545

ABSTRACT

In the early years at Los Alamos National Laboratory, rockfall hazards were
intuitively recognized and avoided. Hence mesa tops were selected over canyon floors
for construction sites, although some canyon bottoms were still used. The Omega West
reactor site was located in a narrow portion of Los Alamos Canyon adjacent to 400 foot
high vertical cliffs. In 1944, a quarter-mile long rock catcher was installed above the
reactor to protect the facility from occasional rockfalls. In addition, an annual rock
catcher inspection was initiated. Between 1944 and 1993, 24 separate rockfall events
were documented; individual rocks trapped in the catcher ranged in size from 300 to
21,000 pounds.

These rockfall inspection data were arranged into an annual exceedance series, and
a frequency analysis was performed. This type of analysis is routinely employed in flood
studies when stream gaging records are available. Prior to this study, however, such
techniques had never been used with rockfall data. This analysis indicates that the annual
rockfall series is approximately log-normally distributed, and that the 500-year rockfall
event will probably exceed 187 tons. In addition, a Markov generation scheme, which
preserves the statistics of observed logarithms from the historical data, was used to
generate a synthetic rockfall series. These synthetic data suggest that the cliff face will
retreat at an average rate approximating 2 to 3 centimeters per 1000 years. This rale is
comparable to independently computed rates that range from 4 to 14 centimeters per
1000 years. These cliff-face erosion processes are important because they affect mesa-
top trench buiial operations of low-level radioactive wastes.

INTRODUCTION

Sequential environmental observations, or time
series, are often best understood and explained in a
probabilistic, statistical, or stochastic context. For
example, streamflow data are often characterized by
dramatic changes that occur over time, including
diurnal, seasonal, annual, and multi-year patterns.
Specific recurrence-interval flood events may appear as
uncertainties of nature, and may be viewed as having a
random or stochastic component. Well-established
statistical techniques allow these physical observations
to be summarized in order to comprehend underlying
patterns contained within these data, and to predict
future system behavior for engineering design

evaluations. Common statistical data summaries that
describe these phenomena include mean, variance,
maximum and minimum (i.e., range), skewness,
coefficient of variation, and lag-one and larger serial
correlation coefficients. Standard term definitions for
unbiased computations may be found in any statistical
textbook [1].

Many well-behaved statistical distributions have
been used to describe natural hydrological processes
[2]. Typically these theoretical distributions are tested
when observational data are plotted on various types of
probability paper. Despite these efforts, however, there
is usually no single best distribution for a given
observational data set. Still, certain distributions have
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found wide-spread application in routine streamflow
analysis. The log-Pearson Type III distribution has
been formally adopted for flood flow analysis in the
United States by federal agencies, whereas the Gumbel
Type I distribution is recommended in the United
Kingdom. This report describes an application of some
of these flood flow statistical methods to rockfall data
in order to predict long-term recurrence interval
rockfall hazards, and to estimate cliff-face retreat rates
in Los Alamos County using synthetically generated
time scries.

Rockfalls have been observed at the rock catchers
at Technical Areas 2 and 41 (TA-2 and TA-41) since
these structures were installed in 1944 and 1978,
respectively. A summary of these annual rockfall
inspection reports is listed in Me Lin [3]. These reports
were used to construct an annual rockfall exceedance
series, as defined by Chow [4], for subsequent analysis.
According to these inspection reports, at least 24
separate rockfall events have been documented at these
two rock catchers between 1944 and 1993. Individual
rock weights varied between approximately 300 and
21,000 pounds. For those years where no rockfalls
were recorded, it was assumed that a one pound
rockfall occurred. This assumption was made to
preserve the continuous nature of the annual
exceedance series as explained below. This series was
then analyzed using a routinely accepted technique [5].
This computer program was originally designed for
statistical analysis of stream flood-flows using the log-
Person Type HI distribution in the computation of
frequency curves [6]. However, it is also applicable to
the rockfall problem in Los Alamos Canyon, as
explained below.

ANALYSIS OF OBSERVED ROCKFALL
DATA

For the purposes of this report, recorded rockfall
weights at the TA-2 and TA-41 rock catchers are
treated exactly like peak flood flows commonly
observed by the U.S. Geological Survey (USGS) at
numerous stream gaging stations throughout the nation.
Typically the peak annual flood flow is obtained from
a continuously observed flow record for a particular
water year (i.e., October-September) by the USGS at a
given stream gaging station. A sequential time series
of these peak flows is collectively referred to as an
annual maximum scries and typically contains 20-30 or
more annual peaks (or years of record). Often times,
however, a partial duration series is also selected for

analysis. Here a partial duration scries is defined as a
scries of data that is selected so that individual flow
magnitudes are greater than some predefined base
value. In flood flow studies, this base value is usually
selected so that the final number of observations in the
series is equal to the number of years of record. The
resulting partial duration scries is then referred to as an
annual exceedancc scries. Hence for streamflow data,
either the partial duration or annual exceedance scries
may contain several individual peaks recorded in the
same water year, and may also have some water years
with no peak flows that exceed Ihe base value. For
practical purposes, an annual exceedance series and the
corresponding annual maximum series do not differ
greatly except in the values at low magnitude.

The observed rockfall series obtained from the
TA-2 and TA-41 iaspection reports should be viewed
as an annual exceedance series because individual
inspections were sometimes conducted at intervals
exceeding one year. From 1950 to 1970, there were no
documented annual inspections at the TA-2 rock
catcher. However, a USGS inspection in 1970
recorded approximately IS individual rockfalls that
were retained on the rock catcher during this time
interval (recall that the rock catcher at TA-41 was
constructed in 1978). Because we do not know exactly
which rocks fell in any given year between 1950 and
1970, we elected to treat the resulting series as a partial
duration scries with a base value of one pound, and
obtained the annual exceedance scries. The subsequent
analysis of this series is assumed to be statistically
similar to an annual maximum rockfall scries if that
series were available for analysis. The assumption that
an annual cxcecdance series and its corresponding
annual maximum series yield nearly identical
recurrence-interval results is fully supported by
numerous flood-flow analyses conducted throughout
the world. However, no other rockfall scries are
available in the literature or at Los Alamos to confirm
this assumption.

The frequency analysis procedure for either an
annual excecdance or annual maximum scries is
identical. First individual observations arc arranged in
decreasing order of magnitude, and each observation is
then assigned an order number m that corresponds to
the ranked values. The probability of exceedance (P)
of any ranked event is then obtained from a "plotting
position" formula. One obvious formula is simply
P = m/n, where n is the total number of observations.
A number of minor refinements in these formulas has
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evolved over the years [2]. In this study, the
Gringorten formula was selected because it accounts
for variations in sample size. A plot of rock weight
(RAV) versus P completes the frequency analysis
procedure. Recall that the recurrence interval (T) is
just the inverse of P; furthermore, T has units of years
because our series is an annual one. If these data plot
as a straight line on normal probability paper, then the
underlying statistical distribution is normal. However,
many environmental data sets exhibit a pronounced
right skewness, and the data transformation
y = log(RW) often reveals a lognormal distribution. In
other words, a graph of ordered y versus P or T
produces a straight line on normal probability paper.
Actually this lognormal distribution is a special case of
the more general log-Pearson Type III distribution
because the skewness is reduced to zero by the
logarithmic transformation. The emphasis on
obtaining a straight line is stressed in engineering
applications because extrapolation to large recurrence
intervals is made easier simply by extending the
straight line. A more complete theoretical discussion
may be found in previously cited references. Results
of this analysis suggest that the rockfall time series for
Los Alamos Canyon is approximately lognormally
distributed. Furthermore, they indicate that the 500-
year rockfall event will be approximately 407 tons if
our straight-line extrapolation is valid. We can
improve upon this estimate, however, as seen below.

GENERATION OF SYNTHETIC
ROCKFALL DATA

Synthetic streamflow generation methods have
become a well-established tool in engineering practice.
They enable water resources planners and engineers to
more thoroughly evaluate designs for highway
culverts, flood-control levees, bridges, and other
important structures. It should be noted, however, that
synthetic data generating schemes do not improve poor
observational records. Instead these techniques
improve the quality of design estimates that are made
with whatever records are available. Many of these
techniques are summarized by Fiering and Jackson [7].
Extension of these techniques to observed rockfall data
is straight-forward, and requires no additional
assumptions.

Perhaps the simplest synthetic rockfall generating
technique takes the form of a scheme that produces
individual time series values with separate
deterministic and random components. The non-zero

deterministic components should be designed to reflect
any persistence in the observed data set, while the
random component is usually assumed to be
independently distributed with zero mean and constant
variance. In addition, one generally makes the
important assumption that the correlation between
sequential rockfall values depends only on the time
interval between these values, and that this expected
persistence remains constant and is independent of
rockfall magnitude. The resulting lag-one, or
Markovian, synthetic rockfall generating scheme may
be written as:

j = xbar + r^W^-xbar) + ti (1)

where RWj is the rock weight of i-th member of time
series, xbar is the observed mean rockfall weight, r is
the observed lag-one serial correlation coefficient, and
ej is a random component with zero mean and constant
variance.

If RW in equation (1) is normally distributed,
then e must also be normal. If we select a normally
distributed, serially independent random variable, tj,
with zero mean and unit variance, then we may write,

(2)

where s represents the standard deviation from our
observed rockfall time series. Equations (1) and (2)
give a Markovian generating scheme that will yield a
normally distributed synthetic rockfall series that
preserves the observed mean, variance, and lag-one
serial correlation coefficient of the original rockfall
series. These relationships say that any given rockfall
weight in our synthetic series depends only on the
preceding rockfall weight and some random
component. This serial dependence may be difficult to
physically justify in general, but it is often
characteristic of observed environmental time series. It
is interesting to note that there is no apparent lag-one
serial correlation in the rockfall data until we make the
logarithmic transformation, y = log [RW].

A synthetic generation scheme for the lognormal
distribution still uses equations (1) and (2), with y
replacing RW. Xbar, r, and s now represent the mean,
lag-one serial correlation coefficient, and standard
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deviation, respectively, of the logarithms. After using
equation (1) with log-transformed data, we must back-
transform, using RW = exp [y]. Now our synthetic
generation scheme will preserve the observed mean,
variance, skewness, and lag-one serial correlation
coefficient of the logarithms of the original rockfall
series. Because of the large positive skewness in the
original rockfall series, the log-transformation was
used in the synthetic data generation scheme for Los
Alamos Canyon. Our analysis clearly shows that the
lag-one serial correlation and skewness of the original
series are not preserved in the synthetic data. It should
be noted that such preservation is sometimes
important, and techniques [8] exist for ensuring that
statistical moments from the original series will be
maintained in the synthetic series. These procedures
were not employed in this study, however.

The only question that remains for the synthetic
generation of rockfall data is the initiation procedure
for equation (1). Fiering and Jackson [7] suggest that
any convenient initial value for RW or y may be
selected, and the observed mean is a logical choice.
They also recommend that the first 50 synthetic
rockfall values be discarded because these may
potentially be influenced by the selection of an initial
value for RW. This procedure was followed here.
Figure la shows a log-log plot of T versus RW for the
synthetic rockfall time series obtained from equations
(1) and (2), and using the logarithmically transformed
data. Synthetically generated output data for this plot
were obtained from the same computer program [5]
previously employed for our observed series. Results
of this analysis indicate that the synthetic rockfall time
series is also lognonnally distributed, and that the 500-
year rockfall event will be approximately 187 tons. It
is important to note that a significant reduction in the
magnitude of the 500-year rockfall event was obtained,
along with a corresponding improvement in the
confidence intervals. Note that the observed data are
still contained within the synthetic confidence intervals
shown in Figure la. We conclude that the synthetic
data generation procedure represents an obvious
improvement upon more traditional straight-line
extrapolation techniques.

According to equations (1) and (2), our
synthetically generated rockfall data set only depends
on the mean, standard deviation, and the lag-one serial
correlation coefficient from the observed series.
Empirical studies have shown that the mean and
standard deviation are much more significant than

other statistical parameters in producing good
synthetically generated series. Fortunately these
dominating parameters are fixed by our observed
series; furthermore, the mean and standard deviation
are not influenced by the order of the observed data.
However, the lag-one serial correlation coefficient is.
Recall that our observed rockfall data comprise an
annual exceedance series where the actual order of
annual rockfalis has not been fully preserved. Hence a
parameter sensitivity question arises. Exactly what
influence does the lag-one serial correlation coefficient
have on the resulting synthetic series? Figure lb
summarizes this influence on predicted rockfall
weights. One may conclude that if sequential rockfalls
in Los Alamos Canyon are not serially correlated (i.e.,
r = 0), then the predicted 500-year rockfall event will
be approximately 225 tons. However, logarithms of
the observed annual excccdancc events are somewhat
related since r = 0.36. Thus the predicted 500-year
rockfall event should decrease for increasing values of
r. Note that r may vary between 0.0 (i.e., no lag-one
serial correlation) and 1.0 (i.e., perfect lag-one serial
correlation). One concludes that small errors in
observed r will not severely affect the predicted 500-
year rockfall event in our synthetic generation scheme.

One final question remains. Is it physically
possible for a 100 to 200 ton rock to fall from the cliffs
above TA-2 and TA-41? The aaswer to this question
depends upon the geometric spacing and orientation of
existing fractures in the Bandolier Tuff units above
'these technical areas. Intersection of these fractures
will directly influence the shape and size of any
potential rockfalls. Ultimately, rock density and three-
dimensional block geometry determine rockfall size.
Lt'forts that will fully quantify this question arc
currently underway. Preliminary evaluations, however,
suggest that large rockfalls exceeding 200 tons are
indeed possible.

DISCUSSION AND CONCLUSIONS

This paper has attempted to demonstrate our
contention that synthetically generated rockfall scries
can improve our estimation of long-term recurrence
interval events. In other words, it provides us with a
systematic methodology of controlling overly
conservative design estimates for natural phenomena
hazards like rockfalls and floods. These approaches
are well established in many engineering fields, and the
extension made here seems natural.
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In addition to the above, we may use our
synthetic rockfall series to estimate rates of cliff-face
retreat. This computation is straightforward: we know
the rock catcher length, cliff height, rock density, and
total rock weight that will fall during some simulated
time interval. Hence we simply compute the average
cliff-face dimension that would yield our simulated
rock volume. For the Omega West Site, this procedure
suggests that the cliff-face is retreating at
approximately 2-3 cm/1000 years. This somewhat
simplistic approach probably underestimates the actual
rate of cliff-face retreat because our synthetic series is
an annual exceedance one that does not account for all
rockfalls. It still compares favorably, however, to
previous estimates of 13-14 cm/1000 years [9], and 4-5
cm/1000 years [10]. Determination of these rates is
important because the mesa tops arc used for trench
disposal of low-level radioactive wastes. Hence it is
important to accurately estimate how long one may
reasonably expect these trenches to remain intact
before natural erosion eventually breaches them.
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POST-PALEOZOIC CRUSTAL RESPONSES TO THE CONTEMPORARY STRESS FIELD
IN THE EASTERN UNITED STATES

W. P. Staub, and H. K. Hardee
Oak Ridge National Laboratory

P. O. Box 2008
Oak Ridge, Tennessee 37831-6185

ABSTRACT

This paper summarizes the current state of knowledge with respect to post-Paleozoic
tectonic features and their relationship to the contemporary stress field outside coastal plain
regions of the eastern United States. Until the early 1970s very little was known about such
features. By the end of 1992 post-Paleozoic faults had been observed in at least five widely
separated regions. Pleistocene-Holocene surface ruptures and liquefaction features had been
observed over a steadily increasing area of the upper Mississippi embayment and adjacent regions.
Ages of most recent ruptures on post-Paleozoic faults range from uncertain to Holocene and their
senses of motion are compatible with the contemporary stress field. The cumulative amount of
post-Paleozoic displacement on these faults is generally less than three meters. Fracture systems
in Paleozoic rocks also are compatible with the contemporary stress field over a wide region of
Indiana.

The apparent compatibility of these widely scattered tectonic features with the contemporary stress
field suggests that larger earthquakes may have occurred during Pleistocene-Holocene time and over a
wider region of the eastern United States than implied by the historical record of seismicity. With the
exception of the New Madrid fault system and possibly the Meers fault, small lengths and small cumulative
displacements on these features place limits on the magnitude and frequency of strong-motion earthquakes
in a given region. Therefore, the potential exists for limited fault reactivation and surface rupture
throughout the eastern United States.

Only the New Madrid fault system and the Meers fault (upper Mississippi embayment and
southwestern Oklahoma, respectively) are currently known to be active in a regulatory sense.
Manifestations of seismic activity are profound along the New Madrid fault system. The Meers
fault has been traced in the subsurface for about 100 km while a Pleistocene fault-scarp has been
traced on the surface by various investigators for distances ranging between 26 and 37 km.
Trenches along this fault-scarp revealed two small Holocene displacements about 12.7 km apart.
It is uncertain whether these Holocene displacements were caused by a single earthquake or two
separate events.

Quaternary offsets also have been observed along branches of the Kentucky River fault
system in eastern Kentucky. Currently, there is insufficient evidence from which to conclude that
any of these faults is active in a regulatory sense.

INTRODUCTION

Active faults are avoided in the siting of new
Department of Energy facilities for usage in critical
missions or handling hazardous materials [1]. Faults
that display Holocene or repeated Pleistocene offsets
are active in a regulatory sense [2].

Holocene sediments are offset along faults in
the New Madrid [3] and Meers [4] fault systems as

shown in Figure 1. New Madrid and Meers are the
only recognized active fault systems in the eastern
United States (i.e., east of the Rocky Mountains).

Figure 1 also shows several other widely
scattered faults with post-Paleozoic offsets in the
eastern United States. These faults are not currently
active and some are not exposed at the surface.
However, their presense in the eastern United States
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demonstrates that, in the long-term, there may be a
widespread potential for reactivation along faults that
are favorably oriented with respect to the
contemporary stress field.

This paper synthesizes information from
selected recent publications in regard to post-Paleozoic
activity along site-specific faults outside coastal plain
regions in the eastern United States. Some of these
publications discuss faults adjacent to the New Madrid
fault system while others discuss features at greater
distances from New Madrid. Most authors observe
that the sense of post-Paleozoic offset along a given
fault is compatible with the contemporary stress field.

THE CONTEMPORARY STRESS FIELD

Generally, the contemporary stress field in the
eastern United States [5] is compressive, horizontal,
and oriented in an east-northeast to east direction as
shown in Figure 1. Zoback and Zoback [5] attribute
the contemporary stress field to ocean floor spreading
along the mid-Atlantic Ridge, an on-going process
since Triassic time. The orientation of this stress field
is rather monotonous throughout eastern North
America and north of the U.S. gulf coastal plain.

COMPATIBILITY BETWEEN FAULT MOTION
AND A COMPRESSIVE STRESS FIELD

The sense of motion on a fault reactivated in a
compressive stress field varies as a function of
orientation of the fault with respect to the stress field.
A generally east-west oriented stress field would
produce right-lateral strike-slip motion on northeast
trending faults and left-lateral strike-slip motion on
northwest trending faults. Motion need not be purely
strike-slip; some reverse-slip also may be expected.
Reverse-slip is likely to be predominant on faults that
are nearly perpendicular to the stress field. No
normal-slip would be expected in a compressive stress
field.

THE NEW MADRID FAULT SYSTEM
AND NEARBY FAULTS

A hypothetical tectonic model [3] for the New
Madrid fault system is illustrated in Figure 1. Two
right-lateral strike-slip faults and the Lake County
uplift are shown. Russ [3] believes that the Lake
County uplift is caused by compression. Earthquake
fault-plane solutions [6] confirm Russ' hypothetical

model. Russ' senses of motion are compatible with the
contemporary stress field.

Numerous north-northeast and northeast
trending faults in the Thebes Gap region have a long
and complex history [7]. The most recent motion on
these faults was right-lateral strike-slip which offset
Tertiary and Quaternary strata. Harrison and Schultz
[7] believe that the most recent faulting at Thebes Gap
is structurally related to the on-going tectonism in the
New Madrid fault system. Right-lateral strike-slip
motion on the northeast trending faults at Thebes Gap
is compatible with the regional contemporary stress
field.

The northwest trending Ste. Genevieve fault
also is shown in Figure 1. It, too, has a complex
structural history. The left-lateral strike-slip motion on
this fault has not been dated [8] but is compatible with
the regional contemporary stress field. Schultz et al.
[8] believe that the left-lateral strike-slip motion on the
Ste. Genevieve fault may be associated with New
Madrid tectonism.

There are numerous small-scale reverse faults
in subsurface coal seams in southeastern Illinois and
northwestern Kentucky (9], and in southwestern
Indiana [10]. These faults die out both above and
below the coal seams. Upthrown fault blocks overlie
fault surfaces that dip toward both the east and west.
Generally, these reverse faults strike slightly west of
due north and are compatible with the contemporary
compressive stress field. Presumably, these faults were
created by (rather than reactivated by) this compressive
stress field. They are incompatible with the Paleozoic
tensile stress field that existed during the formation of
the Reelfoot rift and the Wabash Valley fault zones.

JOINT SYSTEMS IN INDIANA

Ault [11] measured the orientations of nearly
4000 joints in Paleozoic rocks throughout Indiana.
These joints are conjugate systems with two major
components. One component strikes slightly south of
due west and the second component is orthogonal to
the first. The average strike of the nearly due west
component is N 78° E with a standard deviation of
6.5°. Ault suggests that the two components of this
conjugate joint system are roughly parallel and
perpendicular to the maximum principle axis of the
contemporary compressive stress field. The orientation
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of this state-wide joint system also is compatible with
the orientation of reverse faults in southwestern
Indiana coal seams.

OTHER FAULT SYSTEMS

THE MEERS FAULT
The Meers fault is located in southwestern

Oklahoma (Figure 1). This overthrust fault has a long
and complex history. It has been traced in the
subsurface for about 100 km. The upthrown block was
thrust to the north-northeast during late Paleozoic
time in response to a northly oriented compressive
Paleozoic stress field. Details of this history are
provided by Madole [4] and Crone and Luza [12].

A Pleistocene fault-scarp has been traced on
the surface of the Meers fault by various investigators
[4, 12] for distances ranging between 26 and 37 km.
The orientation of the fault-scarp is about N 60° W.
Trenches along the scarp revealed two small Holocene
displacements about 12.7 km apart. Total Holocene
displacements were about 1 m. These displacements
may have occurred during a single earthquake or as
two separate events.

Both left-lateral strike-slip and reverse-slip
offsets have been observed along the Pleistocene fault-
scarp. These offsets are compatible with the
contemporary compressive stress field.

THE KENTUCKY RIVER FAULT SYSTEM
The Kentucky River fault system is located in

east-central Kentucky (Figure 1). It is the north-
bounding fault system of the Rome Trough [13], a late
Precambrian to early Paleozoic rift zone. The
Kentucky River fault trends approximately N 60° E.
Numerous branching faults are oriented about N 40°
W. This fault system also has a long and complex
history. Every conceivable sense of motion (right-
lateral and left-lateral strike-slip, reverse-slip, and
normal-slip) occurred along these faults at one time or
another in the geologic past. Pliocene-Pleistocene
terraces along the Kentucky River have been ruptured
by faults in several places [13]. Offsets in these strata
indicate that motion was predominantly reverse-slip
and compatible with the contemporary compressive
stress field.

FAULTS ALONG THE FALL LINE
The Fall Line (Figure 2) is the boundary

between Cretaceous and Tertiary sediments of the
Atlantic coastal plain on the east and Paleozoic
metamorphic rocks on the west [14]. Rocks and

Figure 2. The Fall Line from Long Island to Georgia

landforms on opposite sides of the Fall Line are
distinctly different. Consequently, faults are easily
recognized along this line which extends from western
Long Island to central Georgia. Prowell [14]
synthesized information from many publications
relating to Cretaceous and Cenozoic faulting along the
Fall Line.

A total of 55 Cretaceous or younger faults
along the Fall Line were included in Prowell's
investigation. The majority of these faults were
clustered in northern Virginia and central North
Carolina. Senses of motion along these faults include
39 reverse-slip, 5 normal-slip (3 of which are listed as
possible landslides), no strike-slip, and 11 unknown.
Ages of these faults ranged from lower Cretaceous to
Pliocene (possibly Pleistocene). Displacements ranged
from 1 to 40 m on Cretaceous age faults but were
seldom more than 6 m on the younger faults. Reverse-
slip displacements are compatible with the
contemporary compressional stress field.

SUMMARY

Evidence of post-Paleozoic crustal deformation
is widely scattered throughout the eastern United
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States as shown in Figures 1 and 2. Some of this
deformation occurred as recently as Pleistocene or
Holocene time. Larger earthquakes may have occurred
during Pleistocene-Holocene time and over a wider
region of the eastern United States than implied by the
historical record of seismicity. With the exception of
the New Madrid fault system and possibly the Meers
fault, small lengths and small cumulative displacements
on these features place limits on the magnitude of
strong-motion earthquakes in a given region.

The apparent compatibility of these widely
scattered tectonic features with the contemporary stres.
field suggests a cause and effect relationship. Paleozoic
and older faults with complicated histories may have
been reactivated by the contemporary stress field at
various times ranging in age from Triassic to present.
New faults also may have been created by the
contemporary stress field. Examples are the reverse
faults in coal seams in southern Illinois and adjacent
states as well as faults along the Fall Line from Long
Island to Georgia. Joint patterns may have developed
in the contemporary stress field. Reactivation of old
faults and creation of new faults may be expected in
the future.

Although only two fault systems (New Madrid
and Meers) in the eastern United States are currently
recognized as active in a regulatory sense, other
systems may be added to the list in the future. Prowell
[14] suggests that post-Paleozoic movements on faults
have seiJom been reported in the eastern United
Slates because there have been few opportunities to
observe them except along the Fall Line. Subsequent
to Prowell's Fall Line synthesis, Holocene offsets were
discovered on the Meers fault while several widely
scattered Pliocene-Pleistocene offsets were found on
separate branches of the Kentucky River fault system.
Although the Kentucky River fault system is still not
considered to be active in a regulatory sense,
undiscovered Holocene or multiple Pleistocene offsets
may be present. Hence, the potential for the
occurrence of other undiscovered Holocene or
Pleistocene offsets along other fault systems in the
eastern United States cannot be dismissed.
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ABSTRACT

Geomorphic analyses combined with mapping of fluvial terraces and upland geo-
morphic surfaces provide new approaches and data for evaluating the Quaternary
activity of post-Cretaceous faults that are recognized in subsurface data at the
Savannah River Site in the Upper Coastal Plain of southwestern South Carolina.
Analyses of longitudinal stream and terrace profiles, regional slope maps, and
drainage basin morphometry indicate long-term uplift and southeast tilt of the
site region. Preliminary results of drainage basin characteiization suggests an
apparent rejuvenation of drainages along the trace of the Pen Branch fault (a
Tertiary reactivated reverse fault that initiated as a basin-margin normal fault
along the northern boundary of the Triassic Dunbarton Basin). This apparent
rejuvenation of drainages may be the result of nontectonic geomorphic processes
or local tectonic uplift and tilting within a framework of regional uplift.

Longitudinal profiles of fluvial terrace surfaces that are laterally continuous
across the projected surface trace of the Pen Branch fault show no obvious evi-
dence of warping or faulting within a resolution of ~ 3 m. This combined with
the estimated age of the terrace surfaces (350 ka to 1 Ma) indicates that if the
Pen Branch fault is active, the Pleistocene rate of slip is very low (0.002 to
0.009 mm/yr).

INTRODUCTION indicative of regional and local crustal deformation
(summaries of these data are provided in [1] and [2]).

Neotectonic activity in the eastern Atlantic Coastal Identification and characterization of seismically active
Plain is expressed by historical seismicity, paleolique- structures in this region, however, has been proble-
faction features, geologic evidence of Cenozoic reacti- matic. For example, although estimates for the recur-
vation of faults, and geologic and geodetic data rence of large magnitude earthquakes comparable to

"This work was prepared for the U.S. Department of Energy under Contract No. DE-AC09-895R 18035.
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the 1886 Charleston earthquake are inferred from
detailed investigations of paleoliquefaction features
along the eastern seaboard [3, 4, 5], the location and
nature of the causative structure remains controversial.
Recent studies suggest the causative structure may be
buried [6].

Several factors, including poor exposure, lack of
suitable stratigraphy, and relatively small displacement
and low slip rates, may contribute singly or in combi-
nation to the difficulty in recognizing active seismo-
genic structures from geologic relationships expressed
at the surface. In the Coastal Plain and Piedmont
physiographic provinces where rates of erosion and
uplift are an order of magnitude greater than the slip
rates of recognized Cenozoic faults (Table 1), the
tectonic signal that may be recorded in the landscape
is likely masked or obscured by geomorphic processes
in response to climatic, eustatic, and isostatic changes.

TABLE 1

REGIONAL RATES OF CENOZOIC
UPLIFT, EROSION, AND FAULT ACTIVITY

Coastal Plain
Piedmont

Piedmont

Eastern U.S.

Southeastern U.

UPLIFT RATE (m/kvr)
0.01 - 0.03
0.02 - 0.04

EROSION RATE
0.027

FAULT SLIP RATE
0.0003 to 0.0015
(average 0.0005)

S. 0.001

[7,8]
[9]

[7]

[10J

HI]

Detailed quantitative geomorphic analyses
combined with Quaternary geologic field studies have
been used successfully in more tectonically active areas
to detect and evaluate the patterns, spatial variations,
styles, and rates of tectonic activity [4, 12, 13, 14,
15]. These types of analyses, which have not been
applied as extensively in regions of lower tectonic
activity, such as the eastern Coastal Plain of the
United States, may provide one of the few means to
evaluate the activity or non-activity of low slip rate
and/or "blind" faults in this region. In this study we
explore the application of detailed quantitative
morphometric analyses combined with field studies to

evaluate the potential activity of post-Cretaceous faults
recognized in the subsurface at the Savannah River
Site (SRS) in the Upper Coastal Plain of South
Carolina. A principle result of this study was the
development of a preliminary morphostratigraphic and
soil-geomorphic framework for the site vicinity. This
combined with analysis of longitudinal stream and
terrace profiles, regional slope maps, and drainage
basin morphometrics were used to constrain the loca-
tions and rates of potential Quaternary deformation at
the SRS.

GEOLOGIC SETTING

The Savannah River Site (SRS), a roughly circular
reserve that covers 960 sq. km, is located in the
"upper Coastal Plain" physiographic subprovince as
defined by Colquhoun [16, 17], approximately 48 km
southeast of the Fall Line that separates the Coastal
Plain from the Piedmont Province (Fig. 1). Geomor-
phically, the upper Coastal Plain subprovince is char-
acterized by greater fluviaJ incision and dissection than
either the middle or lower Coastal Plain subprovinces,
which are underlain by Pliocene and Quaternary
marine transgressive-regressive deposits and land-
forms. The Quaternary record in the site area is pre-
served chiefly in fluvial terraces along the Savannah
River and its major tributaries and in accumulations of
colluvium, alluvium, and eolian sediments on upland
interfluve areas.

The underlying Coastal Plain sequence, which
consists of a series of gently seaward-dipping marine
and fluvial sediments that range in age from Late
Cretaceous to Recent, thickens from zero at the Fall
Line to approximately 370 m at the southeast margin
of the SRS. The base of the Coastal Plain section is
marked by a southeast-dipping {<Vi°) basement sur-
face considered to be a pre-Cretaceous erosional
unconformity. In the site area, the basement complex
beneath this unconformity is composed of two distinct
geologic terranes: (I) a Triassic-Jurassic rift basin, the
Dunbarton Basin, filled with lithified terrigenous and
lacustrine sediments containing minor amounts of
mafic volcanic and intrusive rock [18, 19, 20]); and
(2) a crystalline terrane of metamorphosed sedimentary
and igneous rock that may range in age from
Precambrian to late Paleozoic [21, 22].
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Figure 1. Maps showing major physiographic provinces of
the eastern United States (inset map) and
physiographic subprovinces [16, 17] of the
Coastal Plain of South Carolina).

Borehole data, seismic reflection data, and potential
field data suggest that the Dunbarton Basin is an
asymmetric graben approximately 50 km long and 10
to 15 km wide that is bordered by, and may contain
within it, high-angle faults [20, 23, 24, 25, 26, 27].
The Pen Branch fault is interpreted as being a
Cretaceous/Tertiary reactivation of the northern
boundary fault of the Triassic Dunbarton Basin fault
[21, 28, 29, 30] (Fig. 2). The Pen Branch fault dips
steeply to the southeast; displacement decreases from
about 26 m at the basement/Cretaceous contact to
about 9 m at what is believed to be the shallowest
location of brittle fault displacement in sediments of
probable early Cretaceous age [30]. Well data demon-
strate deformation (folding and/or fault displacement)
in sediments as young as late Eocene. In the crystal-
line basement, the direction of slip on the Pen Branch
fault originally was down to the southeast (i.e., normal
faulting), which produced the Dunbarton rift basin.
Movement during Cretaceous into Tertiary time
appears to be reverse, that is, up on the southeast [28,
31]. There could also be a component of strike-slip
movement [32].

Several other faults, both northeast- and northwest-
trending, have been identified at the SRS based on
drilling and geophysical investigations [21, 22, 27, 29,

30, 33] (Fig. 2). All of these faults, except for the
Upper Three Runs fault that appears to be restricted to
the crystalline basement, displace the pre-Cretaceous
unconformity. Two of these faults, the Steel Creek
fault, which lies approximately 4 km southeast of and
subparallel to the Pen Branch fault; and the Atta fault,
which is a northwest-trending, steeply-dipping reverse
fault in the northeast part of the site, show evidence of
Tertiary displacement. The age of most recent activity
on the Crackerneck and Ellenton faults is less well
constrained. The Crackerneck fault does not appear to
penetrate through the Cretaceous section [21].

EXPLANATION

" • • • ' Cetaceous 01 post Cretaceous fault relatwo

wnse or displacement (U = up. D • down)

— Patsoiotc tault

• • " • • • • • - Approximate location ot poorty constrained taul1

Figure 2. Map showing locations of faults identified in the
subsurface at the Savannah River Site (modified
from [21]). The Dunbarton Basin lies in the
basement between the Pen Branch and Miliet
faults.

INVESTIGATIONS OF FLUVIAL TERRACES

Fluvial terraces along the Savannah River and its
tributary systems (Upper Three Runs, Fourmile
Branch, Pen Branch, Steel Creek, and Lower Three
Runs) are the primary geomorphic surfaces that can be
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used to evaluate Quaternary deformation within the
SRS. Preliminary mapping of these terraces at a scale
of 1:24,000, combined with soil-geomorphic investi-
gations and limited dating analyses provide a morpho-
stratigraphic framework for the site. Preliminary age
estimates of fluvial terrace deposits are developed
primarily for the major terraces along the Savannah
River as described below.

SAVANNAH RIVER TERRACES

Within the Savannah River Valley, a sequence of
nested fluvial terraces step upward from the relatively
broad (2- to 4-km-wide) modern floodplain (Fig. 3).

S™.

Figure 3. Cross-valley profiles showing fluvial terraces
along the Savannah River near the confluences
of Upper Three Runs (Profile A-A') and
Fourmile Branch (Profile B-B'). Locations of
profiles are shown on Figure 4.

Based on surface morphology and relative height
above local base level, we delineate two prominent
terraces above the modern floodplain (Qal); the Bush
Field (Qtb) and Ellenton (Qte) terraces, a lower terrace
(Qty) of intermediate height between the modern

floodplain and the Qtb terrace, and a number of
higher, older (Qto) terrace remnants. As illustrated in
Figures 3 and 4, the two prominent terraces
recognized along the Savannah River, are comparable
in width to the modern floodplain and, like the modern
floodplain, include a number of terrace surfaces of
slightly differing heights above local base level. In the
absence of age control for these individual surfaces or
sufficient subsurface data to demonstrate that they are
of distinctly different ages, we did not attempt to
differentiate them as separate terraces during this phase
of mapping.

South Carolina Gaongcdi Survey
urrtwi raters 10 s*v«lwn <rrwt«n S^v^nnan Kt,v«r n T*t

t i i o l ir\Qeroiionai ur^conTormfly al
basaot an

*' B B
i . j t - '0« *a«"«v [Koine (F«j 3)

Figure 4. Map showing distribution of Savannah River
fluvial terraces across the up-dip projection of
the Pen Branch fault.

Available exposures of deposits and soils developed
on these terraces show a systematic increase in soil
profile development that corresponds to increasing
terrace height (i.e., age). In general, soil development
shows a progression from an Inceptisol characterized
by a thin, weakly developed Bw horizon (on the 2- to
3-m Qal terrace) toward an Ultisol in which a well-
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defined E horizon overlies an argillic B horizon (on
the 22-m Qte terrace). The thicknesses of A and B
horizons, argillic (Bt) horizons, and sandy surface (E)
horizons all increase with increasing height above local
base level (Fig. 5).

SAVANNAH RIVER TERRACES
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Figure 5. Summary diagram comparing profile characteris-
tics for soils developed on Savannah River
fluvial terraces (Qal, Qtb, and Qte) and a terrace
remnant (Qtu) along an upper tributary to Lower
Three Runs.

CORRELATION AND DATING OF FLUVIAL
TERRACES

Effective use of deposits and geomorphic surfaces,
such as the fluvial terraces identified in the study area,
to evaluate the location and/or rate of Quaternary
deformation requires some means for dating and
correlation both locally and regionally. Radiocarbon
dating provides age control for young fill terraces
along the Savannah River, Upper Three Runs, and its
tributary, Tinker Creek. These dates suggest the
modern floodplains along these drainages, which
include up to three of the lowest terraces, are
Holocene in age. However, a number of factors,

including the age range of the radiocarbon dating
technique ( < 40 ka to a maximum ot ~ 75 ka) and the
paucity of samples because of few exposures and poor
preservation of carbon material in the region's acidic
soil, limit the usefulness of this technique for dating
the higher terraces.

In the absence of numerical age control, several
relative-age and correlated-age dating methods were
employed to correlate and estimate ages of the older
terraces. On a local scale, comparing soil profile
development, progressive landform modification,
geomorphic position, and relative amounts of incision
enable us to assess relative age (i.e., chronologic
order, in some cases including some measure of
magnitudes of age differences). Ages for the older
fluvial terraces along the Savannah River are estimated
on the basis of: (1) correlation to other dated marine
and fluvial deposits in the middle and lower Coastal
Plain; (2) comparison of soil profile development and
weathering characteristics to a regional soil chrono-
sequence; and (3) comparison of rates of incision and
regional uplift to present terrace heights. Based on
these results (Table 2), preliminary ages are assigned
to the Savannah River terraces as follows: Qty (29 to
130 ka), Qtb (100 to 250 ka), and Qte (350 ka to I
Ma). Ages for fluvial terraces along the tributary
streams are not well constrained at this time.
Preliminary projections of terrace profiles downstream
indicate that it will be possible to correlate terraces in
the tributaries downstream to the major terrace
sequence along the Savannah River. Additional soil-
geomorphic and dating investigations, however, are
required to (1) better constrain the ages of the major
terraces along the Savannah river and (2) develop
more robust criteria for identifying and correlating
terraces, particularly in the upstream reaches of the
tributaries. Dating and correlation methods that may
be of potential use at the SRS include l0Be,
paleomagnetism, luminescence analysis (TL or OSL),
and relative weathering criteria based on sedimentary
petrologic analysis of light and heavy mineral factions,
and clay mineralogy.

QUANTITATIVE GEOMORPHIC
ANALYSES

Quantitative geomorphic analysis refers to the
detailed measurement of landscape components such as
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drainage basins and stream networks, stream and
terrace gradients, hillslopes, and relief. The attributes
of these landscape components reflect the geomorphic
processes that shape the surface of the Earth. Quanti-
fication of various drainage basin variables and land-
scape components provides important information for
evaluating the interrelationships between independent
(e.g., time, climate, tectonics, bedrock) and dependent
(e.g., vegetation, relief, runoff and sediment yield)
variables.

TABLE 2

SUMMARY OF AGE ESTIMATES
FOR SAVANNAH RIVER FLUVIAL TERRACES

Regional
Terrace Correlation'
Qty
Qtb 90 ka

Correlation to Uplift/
Regional Soil Incision

Chronosequences2 Models
29-130 ka

100 to 200 ka 77 - 345 ka
Qte 200 to > 760 ka 400 to > 1 Ma 360 - 1.1 Ma

1 Correlated ages based on comparison of geomorphic position and
morphology of Savannah River terraces (this study) to dated
fluvial terraces along the Cape Fear and Pee Dee rivers as
described by |34] and [35].

2 Correlated ages based on comparison of soil and weathering
characteristics of terrace deposits in the study are to regional
data provided in [36].

The objectives of the morphometric analyses
performed for this study were to identify and evaluate
geomorphic indicators that might be sufficiently
sensitive to small tectonic signals to assess long-term
tectonic activity. Regions characterized by very low
tectonic rates (hence, small signal) pose special
challenges; the short-term signal is likely to be easily
masked or erased by geomorphic processes such as
deposition and erosion. The longer-term tectonic
signal, on the other hand, may be preserved within
certain drainage-basin elements (e.g., stream terraces,
drainage networks, distribution of relief in a basin) and
can be extracted through careful analysis of the
landscape.

Geomorphic analyses included constructing a
regional slope map, developing topographic profiles of
the site area, creating longitudinal stream and terrace
profiles of larger tributary basins, studying drainage
basin morphometry, assessing changes in stream slope,
and constructing topographic subenvelope-envelope

residual maps. The regional slope map provides a
means of detecting anomalous topography, large-scale
spatial variations in drainage patterns, and other
potential tectonic features, such as topographically
expressed lineaments, alignments of ridges or stream
valleys, and linear steps in the landscape. Topo-
graphic profiles, both perpendicular and parallel to the
SRS drainage basins highlight the broad upland
geomorphic surface and topographic steps in the
surface that represent separate periods of long-term
base-level stability. Longitudinal profiles of stream
channels and terrace surfaces, in addition to stream
slope and sinuosity, are relatively sensitive indicators
of tectonic activity that may record patterns, loci, and
amounts of tectonic deformation including terrace
warping, tilting, and/or faulting. Relationships of
basin shape, relief ratio, stream frequency, and
drainage density developed from detailed
characterization of 16 tributary basins and 200
subbasins were compared across the updip-projected
traces of the Pen Branch and other local faults. A
topographic residual map was constructed to provide
a quantitative measure of fluvial incision. Such maps,
which derives from two other maps, an envelope map
and a subenvelope map [37, 38], have proved useful
in analyzing regions underlain by an active tectonic
structure that is not manifested by brittle faulting at the
surface [15].

Significant results of these studies are summarized
as follows. The general slope in the SRS region is to
the south and east, showing a prominent low-gradient
surface in the center of the site. The presence of high
values of drainage density (Fig. 6) and possible smail
topographic residuals and convexities in stream pro-
files in the vicinity of the Pen Branch, Steel Creek,
and Atta faults suggests that a possible long-term
tectonic signal for these structures may be preserved in
the landscape; alternatively, these features may result
entirely or in part from other geologic factors and
geomorphic processes.

ASSESSMENT OF QUATERNARY
DEFORMATION

The Quaternary stratigraphic, morphostratigraphic
and soil-geomorphic framework established by this
study and results of the geomorphic analyses enable us
to make a number of observations and preliminary
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Figure 6. Transects showing drainage density (Dd) of sub-
basins relative to location of Pen Branch (PB),
Steel Creek (SC), and Atta (A) faults. Inset
shows locations of transects and fault traces.

assessments regarding the location, style, and rate of
neotectonic and/or Quaternary deformation at the
Savannah River Site.

REGIONAL UPLIFT

The presence of flights of fluvial terraces along the
Savannah River and its tributaries argues for long-term
vertical crustal uplift in the SRS region. Uplift in the
Upper Coastal Plain is consistent with marine terrace
data for the middle and lower Coastal Plains regions
that suggest long-term regional uplift on the order of
0.02 to 0.10 m/kyr [8, 34, 39, 40, 41, 42], The
general regional slope to the south and east is
consistent with the general seaward-tilt recognized
throughout much of the Coastal Plain, which may be
attributed to lithospheric flexuring in response to
continental denudation in the Appalachian region and
sediment loading in offshore sedimentary basins [7, 8,
43. 44, 45]. In the site region, the presence of

unpaired older terraces northeast of the modern
floodplain suggests a westward tilt may be
superimposed locally upon the general coastward
regional slope. This may reflect regional warping
associated with the Cape Fear Arch or more localized
tilting, possibly associated with differential vertical
displacement along the strike of the Pen Branch fault.

PRELIMINARY ASSESSMENT OF FAULT
CAPABILITY

The results of the studies conducted to date do not
demonstrate capability or noncapability of faults on the
Savannah River Site, but do provide new data that can
be used to constrain rates of fault activity. Evaluation
of the spatial distribution of fluvial terraces across the
upward-projected traces of local faults provides a
means of assessing maximum rates of Quaternary
vertical deformation. Longitudinal profiles of the Qtb
and Qte terrace surfaces along the Savannah River
across the Pen Branch and possibly the Steel Creek
faults show no evidence of warping or faulting within
a resolution of approximately 2 to 3 m (Fig. 4).
Preliminary stratigraphic and soil-geomorphic data
from a Qte terrace (22 + 1 m) that extends across the
projected surface trace of the Pen Branch fault
suggests that this surface may be used as a datum to
constrain amounts of vertical deformation (due to
either faulting or folding). Using a maximum
displacement of 2 to 3 m and the estimated age (350
ka to 1 Ma) of this Qte terrace, the maximum long-
term average vertical slip rate for the Pen Branch
fault, assuming it is active, ranges from 0.002 to
0.009 mm/yr. The available data provide little or no
constraint on possible lateral offset.

Remnants of fluvial terraces are mapped upstream
and downstream of the Atta fault along Tinker Creek,
Reedy Branch, and Mill Creek and across the
northward projection of the fault in Boggy Gut.
Results of the studies to date indicate that detailed
mapping, correlation, and dating of these terrace
remnants will provide constraints of possible
Quaternary deformation associated with this fault.

SUMMARY

The quantitative geomorphic analyses conducted to
date help shed light on the long-term tectonic activity
in the site area. No single analysis is sufficient to
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demonstrate tectonic activity. However, when several
analyses, such as analyses of regional slope maps,
residual maps, and drainage density, are viewed
simultaneously, similar patterns in locations of
geomorphic anomalies are common. These analyses
provide a perspective and a basis for directing more
focussed field and additional geomorphic analyses.

The stratigraphic, morphostratigraphic and soil-
geomorphic studies conducted at the Savannah River
Site indicate that the rate of slip for the Pen Branch
and Steel Creek fault, if they are active, is very low
(0.002 to 0.009 mm/yr). These rates, which can be
further constrained by additional field studies, are
critical input for probabilistic seismic hazard
assessment at the Savannah River Site.
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ABSTRACT

DOE Order 5480.28 requires that structures, systems and components
(SSCs) be designed and constructed to withstand the effects of natural
phenomena hazards. For SSCs to be acceptable, it must be demonstrated that
there is a sufficiently low probability of failure of those SSCs consistent with
established performance goals. For new design, NPH loads are taken from
probabilistic hazard assessments and coupled with response and evaluation
methods to control the levels of conservatism required to achieve performance
goals. For components qualified by test, performance goals are achieved by
specifying a test response spectrum that envelops a required response spectrum
coupled with minimal acceptance standards. DOE Standard 1020-92 adapts
both of these approaches to ensure that the required performance goals are met
for new installations. For existing installations these approaches are generally
not applicable.

There is a need for a simple approach for use in verifying the
performance of existing equipment subject to seismic hazards. The USNRC has
adapted such an approach for the resolution of USI A-46 in the Generic
Implementation Procedure (GIP). A simple set of screening rules, keyed to a
generic bounding spectrum forms the basis of the USNRC approach. A similar
approach is being adapted for use in the DOE. The DOE approach, however,
must also ensure that appropriate performance goals are met when the general
screens are met.

This paper summarizes research to date on the topic of meeting
performance goals by the use of experience data. The paper presents a review of
the background material, a summary of the requirements for existing
components, a summary of the approach used in establishing the performance
goals associated with experience data approaches, and a summary' of results to
date Simplified criteria arc proposed.
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INTRODUCTION

The purpose of this paper is to present the results of
research performed to date on quantifying the performance
of structures, systems, and components whose seismic
capacity is defined by the use of experience data.

The paper proposes a method for determining the
performance goals achieved by SSCs that are verified
using the methods contained in the GIP. Three general
component classes are reviewed: 1) SSCs whose capacity is
defined by GERS [ 11, 2) SSCs whose capacity is defined by
Relay-Gers [2], and, 3) SSCs whose capacity is defined by
component specific seismic qualification shake table tests
performed in accordance with IEEE 344-1975 standards,
or better [3|. No methodology is presented for SSCs whose
seismic capacity is defined by the GIP Bounding Spectrum.

BACKGROUND
DOE Order 5480.28 [4] requires that structures,

systems and components (SSCs) be designed and
constructed to withstand the effects of natural phenomena
hazards. For SSCs to be acceptable, it must be
demonstrated that there is a sufficiently low probability of
damage / failure of those SSCs consistent with established
performance goals. These performance goals are shown in
Table 1, and are a function of SSC classification. SSCs are
classified in accordance with DOE Standard 1021-92 [5],

Table 1. Performance Goals and Categories
for SSCs

Performance
Category

PCO

PCI

PC2

PC3

PC4

Description of
Performance Required

No Consideration

Prevent Structural
Damage or Collapse

Maintain Essential
Functions

Confinement of
Hazardous Materials

Confinement of
Hazardous Materials

Seismic
Performance Goal

N/A

1x10-3

5x10-4

1x10-4

1x10-5

Performance goals are achieved in design of SSCs by
the use of NPH loads taken from probabilistic hazard
assessments and by the use of response and evaluation
methods that control the necessary levels of conservatism.
For components qualified by test, performance goals arc
achieved by specifying a test response spectrum that
envelops a required response spectrum coupled with
minimal acceptance standards. DOE-STD-1020-92 [6]

adapts both of these approaches to ensure that the
appropriate performance goals are met for new
installations. For existing installations, however, these
approaches are generally not applicable.

To determine the performance goals achieved co-
existing SSCs, the analyst may use a probabilistic
approach. By this approach, the analyst first computes the
conditional cumulative distribution function which defines
the probability of unacceptable performance, conditional
upon ground motion. This is defined as the fragility
description for that component. Next, the analyst must
determine the annual probability of unacceptable
performance for that component by multiplying component
fragility by the probability of that ground motion being
exceeded in any given year, and integrating over the entire
range of ground motion. This is the basic step of risk
analysis and involves convolving the fragility description
for a system or component with the site specific
probabilistic hazard curve. These steps are labor
intensive.

An alternative method is needed for determining the
performance goals achieved by existing SSCs. This
method should be readily understood by design engineers
who may be unfamiliar with probabilistic methods. This
method should be consistent with the provisions of
DOE-STD-1020-92.

The USNRC has adapted a simplified approach for
the resolution of USI A-46 [7] in the Generic
Implementation Procedure (GIP) [8j. A simple set of
screening rules, keyed to a generic bounding spectrum
forms the basis of the USNRC approach. The generic
bounding spectrum defines the seismic capacity of
components passing the screening rules contained in the
GIP. The USNRC approach ensures that components
passing the screening rules contained in the GIP perform
adequately up to seismic motion levels defined by the
generic bounding spectrum. Such an approach is being
adapted for use in the DOE. The DOE approach, however,
must also ensure that appropriate performance goals are
met when the general screens are met.
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DOE REQUIREMENTS FOR SSCS

PERFORMANCE GOALS AND RISK REDUCTION
RATIOS

DOE-STD-1020-92, which replaces UCRL-15910
[9], presents natural phenomena hazards design and
evaluation criteria. The methodology of DOE-
STD-1020-92 is endorsed by DOE Order 5480.28 as the
governing criteria for design and evaluation for natural
phenomena hazards, including earthquakes. The
underlying philosophy behind the provisions contained in
DOE-STD-1020-92 is that meaningful design criteria are
based on quantitative performance goals. A performance
goal is defined as the acceptable annual probability of
failure of a specified function. The performance goals
appropriate for different levels of categories were given in
Table 1 for DOE facilities.

To achieve the performance goals listed in Table 1
for new design, DOE STD-1020-92 establishes design
basis seismic loads at known annual exceedance
probabilities, and adds an additional layer of conservatism
to the design loads by defining response evaluation
methods, permissible response levels, and ductile detailing
requirements. Conceptually, this procedure may be
thought of as an extension of the theorem of total
probability. The theorem of total probability stales that for
n mutually exclusive and collectively exhaustive events E,,
E2, .... En; that is, E, U E2 U ... U En = S. Then if A is
an event also in the same sample space (see Figure 1), and
AE,, AE2, ..., AEn are also mutually exclusive, then:

P(A)= i ) + P(A\E2)P(E2) +... + P(A\En)P(En) ( I )

In the Venn Diagram shown in Figure 1, the event A
represents failure of the SSC. The earthquake sample set
is discretized into different size events. Thus E, may be
thought of as all earthquakes with Richter magnitude < 4.
E2 represents earthquakes with Richter magnitudes
between 4 and 5, and so on. The amount of overlap
between the shaded triangle, A, and the events E,,
represents failure of the SSC, given that the earthquake E,
has occurred.

The sample space S represents the annual set of
possible earthquakes. For small events such as E,, there is
virtually no probability of failure (no overlap of A on E,).
This is intuitively true, since small magnitude earthquakes,
Richter magnitude less than about 4, rarely if ever cause
damage in engineered structures. For larger events,
represented as events E2 through E4 , there is an
increasingly likely probability of failure. For extremely
large events, such as E4 shown in the Figure 1, the

corresponding conditional probability of failure is very
high. The marginal contribution of each event, E,, to the
total probability of failure is the product of the event P(E,).
and the conditional probability of failure P(A|E,) (See eqn.
1)

Figure 1. Venn Diagram With Events A and
El, E2..., En

El E2
4<R<5

A'-;' .....

DOE STD 1020-92 defines design basis earthquake
motion from probabilistic hazard assessments. Coupled
with this probabilistic definition of the design basis
earthquake are conservative acceptance criteria. To be
adequately conservative, the acceptance criteria must
introduce an additional reduction in the risk of
unacceptable performance below the annual risk of
exceeding the DBE. The ratio of the seismic hazard
exceedance probability, Ph, to the performance goal
probability Pf is defined as the risk reduction ratio R,,
given by:

(2)

Since the DBE is established at annual probabilities of
exceedance greater than the corresponding performance
goals, the risk reduction factors must be built in to assure
adequate performance. Table 2 lists the seismic
performance goals, recommended seismic hazard
excecdance probabilities for the design basis earthquake,
and the risk reduction ratios needed to meet the
performance goals.

The introduction of the conservative design
requirements may be visualized from Figure 1 as a shifting
in the event A, which represents seismic induced failure,
from the left to the right. This shift would reduce the size
of the event A, and decrease the corresponding probability
of failure for the same earthquake hazard, which is
represented by the events E;.
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Table 2. Seismic Performance Goals,
Recommended Seismic Hazard
Probabilities for DBE, and Required
Risk Reduction Ratios

Performance
Category

1

2

3

4

Seismic
Performance

Goal, Pf

1x10-3

5x10-4

1x10-4

1x10-5

Seismic
Hazard

Exceedance
Probability,

Ph

2x10-3

1x10-3

1x10-3

2x10-4

Required
Risk

Reduction
Ratio, R,

2

2

10

20

BASIC ACCEPTANCE CRITERIA OF
DOE-STD-1020-92

The basic intention of the deterministic seismic
evaluation and acceptance criteria defined in
DOE-STD-1020-92 is to achieve less than a 10%
probability of unacceptable performance for a structure,
system, or component (SSC) subjected to a Scaled Design /
Evaluation Basis Earthquake [4] defined by:

SDB£=(1.5Ls)(Dfl£) (3)

Where, Ls , is a seismic load factor specified for each risk
reduction ratio. The design and evaluation criteria
contained in DOE STD-1020-92 were explicitly developed
to achieve the risk reduction ratios listed in Table 2 for
design basis motion specified at the appropriate
exceedance probabilities.

ALTERNATE ACCEPTANCE CRITERIA
DOE-STD-1020-92 permits the use of alternate

acceptance criteria provided the alternate criteria achieves
less than about a 10% probability of unacceptable
performance for the combination earthquake loads with the
best-estimate of the concurrent non-seismic loads.
Performance goals are thus assured if the following
equation is met:

C1O>(1.5LS)(DB£) (4)

Where:

C10:

Ls:
DBE.

is the 10% exceedance capacity level.
is the seismic load factor as given in Table 3.
is the design basis earthquake established in
accordance with DOE-STD-1020-92 for the
performance category under consideration.

C10 , the 10% exceedance capacity for the SSC is the
level of ground shaking at which there is a 10% probability
of failure. Any number of ground motion parameters may
be used to define C10. The peak ground acceleration is
commonly used as the capacity parameter since it is
common in hazard analysis; however, other parameters
such as spectral velocity, spectral displacement, or spectral
acceleration may also be used.

Table 3. Seismic Load Factors Required for
Various Performance Categories

Performance Category

1

2

3

4

Seismic Load Factor. Ls

0.67

0.67

1.00

1.15

EXISTING SSCS AND EXPERIENCE DATA

USI A-46
In December 1980, the U.S. Nuclear Regulator.

Commission designated "Seismic Qualification of
Equipment in Operating Plants," as Unresolved Safety
Issue (USI) A-46. The concern was that the seismic
resistance provided in existing nuclear power plant
equipment for seismically induced loads and performance
of their intended safety function was unknown due to
changes in design criteria and methods for the seismic
qualification of equipment, which have occurred since
commercial nuclear power plants were first designed and
constructed.

Recognizing that it was not practical to requalify or
retest the existing equipment, the NRC developed a plan to
resolve USI A-46 in 1981. In January of 1982, the Seismic
Qualification Utilities Group (SQUG) was formed to study
alternate means of verifying the adequacy of electrical and
mechanical equipment in older operating nuclear power
plants, and undertook a pilot program to review the
performance of specific equipment classes. The pilot
program reviewed the performance of eight classes of
equipment that had undergone actual earthquakes and
concluded that the equipment was representative of nuclear
power plant equipment. Furthermore, the pilot program
demonstrated the feasibility of the use of experience data to
verify the seismic capacity of existing equipment, provided
certain conditions were met. Principal among these was
that operability during earthquakes be evaluated and that
adequate equipment anchorage be demonstrated.
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The Senior Seismic Review and Advisor Panel
(SSRAP) was subsequently appointed by the USNRC and
SQUG to perform an independent review of the proposed
experience data approach. The SSRAP concluded that,
with certain caveats, the equipment in the nuclear power
plant need not be further tested. SSRAP recommended the
extension of the general approach to other equipment
classes using additional data. In 1984, EPR1 initiate a
research program to collect and evaluate seismic
qualification test data. The result of this research are the
GERS contained in References 1 and 2.

After additional research by both SQUG and the
NRC, the NRC published, on February 19, 1987, a detailed
approach for resolving USI A-46, in Generic Letter 87-02,
"Verification of Seismic Adequacy of Mechanical and
Electrical Equipment in Operating Reactors, unresolved
Safety Issue (USI) A-46." In the Generic Letter, the NRC
endorsed the methodology developed by SQUG, EPRI, and
SSRAP and encouraged participation in generic resolution
by using the SQUG approach defined in the G1P [8].

GIP AND DOE REQUIREMENTS
The GIP provides the detailed technical approach,

generic procedures and documentation guidance which can
be used by commercial nuclear power plants to verify the
seismic adequacy of mechanical and electrical safe
shutdown equipment. The procedures contained in the
GIP are based on a simple set of screening rules that are
tied to a capacity spectrum. Twenty general classes of
equipment are addressed in the GIP.

The GIP procedure basically consists of four sets of
criteria:

1 The experience-based capacity spectrum must
bound the plant seismic demand spectrum.

2 The equipment item must be reviewed
against certain inclusion rules and caveats.

3 The component anchorage must be evaluated.
4 Any potentially significant seismic systems

interaction concerns that may adversely affect
the component safe-shutdown function must
be addressed.

For each of the equipment classes, survivability of the
component for motions up to the capacity spectrum is
ensured, provided the screening criteria are met.

The experience-based capacity spectrum for an
specific component may be defined in the GIP at three
different levels. These levels are:

1 The Bounding Spectrum

2 Generic Equipment Ruggedness Spectra
(GERS)

3 Generic Equipment Ruggedness Spectra
(Relays)

The bounding spectrum was established by collection of
survival data of similar components subjected to
earthquakes at industrial facilities. The Bounding
Spectrum as contained in the GIP, is shown in Figure 2
Note that for comparison to in-structure response spectra.
1.5x the Bounding Spectrum is used. The 1.5 factor
converts the GIP Bounding Spectrum to a capacity
spectrum defined in terms of a realistic, median-centered,
in-structure response spectrum. In this paper, the term
Reference Spectrum is defined as equal to 1.5 x the
Bounding Spectrum.

Figure 2. GIP Reference Spectrum
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GERS were established for a number of equipment classes
from a collection of laboratory shake tests. GERS are also
available for relays. The reference spectrum is generally
lower than either the GERS, or the Relay-GERS. GERS
are shown in Figure 3 for various equipment classes.

DOE REQUIREMENTS
For SSCs installed in DOE facilities, the requirement

is that the 10% exceedance capacity exceed a scaled design
basis earthquake (see equation 4). Following the
methodology contained in the GIP, if either the Reference
Spectrum, or the GERS are taken to define the 10%
capacity level, then these spectra may be compared directly
to the in structure response spectra at the components'
mounting location to determine acceptance. However, the
capacity spectrum as defined by either GERS or the
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Reference Spectrum does not have a exceedance
probability attached to it. Thus, an approach is needed by
which either the 10% exceedance capacity spectrum can be
derived from the Reference Spectrum or GERS. or an
alternative approach is needed to meet the basic criteria of
equation 4 .

Figure 3. Generic Equipment Ruggedness
Spectra (GERS) for Various
Equipment Classes.
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APPROACH

The proposed approach to be used for evaluation of
existing SSCs in DOE facilities adapts the GIP
methodology with one exception. The experience-based
capacity spectrum defined as either the GERS,
Relay-GERS, or the Reference Spectrum as contained in
the GIP will be compared to a scaled design basis
earthquake. The scale factor to be used in the comparison
is a function of the performance goal required for the SSC
under consideration. The experience-based capacity
spectrum is then be compared to the scaled required
response spectrum in order to determine acceptance:

Cap>FVMLsRRS

Where:

(5)

Cap: is the experience-based capacity as defined by
either the Reference Spectrum, GERS, or a
component specific Test Response Spectrum.

FVM: is a verification method factor dependent upon
the experience-based spectrum being used >o
define capacity. FVM is given in Table 5.

Ls: is a load factor appropriate for the given
performance category. Ls is given in Table 3
for various performance goals.

RRS: is the required response spectrum. RRS is the
median amplification response spectrum at the
component's mounting location generated in
accordance with DOE-STD-1020-92.

The remainder of the caveats and inclusion rules as
specified in the GIP still need to be met. If the
experience-based capacity spectrum envelops the factored
required response spectrum for all frequencies above the
lowest estimated fundamental frequency for the SSC being
evaluated, then the performance goals arc met.

DOE-STD-1020-92 requires that dynamic analysis
be performed for performance category 3 and higher SSCs
This requires the generation of median amplification floor
spectra for component evaluations. Thus, RRS, as used in
equation 5 represents the median amplification input
spectra at the mounting location of the component being
evaluated. DOE-STD-1020-92 adapts the procedures
given in ASCE 4-86 as acceptable for use in generating
in-structure response spectra.

VERIFICATION METHOD SCALE FACTORS
Equation 5 requires verification method scale

factors, Fw , which are a function of the method being
used to define capacity (i.e., Reference Spectrum. GERS.
Qual. Test Response Spectra).

The verification method factors, FVM , for use in
equation 5 were determined from the general acceptance
criteria given in equation 4, and accepted methods of
fragility analysis. Kennedy and Short |11], present a
methodology for developing the verification method factor
for new equipment qualified by test methods.

Following Kennedy and Short [11], the general
acceptance criteria given in equation 4 may be rewritten as
follows:

Cap
RRS ~ ~

Where:

1.5lsexp(1.282pFS) (6)

is the median capacity factor. Fc is the ratio
between the median capacity, and Cap.
is a response factor. FK is the ratio between the
median in-structure response to the DBE input
motion, and the in-structure response at the
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DBE input as given in the RRS spectra. FR

accounts for conservatism included in the
methodology of ASCE 4-86.

PFS- is the lognormal standard distribution of the
product of FR and Fc. $FS accounts for the
uncertainty in the capacity and response
parameters. A lognormal distribution is
assumed for both the capacity factor, Fc, and
tho response factor, FR.

Cap, RRS, and Ls are the same as previously defined
Comparing equations 5 and 6, it is seen that the
verification method factor may be obtained from:

the (3R of 0.35 for FR , the verification method factor for
equipment qualified by test is calculated as:

1.5exp(1.2823FS)
FRFC

(7)

The RRS is computed in accordance with
DOE-STD-1020-92, which adapts ASCE 4-86, with the
exception that mean input spectral amplification factors
are to be used instead of mean plus one standard deviation
(84%) amplification factors. Kennedy and Short report a
median response factor, FR, of 1.28 and a lognormal
standard deviation, pR of 0.35 for equipment mounted on
structures, with response computed in this manner. The
median response factor will be different for in-structure
response spectra which were generated using other
methods.

Component Specific Qualification Test Response
Spectra

A direct estimate of the median capacity factor, Fc ,
is impossible to make for equipment qualified by test. All
that can be estimated from such a test is a lower bound of
F c . Standard test procedures use broader frequency
content and longer duration input than is likely from an
actual earthquake; furthermore, to pass the test, the
equipment must function during and after the input.
Therefore, Fc must substantially exceed unity. However,
qualification tests do not typically address the possible
differences between the seismic capacity of different
equipment samples for a test run, because it's typical to test
three or fewer samples of a component. Based upon
Appendices J and Q of Reference 12, Kennedy and Short
judge that such qualification testing provides about a 90%
to 98% confidence of acceptable equipment performance at
the level defined by CAP, or failure probabilities for
equipment that passed such a test from 2% to 10%.

Assuming, that Fc is lognormally distributed with a
lognormal standard deviation, Pc of 0.20, based on a
review of fragility results, Kennedy and Short derive a
median capacity factor of 1.40 for use with equipment
qualified by test. Combining the (3C of 0.20 for Fc with

and

1.5exp(1.2823FS)
FRFC

1.5 expl 1.282(0.40) J
= 1.4

Generic Equipment Ruggedness Spectra
Generic Equipment Ruggedness Spectra (GERS)

were developed for SQUG by ANCO [7]. GERS are
similar to test response spectra in that only a lower bound
estimate of the component's failure capacity can be made
from the test data. The GERS capacity spectrum, similar
to that shown in Figure 3 were based on a collection of test
response spectra. For most qualification tests, however,
failures are not recorded at the test response spectra. Thus,
the GERS represent success data for many components
subjected to broad frequency, long duration input motion.

In Appendix J of Reference 12, Kennedy reports that
the GERS level represents about an 84% confidence of less
than about a 10% failure probability. Merz estimates that
the GERS level represent about 90% confidence of less
than about a 16% failure probability. Using these
estimates as benchmarks, Kennedy shows that there is
about a factor of 1.2 between the "High Confidence of Low
Probability of Failure" capacity, and the GERS capacity:

GERS=-\.2xHCLPF

From this estimate, and the definition of the HCLPF
capacity, the median capacity factor for equipment with
seismic capacity defined by GERS may be calculated as:

,_ exp(2.2ipc) . „ _
h = 1 i 0

Thus, a median capacity factor of 1.30 is appropriate for a
Pc of 0.20. Note that (3C of 0.20 is taken from Appendix J
of Ref. 12. The resulting capacity factor of 1.30 is slightly
less than the 1.4 for component specific qualification tests:
however, this should be expected since the GERS
encompass a wider variety of components, subject to a
wider variety of input motion.

Combining the pc of 0.20 as reported in Appendix J
of Reference 12 for Fc with the PR of 0.35 for FR , the
verification method factor rnpropriate for equipment
whose capacity is defined by GERS is calculated to be
about 1.5.
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Generic Equipment Ruggedncss Spectra (Relays)
Generic Equipment Ruggedness Spectra (GERS) for

relays are reported in Ref. 8. The GERS for relays are
unique in that they were developed from seismic
ruggedness tests, as opposed to qualification tests used for
the non-relay GERS. The test programs used in
development of relays-GERS were based on both
broad-band and narrow-band input motions of varying
levels to establish the relay chatter threshold level
(fragility) and the chatter duration associated with input
levels greater than the threshold level. Thus, the
relays-GERS are essentially fragility tests, such that the
capacity factor relays-GERS may be expected to be less
than that for non-relay GERS.

Appendix Q of Ref. 12 reports a median capacity factor of
about 1.07 for relays-GERS, with a corresponding [ic of
0.20. Using this value and an FR of 1.28 with a [}„ of 0.35
in equation 7, the verification method factor for use with
relays GERS is calculated to be about 1.8

Reference Spectrum
GERS are not available for all of the equipment

classes contained in the GIP. The GIP does, however.
provide the Reference Spectrum for use in defining
seismic capacity. The Reference Spectrum was developed
from a review of ground motion estimates for four sites
that heavily influenced the data base of experience data
collected by SQUG [13]. These data base sites are listed in
Table 4.

SSRAP judged that the Reference Spectrum provides
a reasonable description of the ground motion level to
which the earthquake experience data demonstrate seismic
ruggedness by averaging and smoothing the representative
response spectra from the four sites.

At the Reference Spectrum level, a significant
number of data base equipment in each of the equipment
classes was subject to ground motion as high as the
Reference Spectrum. Some items of the data base
equipment were likely to have seen ground motion level as
high as twice the Reference Spectrum levels, while others
saw as little as one-half of the Reference Spectrum levels.
For equipment meeting the caveats and inclusion rules
contained in the GIP, no failures were reported.

This data will be used in generating the appropriate
verification method factor for use with the Reference
Spectrum. At the time of the writing of this paper,
however, this task was not complete.

Table 4. Data Base Sites Used for
Construction of Reference Spectrum

Data Base Site

Sylmar Converter
Station

El Centro Steam
Plant

Coalinga

Chile

Estimated Ground
Motion Record

I'acoima Dam Record
Scaled to ().5g

Station 5165, K! Centro
Differential Array

Pleasant Valley i'umping
Plant Freee-Field Record

I.lolleo Record

Average
Horizontal

Peak Ground
Acceleration

(G)

0.5

0.42

0.5

0.55

Relief For Existing Facilities
DOE STD-1020-92 states that for facilities close to

meeting the criteria, " some relief can be allowed by
performing the evaluation using hazard exceedance
probabilities of twice the value recommended for the
performance category of the SSC being considered" |4).
This doubling of the hazard exceedance probability is
roughly equivalent to allowing a 20% margin of capacity
over the demand. For existing SSCs, therefore, the
verification method factor may be factored by 0.80 in order
to provide relief for existing SSCS close to meeting the
criteria.

Table 5. Verification Method Factors for Use
with Equation 5

Spectrum Used to Define Seismic
Capacity

Qual. Test (TRS)

GERS (non-relay)

GERS (relay)

Reference Spectrum

1.4

1.5

1.8

N/A

0.80xFVM

1.1

1.2

1.4

N/A

Table 5 presents the verification method factors for
the four general types of experience-based capacity spectra
available. For verification of existing SSCs, it is
recommended that the first column of factors be used with
equation 5. For SSCs that are close to meeting the criteria,
the demand spectra may be reduced by a factor of 0.8. The
factors appropriate for this relaxed criteria are shown as
the second column of numbers in Table 5. The use of the
reduced verification factors is equivalent to a doubling of
the evaluation hazard cxcecdance probability.
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EXAMPLE PROBLEM

Consider a motor control center that is well anchored
in a DOE facility. The motor control center is classified as
PC-4 in accordance with DOE-STD-1021-92. In-structure
response spectra have been developed at 5% damping
using the methods outlined in DOE-STD-1020-92. The
response spectra follow the shape of NUREG CR/0098,
and have a peak ground acceleration of 0.30g. The peak
ground acceleration was obtained from a mean hazard
curve at a annual probability of exceedance of 2x10-4
(Performance Category 4). The component was walked
down in accordance with the procedures contained in the
GIP, and was found to meet both the inclusion rules and
caveats for motor control centers (equipment class 1) as
specified for GERS acceptability in Ref. 6, appendix B.

The GERS will be used as the experience-based
capacity spectrum. As a first pass, a verification method
factor of 1.5 will be used to bump-up the in-structure
response spectra (required response spectra) for
comparison to the GERS . A load factor of 1.15 is
appropriate for PC4. The total factor for the RRS is then
1.7. This comparison is shown in Figure 4.

Figure 4. Comparison ofMCC GERS to
Factored RRS
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10 15 20 25

Frequency (hz)
30 35

Note that the GERS shown in Figure 4 exceed the factored
RRS over all frequency ranges of interest; thus, the
performance goals appropriate for PC4 are ensured.

This component was compared to a NUREG
CR/0098 ground spectra, which is typical of in-slructure
spectra for components mounted at or below basemat. The
margin in the experience-based capacity spectrum shown
by the GERS to the factored required response spectra may
be needed to verify the seismic adequacy of components
that are mounted high in structures.

SUMMARY

DOE Order 5480.28 requires that all existing
structures, systems, and components be evaluated for the
effects of Natural Phenomena Hazards. The order
endorses the graded approach outlined in DOE STD-
1020-92 in which structures, systems, and components are
classified into one of four performance categories. Design
and evaluation are contained in DOE STD-1020-92 for
each performance category. To each category, a
probabilistic performance goal is attached. The
performance goal is the acceptable annual probability of
failure.

The USNRC has adapted the Generic
Implementation Procedure (GIP) as an acceptable
methodology for resolution of USI A-46. The GIP
contains generic experience-based capacity spectra for
various equipment classes. These capacity spectra were
developed from either real earthquake response spectra, or
from a collection of test response spectra. The GIP
methodology "is sufficiently rigorous to provide a level of
safety comparable to that achieved by the current
requirements applicable to nuclear power plants for
verifying the seismic adequacy of equipment" [6J;
however, the methodology of the GIP is not based on
performance goals.

An approach was proposed in this paper by which
the experience data based methodology contained in the
GIP can be used to verify the seismic adequacy of SSCs in
DOE facilities, and meet the performance based criteria of
DOE-STD-1020-92 and DOE Order 5480.28. The
approach adapts the methodology contained in the GIP
with one addition. The capacity spectrum defined by
either non-relay GERS, Qualification Test Response
Spectra, or relay GERS is compared to a scaled
in-structure Required Response Spectrum (RRS). The
scale factors used in increasing the required response
spectrum are called "verification method" factors, and arc
a function of the performance category of the SSC being
evaluated. The appropriate verification method factors
were given for equipment whose capacity' is defined by
either Test Response Spectra, relay-GERS, and non-relay
GERS. An example problem was provided.
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THE APPLICATION of SQUG to NON-REACTOR FACILITIES

by Richard S. Hoskins

ABSTRACT

DOE Order 6430.1 A mandates that facilities be designed and
constructed to withstand Natural Phenomena Hazards in accordance with their
hazard level. DOE has a program in progress to evaluate and then upgrade
many of their existing medium and high hazard facilities where release of
hazardous materials to the environment is a concern. This paper addresses an
useful methodology which has been applied by SRS to evaluate and qualify
equipment to withstand the ravenousness of earthquakes.

The Seismic Qualification Utility Group was formed by a group of
Electric Power Utilities whose Nuclear Power Plants predated the 10CFR50
Environmental design requirements to develop a methodology to evaluate and
upgrade their operating plants against seismic events in answer to NRC
generic letter USI-A46. SRS participated in this organization, since it operated
reactors designed and constructed in the 1950's, and the application of the
SQUG methodology was obvious. SRS was first in using SQUG for seismic
evaluation and qualification of reactors.

Nuclear Material Processing and Handling facilities utilize equipment
similar to the nuclear industry, in fact, to industry in general. Consequently, it
made sense to apply SQUG methodology to evaluate and qualify equipment in
NMPH facilities against earthquakes. In order to utilize SQUG methodology,
some changes are required since the goal of safe shutdown of a NMPH facility
differs from a nuclear reactor, consequently, the generation of a Safe Shutdown
Equipment List is modified by the requirements of each particular facility.

Once the Safety Class Equipment List is developed denoting the
qualification requirement for each piece of equipment, the SQUG walk downs
can be performed as they are in a commercial nuclear plants. SQUG
methodology offers a cost effective approach for the seismic qualification of
equipment existing DOE NMPH facilities. SQUG cannot be applied to new or
unique equipment since the experience database doesn't contain the needed
information.

Introduction

Currently SQUG is viewed as something
mystical by which a group of seismic experts can
walk through a reactor facility and determine which
equipment is seismically qualified. Actually this is far
from the truth! In the early 1970's, the commercial
nuclear power industry started applying seismic
design requirements to reactor systems in
compliance with NRC requirements to assure that
nuclear power plants could be shutdown and
maintained in safe condition in the event of an
earthquake. The Seismic Qualification Utility Group
was formed by a group of Electric Power Utilities
whose Nuclear Power Plants were designed and
constructed before 1971. This group was formed in
response to the NRC's generic letter USI-A46

mandating seismic assessment of these older plants.

Nuclear Power Plants utilize equipment
generic to Electric Power Plants and most industrial
plants. With this fact in mind, SQUG decided on an
approach utilizing actual experience data
(information) gathered from industrial plant sites
around the world which had experienced a severe
earthquakes. Many such sites exists in the western
USA alone. So, they collected a database of
information of plant equipment performance taken
after that equipment had endured the rigors of an
earthquake. The database was broken down into 20
classes of equipment commonly found in industrial
plants. This performance record was then used to
evaluate similar equipment in Nuclear Power Plants.
When touring DOE sites, an engineer will find most if
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not all of the 20 classes of equipment in use.
Logically then, this information can be used to
evaluate plant equipment in any Nuclear Materials
Processing Facility in the DOE Complex.

Classes of Safe Shutdown Equipment

1- Motor Control Centers
2- Low Voltage Switchgear
3- Medium Voltage Switchgear
4- Transformers
5- Horizontal Pumps
6- Vertical Pumps
7- Fluid Operated Valves
8- Motor Operated Valves
9- Fans
10-Air Handlers
11-Chillers
12- Air Compressors
13- Motor-generators
14- Distribution Panels
15-Battery Racks
16- Battery Chargers & Inverters
17- Engine Generators
18- Instrument Racks
19- Temperature Sensors
20- Instrumentation and Control Cabinets

Safe Shutdown Equipment List

The starting point for a SQUG evaluation of a
plant is the generation of a list of equipment need to
bring a plant to a safe condition and to maintain that
condition after an earthquake. Safety Analyses are
being performed on these facilities to identify vital
areas and equipment housed within containing
hazardous materials harmful to the workers, public,
and environment. Concern is with catastrophic failure
being brought on by a Natural Phenomena Hazard
such as extreme wind, tornado, flood, or earthquake.
Knowledge of the Safety Analysis and the system
design is required to generate an effective SSEL. In a
NMPH facility, the focus is on Nuclear Criticality and
Releases to the Environment which is similar to those
for a Nuclear Reactor. The development of the
various accident scenarios and the actions needed to
recover from these events in the Safety Analysis is
important in determining the safety class equipment
which requires seismic evaluation and qualification.
In order to develop a Safe Shutdown Equipment List,
the seismic and the system engineers must work
together using the Safety Analysis Report information
to determine the equipment required to place !he
systems in a safe mode and to prevent release of
hazardous materials to the environment. The focus in
this effort is to define the functional requirements for

safety class equipment during and after an
earthquake.

A good system review is needed for each
item on the list to determine what function or
performance criteria must be met during and/or after
an earthquake. Besides listing equipment, all safety
class cable trays, conduits and piping should be
identified for evaluation, since these items provide
the vital linkages between the equipment items.
Experience data shows that these linkages are
rugged in an earthquake, so SQUG provides the
methodology for screening these linkages to identify
the problem areas.

Ideally, if you could close the doors of a
facility during an earthquake to protect the
environment and the public, the SSEL would contain
a minimum number of items and the job would be
relatively simple. At SRS, both reactors and NMPH
facilities require confinement, not containment,
systems to protect against the release of nuclear
materials to the environment which requires seismic
qualification of that system. SQUG methodology was
used to evaluate and quality both reactor and
process canyon confinement equipment at SRS.
Knowing what the functional criteria during and after
an earthquake is important since it is usually easier to
seismically qualify a structural item required to
contain and/or maintain safe configuration than an
item that must function or perform during and after an
earthquake. This is where the SQUG database can
help with regard to the 20 classes of common
industrial equipment catalog within. You can usually
find that the equipment installed in your facility is
within the range of equipment covered. Remember
that SQUG information can only be used to qualify
existing equipment since experience data is not
applicable to recently manufactured equipment. New
and unique equipment not covered by the SQUG
database will need to be seismically qualified using
IEEE-344 which proves to be expensive.

Facility Information

Once the SSEL has been developed, facility
and site information is needed before walk-downs
can be started since the seismic demand must be
compared with the seismic capacity for a piece of
equipment. The issue of facility spectra to be used
must be addressed, and the SQUG Bounding
Spectra must envelope the facility Ground Response
Spectra. Also, the location of each piece of
equipment within the facility needs to be identified. If
any items are located more than 40 feet above grade,
then in-structure floor response spectra are needed.
Whether or not any items are above the 40' EL, an
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agreement on site ground response spectra to be
used is required with UCRL-15910 providing
guidance to determining the acceptable required
spectra. Once a spectra is agreed to, the SQUG
150% bounding spectra must envelope the applicable
Floor Response Spectra for each item in-order for the
SQUG experience data to be applicable.

Training

At SRS, training of personnel is a serious
consideration which must be addressed. Personnel
requirements for a SQUG walk-down team member
ideally is a minimum of a BS. degree in Mechanical
or Civil Engineering with a higher degree and/or a
PE. license being desired. In addition, the team
member should have 10 years of related experience
in seismic engineering, dynamic analysis, and/or
vibrations. Even after fulfilling the personnel
requirements, an investment of a minimum of a week
SQUG training above the normal HP/RWP and safety
training is required before each team member will be
able to perform his duties in the field. The SQUG
training familiarizes the team member with the 20
classes of equipment in the database and how to
apply that information. The training addresses the
rules, procedures, questionnaire forms, and
engineering methodology in revision 2 of the GIP to
be applied in the equipment walk-downs. This
training focuses on the practical seismic engineering
problem solving required to evaluated the seismic
ruggedness of equipment.

Preparation

At SRS, before starting the walk-downs
on the listed equipment, archives are searched
for engineering information such as drawings,
specifications, purchase orders, maintenance
and installation manuals on each piece of
equipment listed to establish a design baseline.
Photographic equipment for documenting the
visual condition of the equipment should also be
assembled and the team familiarized in its use.
Polaroid cameras and video Cameras are useful
tools for recording visual conditions. Measuring
tapes, machinist rulers, and calipers will be
needed for team members to measure detail
artifacts. Field sketch and drafting kits should be
assembled for team use. Use of PC Computers is
taken for granted today, so it is recommended
that the use of the SQUG support software be
explored. Of particular interest is the
developments using Pen-Graphics Laptop PC's.
As far as SRS is concerned, the old fashion

methods have been successful. Before each walk-
down, the team should be assembled for
familiarization including HP/RWP information,
forms to be filled, and all archive information
disseminated with the goals of maximizing
personnel efficiency and minimizing radiation
exposures, i.e. each team member should know
what his job on the walk-down is before going to
the item location. Besides being efficient, this
will minimize time in the RZ's.

Health Physics

The Radiation Worker Protection concerns
are more diversified in NMPH facilities than those
associated with reactors. At SRS, you must plan with
one or more of the following materials in mind:
Plutonium, Tritium, Uranium isotopes, and Fission
products. A radiation hazard may put a damper on
performing a SQUG walk-down and with ALARA
being a requirement other methods of seismic
qualification may be mandated. Even though process
or handling equipment may be to radioactive to
evaluate, much of the support equipment is not, and
it is just as vital to nuclear safety.

Safety

The Industrial Safety hazards are prevalent
in a NMPH facilities due to diversity of the processes
and hazards associated with chemical plants being
added to those found in nuclear facilities. As with
reactors, electrical safety concerns are still a major
life threatening issue. Consequently, the walk-downs
need to be planned with safety in mind and fully
coordinated with plant operations personnel.

Walk-downs

The SQUG walk-down is where the action is.
This what all trie preparation was for. At this point,
the walk-down team must make the most of their time
and record accurately what they see regarding ihe
particular item of equipment being evaluated. During
the walk-down, they are inspectors recording every
structurally significant feature about the equipment
and its installation. To this end, the GIP with its
questionnaire forms provided the procedural process
for performing the task.

The engineering team members must
examine the equipment with the assumption that this
equipment is no longer installed as the original
engineers intended. Over the years things happen
and what exists is different than what the
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documentation would lead you to believe. This "as-
built" condition needs to be documented accurately.
The concept of configuration management though
well known in "Reactors" may not exist in a NMPH
facility. Particular attention should be given to the
load path from the floor through the anchorage to the
equipment since the anchorage evaluation will be
crucial to the successful qualification ot the
equipment. Remember that Nuclear Materials are
Chemically Processed, so the team must be vigilant
for deteriorated material conditions.

The team should focus on one item at a time
and try to answer as many of the evaluation
questions as possible with observations and
conditions recorded as accurately as possible. The
focus on details will assure a successful walk-down.

Evaluations

Based on SRS experience, once a walk-
down is completed, the team returns to the office to
finalize the SQUG documentation package while all
the details are fresh in the members minds. These
packages are treated just as any other calculation
would be with all of the team members participating
and reviewing and approving the work of the others.

Evaluations of NMPH equipment not only
considers the guidance of the SQUG GIP, but
considers the rigors of the operating environment.
Allowances should be agreed to for any degraded
conditions and reduced dimensional situations. When
reviewing the 20 classes of equipment be mindful
that the information was gathered from all sorts of
plant environments including chemical processing, so
just keep the evaluation realistic for the operating
environment.

The SQUG screening methodology enables
the team to identify the critical areas in the cable tray,
conduit and piping arrangements where analyses or
calculations need to be performed validating the
design. A primary focus of the SQUG evaluation is
the anchorage, so its methodology is used at SRS to
evaluate all existing equipment anchorage's even if
the item isn't covered by the 20 equipment classes.

When completing packages, the team
members discuss and weigh the various remedies to
the problems identified since SRS has chosen to
address upgrades as part of the program. Particular
to the NMPH facilities, the remedies address not only
the normal repair, rework, and replace considerations
for upgrading a piece of equipment, but consideration
is given to preventative maintenance and in-service
inspection as ways to assure that minimum structural

requirements continue to be met.

When performing SQUG evaluations in
NMPH facilities, realize that not all equipment is
going to be covered by the 20 classes of equipment.
At SRS, several distinct types of equipment have by
their specialized nature been unsuitable for
evaluation using SQUG. One area where the use of
SQUG cannot be applied is the qualification of the
radiation monitoring equipment mandated by DOE
Order 6430.1 A, since this type of equipment is not
found in a normal industrial setting. The following are
examples of where SRS could not use SQUG to
qualify equipment: Radiological Effluent Monitoring
equipment, Glove boxes and the equipment mounted
within, Remotely operated process equipment in the
canyons, Air Filters and Absorption Beds. These
items have been qualified using testing and/or
analysis.

Spatial Interaction

As part of SQUG, SRS performs ll/l (two over
one) walk-downs in both existing and facilities to
identify items whose failure through spatial interaction
can impact the functioning or pose a life-safety threat.
With the earthquake as the initiating event, items in
the proximity whose failure, including seismic anchor
point displacement, and/or falling will impact safety
class equipment or personnel egress routes including
indirect issues including water spray, flooding, and
fires can be identified and evaluated using SQUG
methodology.

Conclusion

As with the SRS reactors, SQUG
methodology as given in the GIP, Rev. 2 is being
used to perform seismic evaluations on safety class
equipment to determine which vital equipment
requires upgrading to be seismically qualified.
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SEISMIC EQUIPMENT QUALIFICATION AT ROCKY FLATS PLANT:
LESSONS LEARNED

William Peregoy
Kenneth Herring

EG&G Rocky Flats, Inc.
Systematic Evaluation Program

P. O. Box 464, Bldg. T130A
Golden, CO 80402

ABSTRACT

Seismic equipment quaiirication is being evaluated as a part of the Systematic
Evaluation Program (SEP) at the Rocky Flats Plant (RFP). The experien:e
database developed by the Seismic Qualification Utility Group (SQUG) as
outlined in their Generic Implementation Procedure (GIP) was initially
studied for the qualification of equipment at RFP. However, detailed review
of the simplified guidelines contained in the GIP revealed substantial
differences between components and structures at RFP and those at
commerical nuclear power plants.

The RFP structures are significantly less massive, and more flexible than the
large reinforced concrete shear wall and steel moment resisting frame
structures typically found at commercial nuclear power plants. Much greater
amplifications of ground motion result from the response of the RFP
structures that substantially limit the applicability of the simplified Bounding
Spectrum evaluation approach contained in the GIP. Therefore, more
rigorous evaluations are required for substantially greater numbers of
components that are included in the GIP equipment classes. In addition,
there are a substantial number of component classes at RFP that are not
present in typical nuclear power plants (e.g., glove boxes, welded tubular
HVAC ducts, and process piping) that are not included in the GIP.

This paper presents the details of the differences between the RFP structures
and components and those represented in the GIP, the challenges that were
presented for their evaluation at RFP, and EG&G's approaches to develop
seismic qualification data.

INTRODUCTION plants, as outlined in their Generic Implementation
Procedure (GIP), would provide a substantial

Seismic equipment qualification is being benefit for the qualification of equipment at RFP.
evaluated as & part of the Systematic Evaluation However, further review of the simplified
Program (SEP) at Rocky Flats Plant (RFP). guidelines contained in the GIP with respect to the
Initially it was believed that the experience database specific structures and components at RFP revealed
developed by the Seismic Qualification Utility substantial differences from the GIP criteria.
Group (SQUG) for commercial nuclear power Therefore, the number of "outliers" from the
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experience database defined in the GIP is
substantially greater than was initially anticipated.

This paper presents the details of the differences
found between the RFP structures and components
and those represented in the GIP, and the
challenges that are presented for their evaluation at
RFP. Approaches necessary to develop seismic
qualification data are also discussed.

The discussions focus on the experience with one of
the nuclear facilities at RFP, Building 707.
However, the conclusions are generally applicable
to other similar facilities which typically comprise
the nuclear facilities at RFP.

GENERAL DESCRIPTION OF BUILDING 707

The primary structure is a two story, load
bearing, shear wall structure with the roof and floor
acting as horizontal diaphragms. Intermediate
columns and beams provide the interior floor and
roof supports. The primary exterior shear walls,
and second floor and roof diaphragms are
constructed of precast concrete "twin T" panels.
The precast concrete girder and column framing
members support the floor and roof panels, and
provide shear transfer into the wall panels. Lateral
support for the structure is also provided by some
interior reinforced concrete block shear walls. The
building is commonly referred to as a "tilt-up" type
structure.

The foundations consist of concrete caissons
extending 30 to 40 feet below grade. Precast
concrete grade and tie beams are integrated into a
continuous structure at the cast in place pile caps.
The grade beams support the exterior wall panels.

HISTORICAL ANALYSES

The seismic resistance of RFP Building
707 has been the subject of several evaluations and
studies since its initial design and construction.
Those analyses and studies significant to the
discussions herein are summarized below.

INITIAL STRUCTURAL DESIGN (1970)
The initial design calculations were

performed in 1970. The seismic design
requirements were minimally based on the Uniform
Building Code (1967) for Seismic Zone I, using a
lateral force of 0.033 times the weight of the
building; that is, similar to a 0.033 g uniform

horizontal acceleration at the ground surface. This
was in accordance with the requirements for an
industrial structure in Denver at that time. No
dynamic analyses were performed.

AGBABIAN REANALYSIS (1979-80)
Detailed analyses of RFP Building 707

were conducted in the 1979-1980 time frame by
Agbabian and Associates. These analyses included
a detailed analysis of the structure for earthquake
loads in combination with normal loads. The
analyses were based on a 0.14 g bedrock, 0.28 g
ground surface, peak horizontal acceleration and
response spectra defined by URS Blume for the
RFP Site in 1974. The difference between the
bedrock and surface was due to amplification by a
thin upper soil layer. Since the structure is
relatively "light", the effects of soil structure
interaction were determined to be small.
Therefore, soil structure interaction was neglected
and the ground spectra are applicable to the
equipment at the ground floor.

Floor spectra for equipment qualification were
actually generated at only two points in the
structure at the first floor and the roof elevations.
Figure 1 shows the building model along with the
two (2) node points at which actual floor spectra
were generated. To obtain spectra at other points,
Agbabian prescribed that the actual acceleration
floor spectra closest to the point of interest be
simply multiplied by the ratio of the peak
displacements at the point of interest to those at the
node points at which the spectra were generated.

'iii;&k'#\

Figure 1. Structural Building Model
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SEP BUILDING SPECTRA
COMPARISONS WITH GIP

METHODOLOGY
Spectral amplifications associated with

RFP Building 707 were assessed to determine the
applicability of three (3) of the methods of
equipment qualification summarized in Table 4-1 of
the GIP, namely:

1. Comparison of the ground surface response
spectra to the GIP Bounding Spectrum,

2. Comparison of the building floor spectra to
1.5 times the GIP Bounding Spectrum, and

3. Comparison of the building floor spectra to
the Generic Equipment Ruggedness Spectra
(GERS) in the GIP.

The details of the comparisons performed to assess
each of these are discussed below.

BUILDING SPECIFIC BOUNDING FLOOR
SPECTRA

Figures 2 and 3 show the spectra that were
generated by Agbabian for Building 707. These
are based on the 0.28g peak horizontal and 0.14
peak vertical ground surface accelerations used by
Agbabian. In order to account for the limited
number of spectra generated by Agbabian, and to
simply consider the range of frequencies and
associated amplifications throughout the structure,
all spectra for the structure were used and scaled in
proportion to the peak displacement at any point at
a particular elevation (i.e., floor or roof). This
was done to assure that spectra indeed represented
the range of potential building amplification of
ground motions.

The GIP Bounding Spectrum and the GERS are
presented only in terms of horizontal spectra. The
details of the corresponding vertical components of
motion are not given, except that the caveats refer
to consideration of stiff, massive commercial
nuclear power plant structures, not structures
similar to Building 707. Therefore, approximate
equivalent horizontal spectra were derived from
Agbabian's vertical spectra by increasing
Agbabian's vertical spectra by a factor of
(3/2)(2/1.5) = 2 on top of the peak displacement
ratio factor. This factor is based on the "typical"
approximation that vertical spectra can be
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Figure 2. Agbabian Horizontal Spectra
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Figure 3. Agbabian Vertical Spectra

approximated by 2/3 the horizontal spectra and
considers that the vertical amplification for the soil
layer under Building 707 was 1.5 in the vertical
direction versus 2 in the horizontal direction. This
method is not precise but represents an adjustment
to reflect the vertical amplifications for the RFP
structures for comparison with the GIP spectra.

For determination of Rocky Flats Building Specific
Bounding Floor Spectra, the Agbabian spectra were
reduced by the ratio of the peak ground
acceleration used in the Agbabian analyses to the
peak ground acceleration for Rocky Flats obtained
from UCRL-15910, 0.21g/0 28g. The ground
motion spectral shape was assumed equal to that
specified by URS Blume for the RFP Site in 1974
and used by Agbabian. The validity of this
assumed ground motion will be verified when site
specific ground motions are defined by the Seismic
Hazard Study that is in progress for the RFP.
Figure 4 shows the horizontal ground spectra based
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Floor Spectra -Roof

on the 0.21g peak horizontal ground surface
acceleration.

The resulting adjusted spectra corresponding to the
floor and roof elevations of the structures were
plotted and an envelope was drawn. This envelope
is termed a Building Specific Bounding Spectrum
herein. Figures 5 and 6 show these Bounding
Floor Spectra for the Building 707 floor and roof
elevations, respectively.

As shown in Figure 5 and 6, the Building 707
Bounding Floor Spectra that were derived tend to
be dominated by the equivalent horizontal spectra
derived from the vertical spectra. It appears that
the adjustments to the vertical spectra herein for
comparison to the GIP horizontal spectra are
conservative. However, without further analyses of
Building 707 and quantification of the vertical
motions in the GIP, further adjustments are not
possible.

All comparisons are based on floor response
spectra damping values of 5-percent, consistent
with presentation of spectra in the GIP. The
damping assumed for the structure was 10-percent
which considered the high stresses that would be
induced in the structure at the assumed level of
ground motion.

COMPARISONS WITH GIP BOUNDING
SPECTRUM

Figure 4 shows a comparison of the GIP
Bounding Spectrum and the horizontal ground
spectrum applicable to Building 707 ground floor.
The GIP Bounding Spectrum envelopes the
Building 707 ground floor spectrum. Therefore,
the GIP would be directly applicable to equipment
on the ground floor.

The GIP also presents a qualification method using
the Bounding Spectrum based on assuming a
building response amplification factor of 1.5. For
the types of structures considered in the GIP
(massive, stiff concrete shear walls and braced steel
frames), this spectrum can be used for qualification
of equipment located up to 40 feet high in the
structure (the "40 Foot Rule"). Therefore, the
Building 707 Bounding Floor Spectra for the floor
and roof were compared to 1.5 times the GIP
Bounding Spectrum.
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The peak spectral accelerations corresponding to
the RFP Building Specific Bounding Floor Spectra
are:

Building 707, Floor 1 (Figure 5) - 3.8g
Building 707, Roof (Figure 6) - 4.7g

These peak accelerations are substantially in excess
of the 1.2g peak acceleration corresponding to 1.5
times the GIP Bounding Spectrum. Therefore,
comparisons of the Bounding Floor Spectra to 1.5
times the GIP Bounding Spectrum will not serve as
a generic qualification basis for equipment attached
above the ground surface of the buildings.

Component specific adjustments to account for
attachment at focations in the structure with
significantly lower displacements than those
considered in the derivations of the RFP Building
707 Bounding Floor Spectra should be considered
when evaluating a specific equipment item.

COMPARISONS WITH GIP GERS
Figures 7 through 18 compare the RFP

Building 707 Bounding Floor Spectra with the
GERS for the equipment types for which the GIP
assigns GERS. As demonstrated for these figures,
ail Motor Operated Valves (MOVs) and Solenoid
Valves (SVs) will generally be qualified considering
the RFP Bounding Floor Spectra. The GERS for
Air Operated Valves (AOVs) and Pressure
Transmitters (PTs) will also generally serve to
qualify many components. Otherwise, the GIP
GERS will not generally serve as a simple GIP
qualification method. In these cases, the RFP
Bounding Floor Spectra are enveloped by the GERs
for only certain buildings/elevations, and frequency
ranges.

Component specific adjustments to account for
attachments at locations with significantly lower
displacements than those considered in the
derivations of the RFP Building 707 Bounding
Floor Spectra should be considered when evaluating
a specific equipment item.
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EQUIPMENT NOT ADDRESSED BV THE GIP
There are a substantial number of

component classes at RFP that are not present in
typical nuclear power plants (e.g., glove boxes,
welded tubular HVAC ducts, storage racks and
process piping) and are not included in the GIP.
These must be treated as "outliers", with specific-
engineering evaluations. These items are present in
a large fraction of the buildings at RFP. Given the
prevalence of these classes as compared to those
contained in the GIP, substantial effort will be
required for their evaluation unless the GIP is
expanded to include these equipment classes.

CONCLUSIONS

The RFP structures are significantly less
massive, and more flexible than the large
reinforced concrete shear wall and steel moment
resisting frame structures typically found at
commercial nuclear power plants. Much greater
amplifications of ground motion result from the
response of the RFP structures. This is especially
true in the vertical direction. Therefore, the
applicability of the GIP's simplified Bounding
Spectrum evaluation approaches is substantially
limited for other than the ground floors of the
structures. In addition, there are a significant
number of component classes at RFP that are not
present in typical nuclear power plants (e.g., glove
boxes, welded tubular HVAC ducts, storage racks
and process piping) and are not included in the
GIP. Therefore, more rigorous evaluations are
required for substantially greater numbers of
components if the GIP is not extended.

It appears that the use of the previous RFP analyses
results in undue conservatism. This is due to
limitations inherent in these previous analyses.
Therefore, new spectra should be generated at the
equipment attachment points to somewhat reduce
the qualification effort. However, restrictions in
the GIP would still present difficulties.

The following overall recommendations for
expansion of the GIP are evident:

1. The caveats in the GIP should be refined
to remove excess conservatism to the
extent practicable. The most important are
those dealing with inherent building
amplification factors, types of structures to
which the GIP Bounding Spectra are
applicable, and the "40 Foot Rule".
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2. The GIP should explicitly identify both the
horizontal and vertical spectral components
for the Bounding Spectrum and the GERS.

3. The GIP classes should be extended to
include those not present in typical nuclear
power plants, especially glove boxes,
welded tubular HVAC ducts, storage racks
and process piping.
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A COMPARISON OF RESPONSE SPECTRUM AND
DIRECT INTEGRATION ANALYSIS METHODS AS APPLIED
TO A NUCLEAR COMPONENT SUPPORT STRUCTURE (U)

BJ Bryan and H.E. Flanders, Jr.
Westinghouse Savannah River Company

Savannah River Site
Building 707-49B

Aiken, South Carolina 29808

ABSTRACT

Seismic qualification of Class I nuclear components is accomplished using a variety of
analytical methods. This paper compares the results of time history dynamic analyses of
a heat exchanger support structure using response spectrum and time history direct
integration analysis methods.

Dynamic analysis is performed on the detailed component models using the two methods.
A linear elastic model is used for both the response spectrum and direct integration
methods. A nonlinear model, which includes friction and nonlinear springs, is analyzed
using time history input by direct integration. The loads from the three cases are
compared.

INTRODUCTION

A pair of horizontally mounted heat exchangers is
analyzed. Each heat exchanger is supported in the vertical
direction by two rail trucks. The heat exchanger pair is
constrained in the horizontal directions by six seismic
braces, as shown in Figure 1. Two types of seismic braces
are used: x-braces outboard of the heat exchanger pair, and y-
braces between the two heat exchangers. The x-braces are
mounted at 45° *o the vertical axis, and the y-braees are
mounted in the vertical axis. The nonlinearities in the heat
exchanger support system are friction at the rail truck wheel
interfaces, and bilinear stiffness of the x-brace base plates.

Structural properties of the components are used to
compile the finite element model. Three types of analysis
are performed: response spectrum time history by linear
direct integration, and nonlinear direct integration.

Rail True

Heat Exchanger with Support Structure

M910CKM9.03

Figure 1. Heat Exchanger
Structure

with Support

Fourth DOE Natural Phenomena Hazards Mitigation Conference -1993

706



ANALYSIS

The finite element model of the heat exchanger
system is compiled from the structural properties of the
component and modeled with beam elements, as shown in
Figure 2. This model was used for the three analyses
described below. The finite element analysis was conducted
using the ABAQUS code [1].

Heat

Seismic

X-Brace

Rail Truck

Figure 2. Finite Element Model of Heat
Exchanger Pair

Response Spectrum
The response spectrum method was applied to the

finite element model using the horizontal spectrum, shown
in Figure 3. This spectrum was created from the
acceleration time history, shown in Figure 4, using the
Systems for Analysis of Soil Structure Interaction (SASSI)
code [2]. The dominant response of the system, which
includes 95% of the effective mass, was produced by 15
modes with frequencies ranging from 7 to 30 Hz. The
SRSS method was used for modal load combination.
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Figure 3. Response Spectrum for Heat
Exchanger Axial Direction

Linear Direct Integration
The linear direct integration method was applied to

the finite element model using the acceleration time history,
shown in Figure 4. This acceleration time history matches
the response spectrum, shown in Figure 3. The time step,
0.005 seconds, was chosen to address the largest system
frequency.

-0.15
-0.2

16 18 20

Figure 4. Acceleration Time History for Heat
Exchanger Axial Direction

Nonlinear Direct Integration
The nonlincarities modeled in the heat exchanger

analysis are friction at the rail truck wheel interfaces and
bilinear stiffness of the seismic brace base plate anchorages.
The boundary conditions of the finite element model used in
the linear analyses vver modified to include the
nonlinearities. This modification of the finite element
model produces additional parallel load paths which were not
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present in the linear elastic analyses. The nonlinear direct
integration method was applied to the finite element model
using the acceleration time history, which was used in the
linear direct integration method (Figure 4). An adaptive
integration scheme, Newton's Method [3], was used to
integrate the equations of motion. This implicit integration
scheme uses the out of balance forces at a time half way
through the time step to monitor the accuracy of the
solution and adjust the size of the time step. Tolerances on
loads and moments were specified, and the time steps were
modified by the finite element code to maintain equilibrium
within the tolerances.

COMPARISON OF RESULTS

Results from the three analyses described above
include reaction forces at support locations and internal
loads. Table 1 shows a comparison of the maximum loads
in the seismic braces from the three analyses.

Maximum X-Brace Loads

Source

Response Spectrum

Linear DI*
(Maximums)
Linear DI* (Time
Consistent)

Nonlinear DI*
(Tension)
Nonlinear DI*
[Compression)

Time o

Load

(»)

NA

NA

9.6

7.09

9.36

Load

Axial

(lb)

49,870

49,940

49,940

33,590

44,620

Shear

(Ib)

27,460

28,350

13,870

6,900

10,100

Momen

(in-lb)

102,500

99,300

58,600

38,200

48,800

Run
Time

(cpu-h)

0.01

10.6

40.8

* DI = Direct Integration

Table 1. Seismic Brace Loads

Phase Relationship Effects. Examination of
the results shows that the maximum load components
(axial, shear and bending) from the time history linear direct
integration analysis are in excellent agreement with those of
the response spectrum analysis. However, the timing of the
load components of the direct integration analysis is such
that the maximum axial, maximum shear and maximum
bending moments do not occur simultaneously. Thus, the
combination of time consistent loads from the direct
integration analysis is less than the combination of
maximum loads from the response spectrum analysis.

Nonlinear Effects. Two nonlinearities are
included in the nonlinear direct integration analysis: friction
at the wheel/rail interface, and bilinear stiffness at the base

plate. Since the friction interface is included in the model,
the rail truck horizontal load bearing capacity is included in
the analysis; therefore, the rail trucks share the horizontal
load with the seismic braces. The bilinear base plate
stiffness causes the seismic braces , which are in
compression, to react more of the lateral load than the braces
that are in tension; thus, the anchor bolt pull out loads are
reduced.

Run Times. Table 1 shows the cpu times required
to perform the three analyses. For this analysis, the direct
integration methods used, at least three orders of magnitude,
more cpu time than the response spectrum method.
However, the more sophisticated analysis saved substantial
amounts of effort by making hardware modifications
unnecessary.

CONCLUSION

Review of the loads produced by the three analyses
leads to the following conclusions:

• The maximum loads produced by the response
spectrum method are in excellent agreement with
the maximum loads produced by time history
linear direct integration.

• The phase relationship of the load components
(axial, shear, and moment) from the linear direct
integration method is such that the maximum
values do not occur at the same time. Thus, the
combined loads from the linear time history direct
integration analysis arc less than the combined
loads from the response spectrum analysis.

• The inclusion of the friction in the nonlinear time
history direct integration analysis provided
additional structural load paths in parallel with the
seismic braces. This reduced the seismic brace
loading from that of the linear analyses.

• The inclusion of the bilinear base plate stiffness
in the nonlinear direct integration analysis reduced
the tensile load on the anchor bolts.

• Nonlinear finite element analysis of structures
with nonlinear interfaces allows the inclusion of
additional structure and produces more realistic
results.

• Nonlinear analysis has the potential to save
substantial amounts of effort by making hardware
modifications unnecessary.
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SEISMIC QUALIFICATION OF GLOVEBOXES AND CONTAINED SAFETY-CLASS COMPONENTS
THROUGH SUBSTRUCTURE AND SEQUENTIAL ANALYSIS (U)

E.G. Eslochcn
Weslinghouse Savannah River Company

Savannah River Site
Aiken S.C. 29808

ABSTRACT

One common method of process and material confinement in the DOE complex is
through the use of a glovebox. For safety-class gloveboxes not having a primary
confinement function, structural integrity of the safety system supporting structure
and not leak tightness of the glovebox is the main concern when evaluating seismic
loading effects. The following discussion provides an efficient organized approach
to using a single finite element model to assure structural integrity, in response to
design basis loads, for both the glovebox and its contained safety systems through
substructuring and sequential analysis. The approach discussed has many bcncfils
including reduced analysis conservatism; which is important when qualifying exist-
ing gloveboxes where small margins to allowables may be present. In addition to
discussing qualification by analysis, a short discussion on the approach and benefits
of qualification by similarity is given. Rather than present specific numerical results,
a discussion of the approach currently being implemented at the Savannah River Site
(SRS) will be given. The approach will be demonstrated using a glovcbox qualifi-
cation that employs both analysis and similarity.

INTRODUCTION

BACKGROUND
One common method of process and material confine-

ment for safety class systems in the DOE complex is the
glovebox. Since the geometry and construction materials
are dictated by the process or equipment confined, typical-
ly, no two gloveboxes have the same design. However,
many glovebox designs may be generalized as having a
structural steel frame which supports an enclosed hood.
The hood is made of sheet or plate steel and transparent
glass-like material with numerous penetrations used for
glove ports. The hood portion of the glovebox performs
the dual function of confinement boundary and process
manipulation. If the glovebox has a secondary confine-
ment function, it contains a combination of equipment,
piping and vessels which serve as primary confinement.
The intent of this paper is to discuss analytical methodolo-
gy used for seismic qualification of gloveboxes and their
contained safety systems. Due to the increased analytical
rigor required, the discussion excludes gloveboxes used
for primary confinement.

PROBLEM STATEMENT
The seismic analysis of a glovebox with attached

safety class systems is analogous to analyzing a building
and all of its attached equipment in detail using a single

finite element model. Typically, the analyses of buildings
and equipment are performed separately wherein the
building analysis contains a simple representation of the
equipment mass and stiffness, and the results of the
building analysis are used with a detailed model of the
equipment to complete the qualification. This approach is
not feasible when dealing with gloveboxes that contain
subsystems having many attachment points. The complex
interdependency between glovebox and subsystem dy-
namic behavior precludes the use of the decoupled anal-
ysis procedure described above.

The seismic qualification of a glovebox and its con-
tained safety systems acquires its complexity from the
safely system-to-glovebox coupling methods. These con-
nections may consist of welded or bolted joints, and a sin-
gle subsystem may be attached at several locations in the
glovebox. The connection locations may correspond to
the glovebox structural steel, and also may be attached to
the hood or enclosure. The connections represent the load
path between the safely systems and the glovebox. There-
fore, accurate modeling of the connections is critical for
obtaining a realistic assessment of both local and overall
structural integrity. Accuracy in modeling is particularly
important when dealing with the dynamics inherent in
seismic analysis. For dynamic analyses, small modifica-
tions to the boundary conditions representing connections.
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may result in significant differences in structural dynamic
properties and loads resulting from seismic input. Though
it is possible to decouple the safety systems from the
glovebox for separate analysis, all information about the
coupled effects are lost. In addition, acceptable methods
of decoupled analysis require substantial conservatism
which may negatively impact the conclusion of structural
integrity. For qualification of existing gloveboxes, rather
than risk unacceptable consequences, less conservative
analysis techniques utilizing moi z realistic approximations
of overall system dynamics arc required to minimize mod-
ifications.

OBJECTIVE
Though it is possible to obtain a very conservative en-

velope of subsystem response by performing separate
glovebox and subsystem analyses, the most efficient meth-
od of realistically approximating the dynamic behavior of
the total system is to consolidate detailed models of the
glovebox subsystems and the glovebox structure into a
single model. By developing the total model sequentially,
efficiency of the total analysis process is optimized, and
unnecessary conservatism is avoided. Separating the total
model into each of its unique parts or substructures allows
the analyst to generate several small models which are
readily modified and debugged. Once the substructures
are modeled, they are simply assembled to form a single
model that completely depicts the dynamic behavior of the
glovebox. The detailed model of the entire assembly af-
fords significant flexibility to the analyst if modifications
are anticipated or results are to be used to qualify other
subsystems not modeled such as piping or vessels.

ANALYSIS METHODOLOGY

To fully understand the benefits of a consolidated
glovebox model, it is first necessary to know what param-
eters are used to assess structural integrity in relation to
seismic input. For the glovebox structure, the parameters
of concern are anchor forces, bolted and welded connec-
tion loads, member loads and member stresses. For con-
tained piping, stresses caused by pressure, temperature,
and the deformation due to both piping flexibility (modal
response) and relative motion between points where pip-
ing is attached to the glovebox (seismic anchor move-
ment) are usually the parameters used for integrity evalu-
ation.

The first step in obtaining the above parameters is to
generate the consolidated model. As is shown in Figure 1,
significant redundancy of system and structural compon-
ents can exist in a glovcbox. For this reason, separate
models of the unique parts are generated first. The unique
parts of the glovebox shown in the figure are systems A,
B, C, D, glovebox frame and the structural steel above the
frame. Once the models of the unique parts are complete,
they can be assembled to form the consolidated model.
Though described in simplistic terms, this modeling re-

quires significant work and forethought on the part of the
engineer as the models arc developed. Typical concerns
include, connectivity between submodels, adequate dis-
cretization and selection of node locations for both re-
sponse and load extraction.

Once confidence in the adequacy of the submodels is
achieved, the unique parts are assembled into a single
model. This consolidated model is then subjected to the
design basis loads. These loads may require static, re-
sponse spectrum dynamic or time history dynamic analy-
sis. For the model shown in Figure 1 all three types of
analysis were required. The response spectrum and static
analyses were required to generate loads for qualification
of the glovebox structure, system supports and anchorage.
The time history analysis was required to generate enve-
loping in-box spectra for separate analyses of piping, ves-
sels and other critical components. The lime history meth-
od of analysis was also utilized to take advantage of phase
relationships where ovcrstressed members were found for
the combined response spectrum and static analyses. De-
pending on the finite clement software available to the
analyst, both piping and vessels can also be included in
the consolidated model eliminating the need for separate
qualification. In addition, the in-box spectra were gene-
rated for components requiring seismic qualification
testing.

Once the loads and in-box response have been genera-
ted, post-processing of the data is required to generate the
stresses necessary for code comparison. Stress calcula-
tions and code comparisons are performed and conclu-
sions about the qualification arc formed. Modifications to
any part of the structure, if necessary, arc readily imple-
mented and their effect on the in-box response assessed.
Modifications to the subsystems, if required, arc easily
designed utilizing the in-box spectra and system submod-
els. This capability enhances turnaround time in finalizing
modifications due to the fact that solution and manipula-
tion of smaller models is less computer-time intensive.

The end result of the overall process is a model of the
entire glovebox and its enclosed systems with additional
decoupled submodels of the enclosed systems. The ad-
conslruction or modification stages. The dispositions of
nonconformances or design changes are readily achieved
through rcanalysis or review of existing documcnlation.

CONSOLIDATED MODEL GENERATION

Using the glovcbox in Figure 1 as an example, the
modeling and qualification procedure will be demon-
strated. As stated previously, the creation of submodels
for each of the unique parts of the glovcbox is the first
step in generating the consolidated model. Once the sub-
models are complete, the consolidated glovcbox model is
assembled, analyzed and qualified.
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SUBMODELING
The initial step required for creating the consolidated

glovebox model is to define the unique glovebox parts.
As shown in Figure 1, the unique parts consist of systems
A, B, C, D, frame and structural steel above top-of-frame
elevation. The redundancy of these systems is obvious

Front Elevation

Plan

Figure 1: Typical Glovebox Model

where there are four of system A, two of system C, and
one each of systems B and D. Though not obvious from
the figure, symmetry in the frame and structural steel
above the frame also exists. Utilizing all symmetry and
redundancy greatly reduces the amount of work required
to completely model the glovcbox. It should be pointed
out that though redundancy also exists for enclosed piping
and vessels, limitations of the finite element software uti-
lized to perform qualification precluded their inclusion.

With all unique parts identified, the next step is to gen-
erate models for each of these parts. These submodels are
the building blocks for the consolidated glovebox model.
For this reason, it is important to define the models in a
global reference frame (i.e., common origin). This facili-
tates their later assembly into the consolidated glovebox
model. The amount of discretization required for the
submodels cannot be generalized. It is required that the
analyst use a sufficient number of points for each sub-
model to allow the extraction of all parameters required to
perform the qualification. In relation to the systems
shown in the figure, all points on the systems that serve as
anchorage for important attachments (i.e., piping, vessels,
electrical boxes, conduit, cable-trays, etc.), bolted or
welded connections for members, and locations of sig-
nificant mass will define the amount of discretization.
Since the location of these points may vary between re-
dundant subsystems, the final submodel may require num-
erous node points.

Depending on the member sections and construction
practices used, significant symmetry may exist for por-
tions of the glovebox structure. Referring to Figure 1, the
frame geometry is repealed between successive vertical

members. For this reason, it is only necessary to model
the frame from the first vertical member on the left side of
the figure up to, but not including, the next vertical mem-
ber. This same condition exists, to a lesser extent, for the
structural steel above the frame, and the same approach
may be utilized. Again, the discretization of these models
requires the analyst to know the system and the location of
important attachments. The use of symmetry conditions
allows the analyst to create the frame model by simply
propagating the symmetric submodel through the full
length of the glovebox. Similarly, the model for all struc-
tural steel above the frame-top-elevation can be created

With each unique part of the glovebox modeled indi-
vidually, the next step is to assemble the submodels into
the consolidated model. However, as an interim step, it
may prove both useful and educational to perform dynam-
ic analyses on the decoupled models. With only minor ap-
proximations or assumptions about boundary conditions
and attachment flexibility, the analyst can obtain a good
understanding about the dynamics of the decoupled sys-
tems. This understanding may provide valuable insight if
structural dynamic modifications are required as a result
of the consolidated glovcbox qualification.

SUBMODEL ASSEMBLY
With each of the unique submodels created, the forma-

tion of the consolidated glovcbox model is the culminat-
ing step in the modeling sequence. For this step, the im-
portance of front-end work becomes apparent. With all
submodels defined in the same global reference frame, the
generation of the consolidated glovebox is similar to put-
ting a puzzle together. Since, initially, care was taken to
define all important attachment points, the mating of sub-
models to the glovebox structure is performed easily.
Again, as the submodels are assembled, dynamic analyses
can provide much insight into the overall dynamics of the
system and where stiffness modifications can produce the
largest attenuation of response. These interim steps,
though time consuming and not pursuant to the structural
qualification end, are invaluable to the analyst in obtaining
a complete understanding of the individual system and
consolidated glovebox model dynamics. Also, the knowl-
edge gained provides valuable insight about how best to
implement structural dynamic modifications.

The amount of work required to assemble the complete
glovebox model is directly dependent on the amount of
lime spent in the submodcling stages. The importance of
quality in these preliminary stages cannot be over empha-
sized. With the consolidated glovcbox model complete,
the various load conditions can be applied to the model for
the purpose of qualifying the structure.

STRUCTURAL QUALIFICATION

The structural qualification of glovcboxcs, at the Sa-
vannah River Site, is performed by one of two methods.
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The first method of qualification is analysis. The second
method of qualification is through similarity. The analysis
method of qualification is discussed in detail below.
Though similarity requires the results of another glove-
box's analysis for its basis, it is still important enough to
warrant a short discussion.

QUALIFICATION BY ANALYSIS
The analysis required to perform the seismic/structural

qualification of a glovebox may vary depending upon the
desired result parameters. As discussed previously, static,
response spectrum dynamic and modal time history may
be required to complete the qualification of the glovebox
and its contained subsystems. Figure 2 shows the analysis
sequence utilized to complete the qualification for the
glovebox shown in the previous figure.

Figure 2: Glovebox Qualification Logic Diagram

Examination of Figure 2 shows that each step consists
of a true and false logic that directs the analyst to the ap-
propriate course of action. The "true" result for a particu-
lar step simply directs the analyst to the next step in the
qualification sequence. The ramification of a "false"
result is that some type of additional work is required to
correct the problem before proceeding to the next step.
This additional work may be as simple as eliminating
some conservatism from the analysis or as consequential
as a hardware modification. Both results require reanaly-
sis.

The conclusion of a true or false result for each step is
determined through postprocessing of calculation results.
This postprocessing, more commonly referred to as a code
check, is performed by comparing an item's demand to its
capacity. The demand and capacity calculations are dic-

tated by Consensus Codes and Standards which give equa-
tions and procedures for their determination. The Consen-
sus Code or Standard chosen may depend on several items
including, but not limited to materials of construction or
the hazard level of the glovcbox being analyzed. Applica-
tion of the qualification sequence in Figure 2 to the glove-
box shown in Figure 1, is given below to clarify the quali-
fication procedure.

The glovebox in Figure 1, he uses several vessels and
associated piping that were identified as safety-class.
Since the vessels and piping were required to maintain
primary confinement in response to the design basis loads,
they were analyzed rigorously in separate analyses. The
glovebox, with the dual function of secondary confine-
ment and component support, only required structural in-
tegrity evaluation [I]. In addition to analysis for structural
integrity, the enveloping in-box spectra for the vessel and
piping analyses were also required output.

With the required output parameters known, the first
step1: in performing the analysis were to review the glove-
box and subsystem drawings and perform facility walk-
downs to verify drawing content or clarify questionable
details. Once this knowledge was obtained, the modeling
of the structure followed. Single submodels for systems
A, B, C and D, in Figure 1, were generated. The
discretization of these models resulted from input from
those performing the vessel and piping analyses. As an
interim step, modal extractions for the various subsystems
were performed with assumed boundary conditions at the
structure attachment points [2]. Near rigidity (i.e., natural
frequency close to 25 Hertz) was the conclusion for many
of the submodels. With all subsystems modeled, develop-
ment of the structural model followed. Significant redun-
dancy in the glovebox structure resulted in reduced effort
in generating the glovebox structural model. With all
unique parts of the glovebox modeled, the next step was to
assemble the parts or submodels. Since two submodels
were generated for the glovebox structure, one for the
frame and one for the steel above the frame, these
structure submodels were assembled first. The glovebox
structural model was analyzed for its natural frequency,
and it was found to be flexible. The remaining submodels
were attached to UK jiovebox structure completing the
modeling sequence and resulting in the consolidated
glovcbox model. The consolidated model was analyzed
for its modal parameters as the initial step in performing
both the structural qualification and generating the enve-
loping in-box spectra. Due to the modal superposition
method utilized by the finite element software employed
to perform this work, the same modal results are used to
complete the response spectrum analysis for structural
qualification and the time history analysis for spectra
generation.

The floor response spectra, obtained from the building
analysis, were used to perform a response spectrum mod-

Fourth DOE Naturai Phenomena Hazards Mitigation Conference- 1993

713



al analysis. The results of this analysis were used in sev-
eral ways. The glovebox displacement results were ex-
amined to find points of maximum response. These max-
imum response points were used in the time history por-
tion of the analysis to obtain spectra. The member and
anchor loads were combined with those obtained from a
static dead load analysis tc obtain member stresses and
anchor bolt forces. The conservatism inherent in the re-
sponse spectrum method of analysis resulted in some
overstressed glovebox members. The anchorage was
compared to allowables and found to be adequate. As
shown in Figure 2, the overstress results were addressed
utilizing the less conservative time history method of
analysis. Less conservatism results from accounting for
phase relationships which are lost in the response spec-
trum analysis method.

With the results obtained from the response spectrum
and static analyses, it was then possible to perform an
informed time history analysis. The locations of piping
attachment, maximum response and member overstress
were used with the floor time histories to obtain relative
displacements (i.e., seismic anchor movement), in-box
spectra and time dependent loads. The relative displace-
ments and response spectra were generated for the sepa-
rate equipment analyses. The time dependent loads were
used to calculate time dependent stresses for comparison
to code allowables. The time history analysis resulted in
no overstresscd members and no equipment failure.
Hence, the fail portions of Figure 2, corresponding to
glovebox modifications and generation of new spectra,
were never utilized. However, it should be noted that if
the subsystem supporting structures would have been
qualified independently of the glovebox (i.e., decoupled
analysis), significant conservatism would have been re-
quired in the generation of the in-box response spectra.
Typically, spectra would have been extracted at the sub-
system attachment point occurring at the highest elevation
in the glovebox. These spectra would have been much
higher than that used to qualify the consolidated model,
and as such would have resulted in a higher incidence of
overstress. The detailed modeling of subsystems with the
glovebox structure resulted in less conservative input giv-
ing a more realistic approximation of actual stresses. In
general, it may be concluded that the combined modeling
of glovebox structure and subsystems resulted in reduced
conservatism which facilitated qualification without modi-
fication to the existing structures.

After the glovebox qualification was completed, in-
spections were performed to compare the as-built glove-
box parameters to those shown on drawings. These ins-
pections resulted in numerous design nonconformances.
The nonconformances included dimensional variations,
minor structural damage, added/missing structural mem-
bers and undersized welds. The results of the glovcbox
analysis were utilized to disposition these nonconform-
ances [3]. With the glovcbox modeled in its entirety the

amount of work required to disposition the nonconforman-
ces was significantly reduced. Bounding cases for the
various welded connection details and structural damage
were used with connection loads to evaluate the noncon-
formance effects. The dimensional variations were deter-
mined to be negligible and the added/missing members
were in locations of low stress. In summary, with a limi-
ted amount of additional work, the nonconformances were
found to not impair the structural integrity of the glove-
box. Had the glovebox and its subsystems not been com-
pletely modeled, the additional work would have ap-
proached that required for the initial glovebox qualifi-
cation.

Upon completion of the qualification and disposition of
the nonconformances, it was decided that several items
with important safely functions be added to the glovcbox.
The proposed design changes were reviewed against the as
qualified glovebox for effects that would void the qualifi-
cation. It was determined that the existing qualification
contained sufficient conservatism and account for contin-
gencies that the proposed design changes would not nega-
tively impact the original qualification.

In summary, following this analysis approach resulted
in both the structural qualification of the glovebox and its
enclosed safety systems. Detailed modeling of the entire
glovcbox facilitated the disposition of design changes and
nonconformances without modification or impact to exist-
ing qualification documentation. No modifications to the
existing structure were required and data for additional
contingencies was generated.

QUALIFICATION BY SIMILARITY
Similarity is utilized when multiple gloveboxes are suf-

ficiently similar in geometry, mass and stiffness so that the
analysis results for one glovebox can be used to qualiP
the other similar glovcboxes. The similarity method o."
qualification is typically achieved when adequate margins
or conservatism ensure that response for each glovcbox,
not analyzed, has been bounded. Conservatisms may
include added mass, bounding case connection details,
flexible boundary conditions or other items which would
result in a response envelope for the gloveboxcs qualified
through similarity. The advantage of using similarity for
qualification is obvious. The rigorous numerical calcula-
tions normally associated with analysis are replaced with
verbiage. Though verbiage is typically the medium
through which a similarity qualification is achieved, its
basis is the qualification documentation belonging to
another glovebox. So, though a glovcbox may be qual-
ified through analysis alone, a glovebox is not qualified by
similarity alone.

The glovebox shown in Figure 1 was one of three simi-
lar gloveboxes in the same facility. Rather than apply the
glovebox analysis sequence, discussed in the previous sec-
lion, to all three glovcboxes, qualification by similarity
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was employed. The other two similar gloveboxes were
found to have very similar structures, some identical sub-
systems and some different subsystems. The different en-
closed systems were found to be less massive and having
more rugged support than those included in the previous
glovebox analysis. For these reasons, it was determined
that sufficient conservatism was used for the analyzed
glovebox to perform an adequate qualification for the two
similar gloveboxes. This same methodology was applied
when dispositioning design changes or nonconformances.
For the purpose of demonstrating the merit of the similar-
ity approach, the glovebox qualification by analysis re-
quired over one-thousand pages of documentation, while
the qualification by similarity of the remaining two
gloveboxes required only two pages of the over one-
thousand total.

In summary, while similarity qualification relies heav-
ily on other work, the reduction in effort required shows
its merit. Though the approach was demonstrated for
gloveboxes in the same facility, it is possible to expand a
glovebox's qualification to envelope similar gloveboxes in
other facilities if similar or attenuated input is present.
Though it may be harder to defend than analysis in re-
sponse to peer review, the benefit of the approach in re-
gard to analysis cycle time will more than account for
increased time required to defend the qualification.

CONCLUSION

This paper has discussed the methods of concurrently
qualifying gloveboxes and their enclosed subsystems.
These methods include analysis and similarity. The analy-
sis sequence discussed is an efficient organized approach
which maximizes the applicability of a qualification while
minimizing the amount of required work and analysis con-
servatism. By taking advantage of symmetry and redun-
dancy, the generation of a finite element model represent-
ing the entire glovebox and its enclosed systems is readily
achieved. The benefits of the method include the en-
hanced ability to address design changes, nonconforman-
ces and structural modifications when required. The sim-
ilarity method of qualification, while not independent of
analysis, has the benefit of reduced effort and time for
qualification. Both methods are currently being used to
meet missions at the Savannah River Site.
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INTRODUCTION

DOE order 6430.1A [3] Section 1300-3.2
requires that "...safety class items shall be designed to
the ASME Boiler and Pressure Vessel Code (ASME
Section III) or to other comparable safety-related
codes and standards...". This requirement raises a
host of technical and practical questions which, to our
knowledge, have not been fully addressed in the past.

This paper attempts to cover the following
essential points, in order:

Evolution of industry reference codes
Code scope
Safety margins
Logistical considerations
Costs
Backfu considerations

These points are covered in the context of a
reference safety class piping and vessel system at a
DOE facility which processes radioactive fluids, and
which we will call the "reference DOE nuclear
facility".

In our conclusion, we propose three
alternatives for code applicability which are ranked
technically as "good" , "closer to 6430.1A" and
'closest to 6430.1 A". It is however questionable
whether the alternatives which are labeled "closer"
and "closest" are practically viable, as will be
discussed.

EVOLUTION OF INDUSTRY REFERENCE
CODES

To understand the current practice at DOE
nuclear facilities (many of them 30 or 40 years old)
we must place it in its proper historical context.

Tables 1 and 2 illustrate the evolution of
reference industry codes in the nuclear power and in

Table 1. Evolution of reference codes in the nuclear power industry (nuclear safety components)

COMPONENT
SUPPORTS

AISC

AISC

AISC

ASME III (NF)

PUMPS

Vendor

Vendor

Vendor

ASME III

VALVES

B31.1

B31.I

B31.7

ASME 01

VESSELS

ASME VIII

ASME III

ASME III

ASME III

PIPES

B31.1

B31.1

B31.7

ASME III

APPLICABLE CODE
SINCE...

1950's(ex. SanOnofrcl)

1963 (ex. Diablo Canyon)

1969 (ex. North Anna)

1971 (ex. Comanche Peak)
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Table 2 . Evolution of reference codes in the chemical industry.

COMPONENT
SUPPORTS

AISC

AISC

AISC

AISC

PUMPS

Vendor

Vendor

Vendor

Vendor

VALVES

B31

B31.1

B31.1 Section 3

B31.3

VESSELS

ASME VIII

ASME VIII

ASME VIII

ASME VIII

PIPES

B31

B31.1

B31.1 Section 3

B3i:3

APPLICABLE CODE
SINCE...

1930's

1942

1955

1959

the chemical industries. Table 2 reflect? *he practice
of the DuPont company which operated the Savannah
River Site until 1989, using its chemical operations
standards. This same chemical industry practice,
illustrated in Table 2, appears to be the norm in DOE
nuclear facilities.

CODE SCOPE

The DOE Order quoted in the introduction
leads to the question:

Which codes are "comparable" to ASME III?

Lacking the wisdom to tackle a question of
such proportions, let us consider the following more
accessible questions:

Are ASME B31.3 and ASME VIII appropriate
for safety class piping and vessels in a DOE facility
which processes radioactive fluids?

Is ASME III a valid or a better reference?

ASME B31.3 i4] applies to facilities
processing or handling chemical products, including
"non radioactive fluids in a nuclear fuel reprocessing
plant"; in other words: B31.3 excludes radioactive
fluids. This exclusion is further emphasized in B31
Code Case 134 [5] which states "This Committee
[B31] wishes to emphasize that no currently active
ANSI I ASME B31 Code section covers piping for
radioactive fluids and that there are no plans to cover
such piping". As seen from Table 1, this exception
stems from the transfer of jurisdiction for nuclear
piping from B31.7 [6] to ASME III. Therefore, at
this point, it seems that the series of ASME B31
Codes, and in our case B31.3, do not apply to our
reference DOE nuclear facility. This is somewhat
complicated by the following practice in the nuclear
power industry: (a) Nuclear power plants licensed to
B31.1 or B31.7 (pre-1971 as illustrated in Table 1)

continue to apply the B31.1 Code as their code of
record in accordance with 10 CFR 50.55a (c) 4 [7],
and (b) NRC Regulatory Guide 1.143 [8] calls for
B31.1 piping in radioactive waste management
systems.

ASME B31.1 [9] applies to "power and
auxiliary service piping systems for electric
generation stations, industrial and institutional
plants, central and district heating plants and district
heating systems...". Its application to the original
design and construction of nuclear systems came to
an end in 1969 (Table 1). It remains applicable in the
Non Nuclear Safety (NNS) or Balance of Plant
(BOP) scope of nuclear power plants [10, 11). While
B31.1 is, by jurisdiction, an applicable reference for
nuclear plants viewed as "electric generation stations"
it is not a valid jurisdictional reference for a DOE
nuclear facility. Furthermore, B3I.I docs not contain
special safety considerations beyond those which can
be found in or added to B31.3. Therefore, B31.1 is
not further pursued in this paper.

ASME VIII [12] does, not exclude vessels
containing radioactive fluids. ASME VIII makes
provisions for "lethal" service applications which
include augmented volumetric examinations of
welds. By its scope, may apply to our reference DOE
nuclear facility.

ASME HI [13] is explicitly limited to a
"nuclear power system... which serves the purpose of
producing and controlling an output of thermal
energy from nuclear fuel and those associated
systems...". It is therefore not evident, from a scope
standpoint, that ASME III is an appropriate reference
for the reference DOE nuclear facility. However,
ASME III should not be discarded on this basis since
(a) it is explicitly mentioned in the DOE Order and
(b) it has safety advantages compared to B31 and
ASME VIII. Should ASME III apply, the appropriate
subsection (or class) would have to be selected. For
nuclear power systems this selection is prescribed in
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Regulatory Guide 1.26 [10] and the Standard Review
Plan [11]. For non-nuclear power systems, such as
the reference DOE facility, we sail uncharted waters.
One may consider the following approach:

NB (Class 1) where nuclear safety class
components will be subjected to
significant thermal fatigue cycling (local,
discontinuity thermal effects).

NC.ND (Classes 2 and 3) where thermal
effects in nuclear safety class
components are limited to expansion and
contraction (global, flexibility thermal
effects).

Table 3. Significant differences affecting safety margin.

NE (Class MC) for nuclear safely class metal
containment structures.

SAFETY MARGINS

There are differences between the technical
requirements of ASME III and ASME B31.3 for
piping and ASME III and ASME VIII for vessels.
These differences influence to various degrees the
safety margins inherent in the codes. For clarity, we
limit our discussion to the significant differences
affecting safety margin, listed in Table 3.

Design Specification

Design by analysis

Safety factor against Su

Materials

100% Volumetric of welds where
feasible
QC,QA

Hydrostatic pressure test

Component Stamp

System Stamp

Inservice Inspection Required

ASME HI

Yes

Yes

3rciassl)
4 (Class 2,3)

Class 1
-1200 ferrous
~ 300 non ferrous
Cl. 2 and 3 same as

inc i .2 ,3
-1900 ferrous
- 1300 non ferrous
Yes(NB,NC,NE)
No(ND)
QC, NQA-1

1.25PD

Yes

Yes

Yes (ASME XI)

ASME VIII

No(Div. 1)
Yes (Div. 2)

No(Div. 1)
Yes (Div. 2)

4 (Div. 1)
3 (Div. 2)

Div. 1
same as III cl. 2

Div. 2
same as III cl. 1

No (except lethal)

QC

1.5 P D (Div. 1)

1.25 P D (Div. 2)

Yes

No

No

ASME B313

No

Yes

3

Provides for non -
listed materials

No (except service
cyclic)
QC

1.5PD

No

No

No

Design Specification: The contents of an
ASME III or ASME VIII Div. 2 Design Specification
forces the engineering organization to think through
all aspects of a design, and as such, improves its
safety. The design specification (or an identical
document) can be procedurally imposed without
resorting to an ASME III program.

Design by Analysis: ASME VIII Div. 1 is
based on the concept of design-by-rule in which
design rules are based on past experience. The other
reference codes provide, to varying degrees,
requirements for component specific analyses (from
detailed analyses requirements for ASME III and
ASME VIII Div. 2, to lesser explicit requirements for
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B31.3). As was the case for the design specification,
design-by-analysis can be procedurally imposed
without resorting to an ASME in program.

Safety Factor Against S u : The lower stress

safety factor in ASME III and ASME VIII Div. 2
results from various considerations, including
material restrictions and greater detail of design
analysis. The same can not be said of B31.3. The
stress safety factor in B31.3 can be procedurally
increased from 3 to 4 (particularly for extreme loads
where 2.4S is used) without resorting to an ASME III
program.

Materials: As indicated in Table 3, the choice
of materials is more restricted in ASME HI Cl. 1 and
ASME VIII Div. 2. These material restrictions are
particularly cumbersome in DOE facilities, where
unique processes call upon unique materials. For
piping, ASME B31.3 provides more flexibility by
allowing-under certain conditions - the use of non-
listed materials. The material testing and traceablility
requirements are more stringent for ASME III.

Exhaustive Volumetric Examinations:
While ASME B31.3 and ASME VIII do not require
100% radiography of butt welds, they provide for a
design penalty (the joint efficiency factor) to be
applied to welds not volumetrically examined. It is
not evident that the joint efficiency factor penalty
sufficiently compensates for the lack of radiography.
The 100% radiography of butt welds can be imposed
procedurally, or by selecting ASME B31.3 Severe
Cyclic rules, without resorting to an ASME III
program. The additional volumetric examinations
can also be imposed to ASME VIZI by applying, or
augmenting, the ASME VIII UW requirements for
"lethal" service pressure vessels (contents dangerous
to life if inhaled).

Hydrostatic Pressure Test: As was the case
for safety factors, the lower test pressure in ASME III
and ASME VIII Div. 2 results from various
considerations, including material restrictions and
detail of design analysis.

Quality Control and Quality Assurance: All
codes listed in Table 3 require quality control
("Measurement of the characteristics of an item or
process to determine conformance to specified
requirements" as defined for example in ASME III)
but only ASME III requires a Quality Assurance
i rogram ("a controlled system of planned and
systematic actions required to provide adequate
confidence..."). It is true that some aspects of the
ASME VIII QC program amount to QA activities,
however for safety class items, DOE Order 6430.1 A

Section 0140 requires explicit compliance with NQA-
1. Therefore, when procuring safety class items from
non-ASME III certified vendors, it is the current
practice to supplement the equipment vendor's QC
with a QA program. Even under these conditions, it
is doubtful that "comparability" to ASME III QA
(NQA-1 augmented) can be achieved by an
equipment vendor who does not hold an ASME III
Certificate of Authorization.

Component Stamp: The component stamp
certifies that the quality, materials, design,
fabrication, examination, over pressure protection and
testing comply with the ASME Code requirements.
The certification is particularly valuable since it is
accomplished by an ASME certified, independent
third party. The benefits of stamping apply to ASME
III vessels and piping components and ASME VIII
vessels, but not to B31.3 piping components. The
facility may procure stamped vessels (which does not
require an ASME program at the reference DOE
nuclear facility). For piping components, a point can
be made that the components being simple compared
to vessels, the B31.3 requirements - particularly
Severe Cyclic - would be sufficient.

System Stamp: Here lies a most significant
difference between ASME III and ASME VIII,
B31.3. As illustrated in table 1, ASME III
encompasses the complete set of components which
constitute a piping system. As a natural extension,
ASME III requires that field assembly (construction)
and hydrostatic testing of the system conform lo the
code, be independently reviewed ( by the Authorized
Nuclear Inspector) and stamped. This can only be
achieved if the reference DOE nuclear facility holds
an ASME N stamp. Otherwise the construction and
testing activities are accomplished to site specific
procedures, which is the current practice in DOE
nuclear process facilities.

Inservice Inspection: The preceding
discussions pertain to the adequacy of the original
(newly designed and fabricated) component. While
poor original design, materials and fabrication were a
common source of vessel and (to a lesser extent)
piping failures in the first part of this century, the
improvements in design experience, materials, and
welding standards have greatly reduced this risk.
Failures are now dominated by material degradation
inservice. ASME III, through ASME XI [14],
contains mandatory requirements for Inscrvice
Inspection. For DOE nuclear facilities, similar
requirements may-and snould-be added to ASME
VIII vessels and B31.3 piping (referring for example
to Appendix 5 of B31.1) without necessarily resorting
to an ASME XI program.
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LOGISTICAL CONSIDERATIONS

The procurement of ASME III components
and their field installation as an ASME III system
pauses several logistical difficulties, which include:

Design - Revise engineering and QA
procedures to incorporate Section III
requirements (design specifications,
authorized nuclear inspector, hold
points and ASME III forms, etc..)

Procurement - Viability of the DOE competitive
bidding process for ASME III
procurement Even more worrisome
is the availability of ASME III
equipment other than standard
nuclear power plant components.

Construction
and Testing - Material traceability and storage to

ASME III requirements, revision of
construction and preoperalional
testing procedures, centralized
construction (restricting maintenance
modifications), hold points for
authorized nuclear inspector.

Repairs - Gaining a NR repair stamp and
establishing the protocol and
qualified personnel for NR repairs of
Section III components.

Management - The challenges of implementing the
above changes (which admittedly are
but a partial list) include arranging
the necessary training (indoctrination
may be a more appropriate word
where such significant changes in
practices are involved) and working
through the legal implications of the
N stamp (raising questions such as
the roles of the Owner, the
Regulator, the Designer, etc..).

In summary, there will be difficulties (and
costs and delays) involved in procuring ASME HI
components, but they are surmountable if the safely
benefits justify it. However, it is questionable
whether the serious difficulties (and costs and
delays) involved in establishing an ASME III
program at a DOE facility (so as to N stamp the entire
safety class system) can be justified.

COSTS

No formal cost estimate or cost comparison
have been developed for applying an ASME III
program at a reference DOE nuclear facility. The
cost will vary based on the size of the facility and the

number and complexity of its interfacing
organizations. There would be two components to
the cost equation:

(a) Up front costs for gaining Section III
accreditation (unless all ASME HI work is
subcontracted).

(b) Implementation costs

The up front costs vary greatly with the size of
the facility. They increase considerably if the
program is aimed at an entire site, not a single
facility. Up front costs include;

ASME III dedicated personnel
revisions to procedures (engineering, operations,
construction, maintenance)
revisions to procurement practices
material traceability and control program
legal, corporate reviews
preparedness audits
training, indoctrination
revision of QC, QA practices

Following up front (accreditation) costs, there
will be implementation costs. Implementation costs
are additional expenditures associated with ASME III
design, materials, procurement, site construction,
examination, testing and QA. While no formal cost
analyses are available, informal surveys point out
cost increases of 20% to 200% for a new ASME III
system (vessel, piping, pump and valve) compared to
an ASME VIII, B31.3 system. Furthermore, there is
close to 50 limes more ASME VIII (U stamp) and
ASME B31.3 suppliers than ASME III (N stamp)
suppliers [15].

BACKFIT CONSIDERATIONS

The applicability of ASME III and ASME XI
editions (and addenda) for a nuclear power plant
licensed under ASME III is specified in 10CFR 50.55
[7] and illustrated in figure 1.

During operation under the provisions of
ASME XI [14] IWA.7210, replacement components
in nuclear power plants - including non-ASME III
plants - are to comply to cither:

(a) the original construction and design code,
or

(b) later editions of the original construction
code, or

(c) ASME III
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Figure 1. Applicable edition of ASME III and XI in the nuclear power industry

The practice has been in most cases, but not
always, to apply the original code and edition for
design while procuring to the edition available from
the material or component supplier. A reconciliation
is performed to justify the use of an edition different
from the original even where this edition is more
recen' than the original!

In other words, original codes remain
applicable and the use of later codes in an operating
plant must be reconciled. Similarly, the use of earlier
(original) codes at older DOE Facilities should not be
viewed as a shortcoming. It is our experience that
where shortcomings do occur they are not due to the
fact that "old" codes or editions are used but rather
that the codes are not properly applied. For example,
the ASME B31 piping codes introduced design by
analysis as early as 1954, however there is little

evidence that analysis war used in the design of
piping systems in the earlier DOE facilities or in
subsequent modifications until well into the 1980's.

For existing DOE facilities it is therefore more
useful to focus on compliance to the original code
(typically ASME VIII and ASME B31.3 as stated
earlier) rather than on the comparison of the original
code to ASME III.

CONCLUSION

At the risk of overly simplifying such an
intricate question, Table 4 summarizes and
technically ranks the various code alternatives for
safety class items at the reference DOE nuclear
facility.

Table 4 . Summary of three code alternatives for safety class vessels and piping at DOE nuclear facilities

Good

Closer to 6430.1 A
but

may not be
cost/benefit

justified

Closest to 6430.1 A
but may

be neither
cost/benefit
justified nor

viable

Vessel
ASME VIII
with Design

Specification and
augmented

examinations
U U2

ASME III
N

Same as
"Better"

N

Piping
B31.3

with Design Specification
and augmented

requirements (such as in
Severe Cyclic)

(no stamp)

Same as
"Good"

(no stamp)

ASME III
N NA NPT

Quality

QC,NQA-1

(no stamp)

Same as
"Good"

(no stamp)

ASME III
N

System
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The several practical considerations discussed
in this paper complicate the simplicity of the
technical ranking indicated in Table 4. For an
existing DOE facility, it may be optimum to pursue
the option labeled "Good", which consists in applying
ASME VIII (within its scope) and ASME B31.3
(outside its scope but with the pre-1971 nuclear
power industry precedent) with additional
requirements and restrictions. This approach is not
necessarily "comparable" to ASME III as required in
the DOE Order but, if properly implemented, will
strike a good balance between technical and logistical
requirements.

Emphasis must be placed on the accurate and
complete application of the codes through design,
fabrication, testing, repairs and periodic inservice
inspection.

We point out to the interested reader that the
proposed Savannah River Site policy [ 1 ] recommends
the approach labeled "Closer" in table 4, where
practically feasible, and the "Good" approach
otherwise.
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1994 NEHRP PROVISIONS FOR ARCHITECTURAL,
ELECTRICAL, AND MECHANICAL COMPONENTS
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ABSTRACT

The force equations presently used for the seismic design of nonstructural
components currently vary from code to code. A comparison of the force
equations used in the 1991 UBC and the 1991 NEHRP Provisions indicates
that the NEHRP values can be significantly larger in the high seismic zones
and the UBC values can be significantly larger in the low seismic zones.
Neither code considers soil effects or seismic relative displacements. This
paper discusses force and displacement equations proposed for incorporation
into the 1994 NEHRP Provisions. The proposed equations may also be
appropriate for incorporation into DOE standards

INTRODUCTION
Department of Energy (DOE) design standards

[1] are very thorough with respect to the seismic design
of building structures. The standards are not as
complete with respect to nonstructural components
within the structures. Components in performance
categories 1 and 2 are required to comply with force
equations prescribed in the Uniform Building Code
(UBC) [2]. Components in performance categories 3
and 4 are required to consider dynamic analysis and
design principles, including shake-table testing and the
use of experience data. Seismic relative displacements
are mentioned as a consideration for equipment or
piping supported at multiple locations within a
structure, although no design methodology is provided.

This paper discusses seismic force and
displacement equations proposed for incorporation into
the 1994 NEHRP Provisions [3]. They may also be
appropriate for use in DOE facilities of all performance
categories.

NONSTRUCTURAL COMPONENTS

Nonstructural components, often referred to as
nonstructural elements, are those systems, parts,
elements, or components of a facility that do not
directly contribute to the seismic response and
performance of the facility structure. Typical
nonstructural components include architectural
features, piping systems, mechanical and electrical
equipment, exterior cladding, and masonry infill walls
(if not designed as part of the building structure).

CODE FORCE PROVISIONS

Uniform Building Code
In the Western United States, the provisions of

the Uniform Building Code [2] have been the principle
source of seismic force equations for nonstructural
components. These provisions are referenced and
incorporated into DOE Standard 1020 [1].

The UBC seismic provisions are derived from the
SEAOC Blue Book [4]. They are based on working
stress design principles. Seismic design forces are
prescribed for design such that the resulting demand on
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the structure is less than the working stress capacity of
the affected elements. For concrete elements, the
prescribed forces are multiplied times a load factor and
compared with the ultimate strength of the affected
concrete members.

The stated purpose of the UBC is to provide
minimum standards to safeguard property and public
welfare. The provisions for nonstructural components
are primarily concerned with anchorage to the building
structure. Functionality is indirectly addressed by the
use of an importance factor for components in essential
facilities or for components containing hazardous
products.

The UBC does not prescribe seismic relative
displacements for the design of nonstructural
components attached to multiple locations in the
building structure.

NEHRP Provisions
Until recently, there was little concern for seismic

provisions in the Central and Eastern United States.
The National Earthquake Hazards Reduction Program
(NEHRP) has increased the public awareness in these
parts of the country. The NEHRP Provisions [5] have
recently been adopted for incorporation into the two
model building codes in use in these areas [6] [7].

The NEHRP Provisions [3][5] are prepared by
the Building Seismic Safety Council (BSSC) under
contract with the Federal Emergency Management
Agency (FEMA). They are based on ultimate strength
design principles. Seismic design forces are
prescribed for design such that the resulting demand on
the structure is less than the ultimate strength capacity
of the affected elements. This ultimate strength
approach is consistent with most of the current material
design codes which are also based on these principles.

Like the UBC, the purpose of the NEHRP
Provisions is to provide minimum standards to
safeguard property and public welfare. The provisions
for nonstructural components are primarily concerned
with anchorage to the building structure. Functionality
is indirectly addressed by the use of a performance
criteria factor that is based on the function and use of
the facility.

The NEHRP Provisions do not prescribe seismic
relative displacements for the design of nonstructural

components attached to multiple locations in the
building structure.

Comparison of UBC and NEHRP
It can be observed that the calculated results from

the force equations presently used for the seismic
design of nonstructural components vary noticeably
between the NEHRP Provisions [5] and the UBC [2].
See Table 1.

Basic
Equation

Basis

Maximum
Value

Minimum
Value

19O]NE11RP[S]
ARCHITECTURAL

Fp = AvCcPWe

Strength Design

Fp=1.80Wc

A, = 0.40
Cc= 3.00
P=1.50

Fp = 0.015Wc

^ = 0.05
Cc= 0.60
P = 0.50

1991 UBC [21
NONSTRUCTURAL

Fp* = ZWVp

Allowable Stress

Fp* = 1.20Wp

Z = 0.40
Ip=l-50
Cp = 2.00

Fp* = 0.025Wp

Z = 0.05
Ip=100
Cp = 0.75

x 0.67 at grade

* Force levels for allowable stress basis should
be multiplied by approximately 1.25 for
comparison with strength basis force levels.

Table 1. Comparison of Code Forces

The following becomes evident from the
examination and comparison of these equations:

• The NEHRP values can be considerably higher
in high seismic zones.

• The UBC values can be considerably higher in
low seismic zones.

• Neither equation considers soils effects or
structural displacements.

• The NEHRP equation does not consider
location within the structure.

CODE DISPLACEMENT PROVISIONS

Relative displacement of two attachment points
of a nonstructural component can often initiate a
seismic failure of the component. Architectural
cladding and piping systems are two examples of such
components. Currently, the UBC and NEHRP
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Provisions do not directly require consideration of the
effects of structure displacements on nonstructural
components. Although guidance is included in their
respective commentaries, no displacement equations
are provided. The design engineer must take the
initiative and exercise his engineering judgment.

SEISMIC FORCES

REVISION OBJECTIVES

Seismic force equations for nonstructural
components have been proposed for incorporation into
the 1994 NEHRP Provisions [3] that consider the
following:

1. Component weight and mass distribution,
including dynamic properties. Both the UBC
and the 1991 NEHRP Provisions consider this.

2. Location of structure within regional seismic
zone. Both the UBC and the 1991 NHHRP
Provisions consider this.

3. Seismic response of structure to earthquake
input motions, including site effects. Neither
the UBC or the 1991 NEHRP Provisions
consider this.

4. Location of component within structure. The
UBC considers this to a limited extent.

5. Safety hazard should component separate from
structure. Both the UBC and the 1991
NEHRP Provisions indirectly consider this.

6. Importance of component function to operation
of facility. Both the UBC and the 1991
NEHRP Provisions consider this.

7. Component anchorage ductility and energy
absorption capability. Neither the UBC or the
1991 NEHRP Provisions consider this.

Input accelerations to the component should
rationally reflect actual structural accelerations at the
component attachment point (s). Input acceleration to
grade-level components should match input
accelerations used in the design of the structure.

FORCE EQUATIONS

The following seismic force equations are
proposed for nonstructural components. To meet the
need for a simple, easy to use force equation, a default
equation for the seismic design force (Fp) is provided
first. Note that the equation numbers match those
proposed for the 1994 NEHRP Provisions [3].

Fp = 4.0AgIpWp [eq.3-1]

Or alternatively, the following more complex
equations may be used. These equations will generally
yield smaller design values for Fp than equation 3-1.
The value for Fp obtained from equation 3-2 need not
exceed the value obtained from equation 3-1.

[eq.3-2]

[eq.3-3]

A, = 2.0A, < 4.0Ag [eq. 3-4]

Fp (minimum) = 0.5AgIpWp [eq. 3-5]

where

Fp = Seismic design force applied to a component at its
center of gravity

ap = Component amplification factor, varies from 1.00
to 2.50 (values are tabulated for each component)

Ap = Component acceleration at point of attachment to
the structure

Ip = Component importance factor, varies from 1.00 to
1.50 (values are tabulated for each component)

Wp = Component maximum operating weight

Rp = Component response modification factor, varies
from 1.50 to 6.0 (values are tabulated for each
component)

Ag = Component acceleration at base of structure
(ground), equals effective peak acceleration
including site effects

Ar = Component acceleration at structure roof level of
primary lateral force resisting system

x = Elevation in structure of component anchorage
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h = Aoof elevation of structure

A, = Effective psak site acceleration (Taken from
Design Value contour maps provided in the
NEHRP Provisions)

F = Site coefficient at 0.3 second period (Function of

A, = Structural response acceleration

< 2.5Ag

Fv = Site coefficient at 1.0 second period (Function of

A,)

\ = Velocity-related site acceleration (Taken form
Design Value contour maps provided in the
NEHRP Provisions))

T = Effective fundamental period of the structure

The seismic design force (Fp) is to be applied
independently vertically, longitudinally, and laterally in
combination with the static loads on the component.

The seismic design force (Fp) is dependent upon
the weight of the component, the component
amplification factor, the component acceleration at the
point of attachment to the structure, the component
importance factor, and the component response
modification factor. A lower limit for F is defined in
equation 3-5 to assure a minimum seismic design force.
To meet the need for a simpler formulation, a
conservative maximum value for Fp is defined as
equation 3-1. This maximum value can always be used
if convenient to the designer, or if the component
anchorage must be designed before information on the
structure is available.

COMPONENT AMPLIFICATION FACTOR

The component amplification factor (aj
represents the dynamic amplification of the component
relative to the fundamental period of the structure (T).
This factor addresses Objective 1, component weight
and distribution, including dynamic properties.

The 1991 UBC does not have a compur.ent
amplification factor. The effect is accounted for
adequately by requiring design for twice the Cp (not to
exceed 2.0) value for nonrigid or flexibly supported
equipment with a fundamental period greater than 0.06

seconds. The 1991 NEHRP Provisions include a
component amplification factor ac for mechanical and
electrical components only. A value of 2.0 is provided
for components with component period to building
period ratios between 0.6 and 1.4.

An approach with features of each of the existing
codes is proposed for the 1994 NEHRP Provisions. A
maximum value of 2.5 is provided based on recent
research [8]. A listing of values is provided for all
components, including architectural.

It is recognized that at the time the components
are designed or selected, the fundamental period of the
structure is not always available. It is also recognized
that the component fundamental period (Tp) is in some
cases only accurately obtained by extensive shake-table
or pull-back tests. As a result, dynamic analysis is not
required, although it is permitted.

Values for ap are provided for each component
based on the expectation that the component will
behave in either a rigid or flexible manner. In general,
if the fundamental period of the component is less than
0.06 seconds, no dynamic amplification is expected and
ap = 1.00. If the fundamental period of the component
is greater than 0.06 seconds, dynamic amplification is
probable and ap = 2.50. More accurate determinations
of ap are permitted if accurate values of both T and Tp

are available. See Table 2 for ap values for typical
components.

COMPONENT

Exit corridor partitions

Exterior wall panels

Parapets, chimneys, or stacks

Suspended lay-in tile ceilings

Mechanical equipment anchored with
expansion bolts

Piping system - hazardous contents

Storage tank on legs

Emergency power electrical equipment

\
1
j

2.5

1

1

2.5

2.5

1

Table 2. Typical values for component
amplification factor, ap.
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COMPONENT ACCELERATION FACTOR

The component acceleration factor at the point of
attachment to the structure (Ap) represents the base
acceleration of the structure amplified by an expression
appropriate to the dynamic characteristics of the
structure. The 1991 UBC and the 1991 NEHRP
Provisions provide component acceleration values of Z
and A, respectively, both based on geotechnical input.

Geotechnical Input
The terms used as geotechnical input for the

nonstructural component force equations are the same
that are used as design input for the building structure.
The acceleration terms Aa and A, reflect the regional
ground motion with a 10 percent probability of being
exceeded in 50 years. The site effect terms F, and Fv

account for local site effects and are a function of the
local soil properties and the ground acceleration.

Ground Acceleration
The component acceleration at the base of the

structure (Ag) addresses Objective 2, location of
structure within seismic zone, and site effects. The
ground acceleration, Fa times Aa, is the same
acceleration used as input for the design of the
structure and includes soil effects.

Structural Response Acceleration
The structural response acceleration (A,)

addresses Objective 3, seismic response of structure
to earthquake input motions, also including soil
effects. The equation for the structural response
acceleration is the same one used for the building
structure, except that a response modification factor
(R) is not used. This factor is influenced by both site
effects and structural period effects. The R is not
included since actual structural design may be
governed by other loadings or drift requirements. In
addition, actual measured data does not justify a
significant reduction of instructure acceleration as a
result of inelastic deformation of the structure.

Roof Acceleration
The component acceleration at structure roof

level (Ar) and the (x/h) term address Objective 4,
location of component within structure. Equation 3-4
represents the maximum acceleration felt by a
component located on the structure roof. Examination
of recorded structural acceleration data in response to
large California earthquakes reveals that structures

typically exhibit an increase in floor acceleration
response near the top of the structure, especially if the
structure is flexible. Past practice has accepted that a
reasonable value for the roof acceleration (A,) is in the
range of twice the value of the structure response
acceleration (AJ. Equation 3-4 uses this relationship
as a maximum value for Ar.

Component Acceleration
Equation 3-3 is intended to assign design

accelerations at the point of component attachment that
are reasonably consistent with the recorded data.
Equation 3-3 represents a trapezoidal distribution of
floor accelerations within the structure, linearly varying
from the acceleration at the ground (Ag) to the
acceleration at the roof (Ar).

Recorded data was accessed form the records of
the California Division of Mines and Geology
(CDMG). The data included recorded accelerations in
response to the Loma Prieta, Landers, and other
California earthquakes. Elevation in building with
respect to roof height and roof acceleration with respect
to free-field ground acceleration were normalized.
Figure 1 indicates the recorded data range and recorded
data average at five normalized heights in the data
base. Figure 1 also indicates how the trapezoidal
relationship of the maximum value of Equation 3-3
bounds the average recorded data. It was judged not
reasonable to bound the maximum recorded data
because large amplifications at the roof were in most
cases associated with low recorded ground motion
levels and associated low levels of structural damping.

RATIO Ap/Ag

Figure 1. Comparison of Equation 3-3 with
recorded data.
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It is also useful to compare the period effects of
Equation 3-3 with the recorded data average. Figure 2
indicates a comparison of Equation 3-3 (Ap) for
different structural periods (T) with the recorded data
average. In most cases, Equation 3-3 will yield
conservative results.

currently discussed in DOE Standards [ 1 ] for guidance
if a higher level of operational functionality must be

q

•i 6

RATIO Ap/Ag

Figure 2. Comparison of Equation 3-3 with various
structural periods with the recorded data average.

COMPONENT IMPORTANCE FACTOR

The component importance factor (Ip) represents
the greater of the life-safety importance of the
component and the hazard exposure importance of the
structure. This factor addresses Objectives 5 and 6,
safety hazard should component separate from
structure and importance of component Junction to
operation of facility.

The 1991 UBC provides for Importance Factors
that range from 1.0 to 1.5. The 1991 NEHRP
Provisions provides for Performance Criteria Factors
that range from 0.5 to 1.5. This difference in values
accounts for much of the design value discrepancy
between the two documents. The Component
importance factors proposed for the 1994 NEHRP
Provisions are modeled after the 1991 UBC approach.
Values are tabulated for each component.

The component importance factor indirectly
accounts for the functionality of the component or
structure by requiring design for a higher force level. It
is generally assumed that a better, more functional
component will be provided. This may not be
sufficient for all components. The NEHRP
Commentary encourages considerations of approaches

assured. See Table
components.

3 for I values for typical

COMPONENT

Exit corridor partitions

Exterior wall panels

Parapets, chimneys, or stacks

Suspended lay-in tile ceilings

Mechanical equipment anchored with
expansion bolts

Piping system - hazardous contents

Storage tank on legs

Emergency power electrical equipment

1.5

1

1

1

i

1.5

1

1.5

Table 3. Typical values for component
importance factor, Ip.

COMPONENT RESPONSE MODIFICATION
FACTOR

The component response modification factor (R )
represents the energy absorption capability of the
components construction and attachments. This factor
addresses Objective 7, component anchorage ductility
and energy absorption capability.

Neither the 1991 UBC nor the 1991 NEHRP
Provisions provide for component response
modification factors. The commentaries accompanying
these documents indicate that concepts of inelastic
energy absorption are considered in the determination
of the force factors Cp and Cc respectively. The
proposed 1994 NEHRP Provisions isolates this factor,
more closely following the approach used for building
structures. By isolating the factor, it is now possible
for researchers to determine appropriate values for
each component, independent of other effects.

At present, there is little available research to
provide component response modification factors. As a
result, for the proposed 1994 NEHRP Provisions, these
factors were judgmentally determined with respect to
the following benchmark values:

Rp = 1.5, brittle or buckling failure mode expected
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Rp = 3.0, some energy absorption capability

Rp = 4.0, ductile materials and detailing

R = 6.0, highly ductile materials and detailing

See Table 4 for Rp values for typical components.

For two connection points on the same structural
system, use the smaller of

COMPONENT

Exit corridor partitions

Exterior wall panels

Parapets, chimneys, or stacks

Suspended lay-in tile ceilings

Mechanical equipment anchored with
expansion bolts

Piping system - hazardous contents

Storage tank on legs

Emergency power electrical equipment

3

3

2

1.5

1.5

6

3

4

i

1

Table 4. Typical values for component
response modification factor, Rp.

SEISMIC RELATIVE
DISPLACEMENTS

REVISION OBJECTIVES

Displacement input is needed for the seismic
design of cladding, stairwells, windows, piping
systems, and other systems that are connected to the
structural frame at multiple levels. The displacements
should rationally reflect the actual structural
displacements of the structure at the attachment points.

RELATIVE DISPLACEMENT EQUATIONS

Neither the 1991 UBC nor the 1991 NEHRP
Provisions provide design equations for seismic relative
displacements. Equations are proposed for the 1994
NEHRP which are based on either the building
structure analysis or the building drift limitations, each
of which is provided for in the structural provisions of
the 1991 and 1994 NEHRP Provisions.

The following seismic relative displacement
equations are proposed for nonstructural components:

[eq.3-6]

Of

Ap = yAa [eq.3-7]

For two connection points on separate structural
systems, use the smaller of

or

[eq.3-8]

[eq.3-9]

where

Ap = Relative seismic displacement that the component
must be designed to accommodate

8X = Deflection at building level x, determined by an
elastic analysis with no structural response
modification factor (R)

Aa = Allowable story drift as defined elsewhere in the
NEHRP Provisions

y = Elevation difference between component points of
attachment

AM = Allowable story drift as defined elsewhere in
code, for building level x, as measured from
grade.

Two equations are given for each situation.
Equations 3-6 and 3-8 yield appropriate estimates of
actual unreduced structural displacements, as
determined by elastic analyses, with no structural
response modification factor (R). Equations 3-7 and
3-9 are provided in recognition that elastic
displacements are not always defined or available at the
time the component is designed or procured. These
equations allow the use of story (structural) drift
limitations. The lesser values from the paired
equations are acceptable for use.

Seismic relative displacements must be combined
with the effects of other displacements such as thermal
and static loads
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SUMMARY AND CONCLUSIONS
The limitations of and discrepancies between the

Uniform Building Code and 1991 NEHRP Provisions
were identified and discussed. New force equations
were proposed for the 1994 NEHRP Provisions that
address all the items considered by the other codes as
well as the additional items of seismic response of
structure (including soil effects), location of component
within structure, component anchorage ductility, and
component energy absorption capacity. Appendices A
and B document a comparison of the UBC, 1991
NEHRP Provisions, and 1994 NEHRP Provisions for
Livermore, California and the Savannah River Plant
respectively.

The same force equations proposed for the 1994
NEHRP Provisions could also be considered for use in
the DOE standards. Because the force equations do
not directly address component functionality, they
would still require additional provisions to address
performance category 3 and 4 requirements.

Seismic relative displacement equations were also
proposed for the 1994 NEHRP Provisions. These
equations would address requirements not previously
addressed in building codes. The same seismic relative
displacement equations proposed for the 1994 NEHRP
Provisions could also be considered for use in the DOE
standards, which also do not presently address the
issue.
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APPENDIX A
COMPARISON OF CODE FORCES FOR LIVERMORE, CALIFORNIA

(General Use or Non-Essential Facility)
(Component mounted at roof level)

(Stiff Soil)

Basic Equation

Basis

Exit Corridor
Partitions

Parapets, Chimneys,
or Stacks

Mechanical
Equipment

Anchored With
Expansion Bolts

Piping Systems -
Hazardous Contents

1991 NEHRP
ARCHITECTURAL

[5]

Fp = \CJPW.
A, = 0.40

Strength Design

C.= 1.5
P = 1.0

Fp = 0.60Wc

Cc = 3.0
P = 1.5

Fp = 1.8W.

Not Applicable

Not Applicable

1991 NEHRP
MECHANICAL

[5]

F^A^PaX
\ = 0.40

Strength Design

Not Applicable

Not Applicable

Cc = 2.0
P = 0.5
ac=1.0

FB = 0.40Wc

Cc = 2.0
P=1.5
ac = 2.0

FD = 2.4WC

1991 UBC
NONSTRUCTURAL

[2]

F P * = Z ' P C P W P
Z = 0.40

Allowable Stress

Ip=1.50
Cp = 0.75

F,* = 0.45Wp

I, = 1.00
Cp = 2.00

Fp* = 0.80Wp

Ip=1.00
Cp = 0.75

Fp* = 0.30Wp

Ip= 150
Cp***=1.50
Fp* = 0.90Wp

1994 NEHRP
NONSTRUCTURAL

(PROPOSED)

FP = aPAP IPWP / RP
F.= 1.0

A, = 0.40
Ap**=1.6

Strength Design

ap=1.0
IP=1.5
Rp = 3.0

F p=0.80W p

^P = 2-5

Ip-1.0
Rp = 2.0

Fp = 2.0WD

ap=1.0
iP=i.o
Rp=i.5

FD = 1.1WD

aP = 2.5
IP=1.5
Rp = 6.0

FD = 1.0WD

* Force levels for allowable stress basis should be multiplied by approximately 1.25 for comparison with
strength basis force levels.

** Period of structure is not given; assume that A,. = 4.0Ag maximum where Ag = FaAa.

*** For nonrigid or flexibly supported, use 2 x 0.75.
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APPENDIX B
COMPARISON OF CODE FORCES FOR SAVANNAH RIVER PLAN

(General Use or Non-Essential Facility)
(Component mounted at roof level)

(Stiff Sort)

Tip

Basic Equation

Basis

Exit Corridor
Partitions

Parapets,
Chimneys, or

Stacks

Mechanical
Equipment

Anchored With
Expansion Bolts

Piping Systems -
Hazardous
Contents

li»3i MEHRP
ARCHITECTURAL

[5]

Fp = AvCcPWc

A, = Q.1O

Strength Design

CB=1.5
P = 1.0

Fp = 0.15Wc

Co = 3.0
P=1.5

Fp = 0.45Wc

Not Applicable

Not Applicable

1991NEHRP 1
MECHANICAL

[51

F ^ A ^ P a ^
Av = 0.10

Strength Design

Not Applicable

Not Applicable

Cc = 2.0
P = 0.5
ac=1.0

FD = 0.10Wc

Cc = 2.0
P=1.5
ac = 2.0

Fp = 0.60Wc

1991 UBC
NONSTRUCTURAL

[2]

Z = 0.15

Allowable Stress

Ip=1.50
Cp = 0.75

Fp* = <M7Wp

Ip=1.00
Cp = 2.00

Fp* = «U0Wp

Ip=1.00
Cp = 0.75

Fp* = 0.11Wp

I p = 1 5 0
Cp***=1.50

Fp* = 0.34Wp

1994 NEHRP |
NONSTRUCTURAL

(PROPOSED)

V W P W A
F.= 1.2

Aa = 0.10
\ * * = 0.48

Strength Design

a, = 1.0
IP=1.5
Rp = 3.0

Fp = 0.24WB

ap = 2.5
Ip=1.0
Rp = 2.0

F r = 0.60WB

ap=1.0
Ip=1.0
Rp=1.5

Fn = 0.32WD

ap = 2.5
Ip=1.5
Rp = 6.0

FD = 0.33WD

* Force levels for allowable stress basis should be multiplied by approximately 1.25 for comparison with
strength basis force levels.

** Period of structure is not given; assume that A, = 4.0Ag maximum where Ag = F.A,,.

*** For nonrigid or flexibly supported, use 2 x 0.75.
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U.B.C.: PAST, PRESENT AND FUTURE

William D. Wall, P.E.
Senior Regional Engineer

International Conference of Building Officials

ABSTRACT

This report documents the involvement of the
International Conference of Building Officials
(ICBO) in hazard mitigation, particularly in
relation to earthquakes. It encompasses the
history of the Uniform Building Code™ (U.B.C.)
provisions as they apply to earthquake hazard
mitigation. Also discussed is Executive Order
12699. Conference membership services and bene-
fits are reviewed and the future of ICBO, building
codes and hazard mitigation are examined. The
U.B.C. seismic provisions make a vast contribution
to the design of buildings for seismic safety.

INTRODUCTION

This paper is intended to review
what has transpired over the 70
plus years that the International
Conference of Building Officials
has been involved in mitigation.
The subjects discussed are:

1. The historical perspective of
the Uniform Building Code
provisions.

2. A brief discussion of Execu-
tive Order 12699.

3. The services and benefits
available with ICBO member-
ship.

4. A brief look at the future
from ICBO's perspective.

HISTORICAL PERSPECTIVE OF
THE U.B.C. SEISMIC PROVISIONS

Since the early 1950s, the De-
partment of Energy (DOE) has re-
quired the use of the seismic

requirements of the most current
edition of the Uniform Building
Code™ which is published by the
International Conference of Build-
ing Officials. The very first
edition of the U.B.C., in 1927,
had provisions in the appendix for
buildings located in areas subject
to "earthquake shocks" [1]. In
addition to setting forth minimum
lateral loads, the provisions re-
quired bonding and tying of parts
such as veneer and walls so that
the structure will "act as a
unit."

From that early beginning, the
U.B.C. seismic provisions have
undergone an evolutionary process
that has, from time to time, been
impacted by moderate to large
seismic events. The 1925 Santa
Barbara earthquake preceded the
force distribution found in the
1927 U.B.C., which is shown in
Figure 1 [2]. Note that the force
distribution diagrams presented
herein have assumed a 15-story
office building with a moment-
resisting steel frame located in
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the most active seismic area in
the United States and supported on
good foundation material. In
Figure 1 the force at each level
is determined by multiplying a
factor, C, times the dead weight
of the building at the level under
consideration. The base shear
force is about 1\ percent of the
structure's weight. If the build-
ing was supported on piles or
poorer soils, the force was re-
quired to be increased approxi-
mately one third. Structural
steel in the 1927 U.B.C. was al-
lowed a 50 percent increase in the
design stresses, while other mate-
rials were allowed a 33% percent
increase. Among other reasons,
this reflected a desire to design
toward the yield strength.

each level. If the building was
located on poor soil, the force
was required to be doubled.

LATERAL FO
ROOF

15

2

RCE DISTRIBUTION

•> 0.79 F

*

„

•. 1.0 F

BASE SHEAR = 14.79 F

F = CW

= 0.075 WD

Figure 1. Force Distribution in 1927 U.B.C.

A O.l9g ground acceleration was
recorded in 1933 during the Long
Beach earthquake. This was some-
what reflected in the 1935 U.B.C.
force distribution shown in Figure
2 [2], where 50 percent of the
design live load was added to the
dead load to compute the force at

LATERAL FORCE DISTRIBUTION

1.29 F

BASE SHEAR = 19.0 F

F = CW

- 4(0.02)W o . L<2

= 0.08 W D . u

Figure 2. Force Distribution in 1935 U.B.C.

With better instrumentation and
examination of the damage from the
1940 El Centro earthquake, the
1949 U.B.C. reflected a substan-
tial reduction in the design base
shear. As shown in Figure 3 [2],
the introduction of N, which re-
lates to the number of stories, in
the denominator caused the major
portion of the reduction. The
inclusion of 50 percent of the
live load was no longer required.
The dynamic effects of the earth-
quake and modal response of the
structure are somewhat evidenced
by the quasi-triangular shape of
force distribution.
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ROOF
IS

2

BASE '

4

"— 0.43

SHEAR

F = CW
i1(0.15) ,

~ N + 4.5
C VARIES WITH

1 4 1 F

1.45 F

F

= 11.22 F

HEIGHT

Figure 3. Force Distribution in 1949 U.B.C.

Over the next decade, the Struc-
tural Engineers Association of
California (SEAOC) developed and
published Recommended Lateral
Force Requirements and Commentary
(the first Blue Book) [3] which
was based more heavily on the
dynamic nature of structural re-
sponse to "earthquake shocks."
Two variables were added: one
reflected the fundamental period
of the structure and the other,
the well-known K factor. The 1961
U.B.C. included these variables as
well as an amplifying factor
based on the seismic zone map. As
seen in Figure 4 [2], this base
shear is less than in previous
editions, but the vertical distri-
bution is becoming more triangu-
lar, reflecting the dynamic char-
acter of the earthquake and a
building's response.

LATERAL FORCE DISTRIBUTION

15

2

1 0.68 F

• 0.06 F

BASE SHEAR = 5.76 (K=0
= 8.60 (K=1

V = ZKCW
0.05

= 1.0 (0.67) }j~~ W i

= 0.029 W,,

F - V H , h.

^ w , h ,

67)
00)

Figure 4. Force Distribution in 1961 U.B.C.

The 1985 code provisions included
the site coefficient, S, and an
importance factor, 1. Both of
these variables offer an opportu-
nity to address more exact infor-
mation known about a site and the
building's occupancy. The base
shear in Figure 5 [2] reflects an
increase in the base shear more
closely resembling that found in
the 1949 edition. For buildings
having irregular shapes, large
differences in lateral strength or
stiffness or other unusual struc-
tural features, the static ap-
proach is invalid, thus there is
an increased emphasis on utilizing
the dynamic analysis.
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After the 1971 San Fernando earth-
quake with its high recorded
ground accelerations and the poor
performance of new buildings de-
signed with then current seismic
codes, SEAOC began work which
resulted in Applied Technology
Council (ATC) document 3-06 in
1978. The 1988 U.B.C. incorporat-
ed the technology of the ATC ef-
fort and some of the concepts that
ultimately were included in the
National Earthquake Hazard Reduc-
tion Program (NEHRP) provisions.
The 1988 U.B.C. included the R̂
factor which reflects the energy-
absorbing capability of the later-
al force-resisting system. In
addition, the Z. factor represents
the effective peak ground acceler-
ation, on rock, corresponding to
the maximum expected level of
earthquake ground motion with a 10
percent probability of being ex-
ceeded in 50 years. Of major

importance was the inclusion of
parameters to identify irregulari-
ties in structures that have been
observed to perform poorly when
subjected to an earthquake. Once
an irregular building is identi-
fied, there is a procedure pro-
vided to conduct a dynamic analy-
sis. Figure 6 depicts the force
levels for the 1988 U.B.C. and,
with the same assumptions, would
be the same for the 1991 U.B.C.
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Figure 7 represents schematically
what has happened to seismic pro-
visions in the U.B.C. since ATC 3-
06 was completed. As you can see,
the 1991 U.B.C. and the NEHRP
provisions are based on ATC 3-06.
The NEHRP provisions were devel-
oped as a source document for mem-
bers of the building community.
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As you can see, ICBO has always
been involved in seismic safety
considerations. The provisions
continue to be tested during
earthquakes. Recent earthquak-
es — such as the 1989 Loma Prieta
earthquake, 7.1 on the Richter;
the 1992 Lander, California earth-
quake, 7.5 on the Richter; and the
1993 Guam earthquake, 8.1 on the
Richter — have all been in areas
where the U.B.C. has been adopted
with good results.

U.B.C. AND EXECUTIVE ORDER 12699

The 1989 Loma Prieta earthquake
opened the window which resulted
in President Bush, on January 5,
1990, signing Executive Order
12699. This order requires that
all federally owned, leased, as-
sisted and regulated buildings be
designed and constructed in accord
with appropriate seismic stand-
ards. Implementation of this order
was aided by an Interagency Com-
mittee on Seismic Safety in Con-

struction (ICSSC) publication [4]
that, coupled with a National
Institute of Standards anc?. Tech-
nology model code assessment [5]
concluded that the —

1991 U.B.C.
— and the other two model codes
were found to provide a level of
seismic safety substantially equi-
valent to that provided by the use
of the 1988 NEHRP Recommended
Provisions. The recommendation
extends to revisions of the model
codes that are substantially equi-
valent to or exceed the current or
immediately preceding edition of
the NEHRP provisions. Thus, it is
business as usual for U.B.C. us-
ers.

ICBO SERVICES AND
MEMBERSHIP BENEFITS

ICBO has been committed to seismic
safety since 1927 with its first
edition of the U.B.C. In addition
to improving the code through the
code change process, ICBO offers
many services to ensure that its
mission statement is fulfilled.

The ICBO Mission Statement is:

The International Conference of
Building Officials is dedicated to
public safety in the built envi-
ronment worldwide through develop-
ment and promotion of uniform
codes and standards, enhancement
of professionalism in code admin-
istration, and facilitation of
acceptance of innovative building
products and systems.

Through ICBO's Class A membership,
ICBO offers the governmental unit
all ICBO services AND allows the
designated representative to act
for the member in Conference af-
fairs. The designee is the person
responsible for administration of
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the code compliance program.
These representatives act for
their governmental units in mat-
ters of code revisions and mainte-
nance and they are the members
eligible to vote, hold office and
serve on committees of the Confer-
ence. The primary operating con-
trol of the International Confer-
ence of Building Officials, a
nonprofit public benefit corpora-
tion, is vested in its Class A
members which currently number
about 2,600. Certainly DOE Order
5480.28 would appear to allow each
facility to ineet the criteria for
Class A membership.

Other membership categories that
may also be of interest are Gov-
ernmental Individual and Profes-
sional. Information on ICBO, its
services and the benefits of mem-
bership are available at this
conference or by contacting any of
our offices.

The issues of public safety, con-
sistency and uniformity of en-
forcement throughout DOE facili-
ties subjected to natural phenome-
na hazards parallel the basic
tenets of our mission statement.
In addition to earthquakes, the
U.B.C. contains provisions for
high-wind areas, flood-resistant
construction and seismic-isolated
structures. The Uniform Code for
Building Conservation11* [ 6 ] con-
tains requirements for seismic
strengthening provisions for unre-
inforced masonry bearing wall
buildings.

We also have numerous engineering
and technical references and pro-
ceedings available for sale, at
member prices. Our five regional
offices are located in Indianapo-
lis, Indiana; Kansas City, Missou-
ri; Austin, Texas; Bellevue, Wash-
ington; and Pleasanton, Califor-
nia. Conference headquarters is
located in Whittier, California.

In addition to maintaining an
inventory of all publications,
each office is designed to provide
full services which range from
plan review and written and phone
code interpretations to education-
al seminars and participation in
regional activities.

Only Class A members may submit
plans for review for code compli-
ance by our staff of registered
civil, structural and fire-protec-
tion engineers. When used, this
service provides a third-party
review by an engineering staff
with experience in earthquake
engineering and related require-
ments of the code.

A staff of engineers and experi-
enced construction experts also is
available to assist members in
interpretation and application of
the Uniform Building Code and
other Conference publications.
Interpretations of unusual or
common interest are published in
each issue of Building Standards
magazine, our bimonthly publica-
tion.

The International Conference of
Building Officials provides numer-
ous educational publications and
conducts a large number of semi-
nars. Over the last several
years, we have conducted numerous
seminars for a number of United
States government agencies such as
the General Services Administra-
tion, Department of Agriculture,
Veterans Administration, Federal
Emergency Management Agency and
the Department of Transportation.

Certification of special inspec-
tors is a small portion of our
overall certification program.
Section 306 of the U.B.C. requires
the owner to provide independent
third-party special inspection for
certain aspects of construction.
Examples include reinforced con-
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crete, special moment-resisting
concrete frames, special moment-
resisting steel frames, welding,
etc. For 20 years, we have been
offering certification exams for
special inspection. Many adminis-
trators have come to rely on ICBO
certification when determining
what persons have the experience
and expertise to perform required
functions. We also conduct train-
ing which allows individuals to
become more proficient in their
areas of concentration. We have
developed a Model Program for
Special Inspection which is avail-
able to those enforcing such re-
quirements .

Currently, there are over 50 Class
A members of ICBO representing at
least 12 different federal agen-
cies such as the Department of
Justice, Corps of Engineers,
Department of Agriculture, Depart-
ment of the Interior, Department
of State, etc. By becoming a mem-
ber, each DOE site could utilize
ICBO as a source to provide uni-
form and consistent application of
its orders.

A LOOK AT THE FUTURE

The three-year cycle of code de-
velopment culminates in the re-
lease of a new edition every third
year. The 1994 will be in the
"common code format" which the
three model code organizations
have agreed upon. The seismic
provisions will now be in Chapter
16 of all three model building
codes. Other topics common to all
three codes will now be in the
same chapters. Having the same
chapter order and content will be
an ideal format in which to exam-
ine the differences between the
codes.

The American Institute of Archi-

tects has worked closely with the
model code organizations and has
pushed hard for this common code
format, which they hope will lead
to a single code. While ICBO is
open to discussion on the subject,
a number of issues need to be
explored. Since the model codes
receive much input and benefit
from private industry research,
development and experience, it is
important that industry's concerns
are expressed and addressed. In
addition, just because a single
code is developed does not mean
that all cities, counties, states
and other governmental units will
adopt "the code" or adopt it with-
out amendments. The authority to
adopt and enforce building codes
inherently allows amendments, an
additional step in the adoption
process which is commonly taken.
Another issue is uniformity of
interpretation and enforcement. A
single code may not be as far off
as many people think, but will it
be the panacea some hope for?

The 1994 U.B.C. will also include
metric units. In July 1990, Pres-
ident Bush signed Executive Order
12770 which requires federal agen-
cies to develop a schedule for the
transition to metric. January
1994, is the month that was gener-
ally agreed upon. If the U.B.C.
contained both English and metric
units throughout, it has been
estimated that it would add an
extra 200 pages. With that in
mind, we are offering a metric
supplement which will contain all
tables in metric units. The for-
mulas and other values in the
U.B.C. will be given in dual
units. The tables will contain a
one-line conversion at the column
and/or row headings.

The ICBO Board of Directors has
called for a one-year code change
moratorium so that the work neces-
sary to accomplish the common code
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format and metrication will be
completed in time for the 1994
Uniform Codes, to be available May
1994. Actually, code change subm-
ittals will not be received until
the 1994 code becomes available so
that appropriate section referenc-
es may be used by the proponent.
Therefore, the next code change
submittal deadline will be July
15, 1994. Remember, even if you
are not a member, you can still
submit a code change.

With respect to the U.B.C. seismic
provisions, the SEAOC Seismology
Committee is preparing a code
change to convert the seismic
provisions in the U.B.C. to a
limit state (ultimate strength)
design basis. Their efforts are
expected to be completed in time
for the 1997 U.B.C. The associa-
tion has recently formed Committee
2000 which is expected to develop
new concepts for the seismic anal-
ysis and design of structures [7].

Changing arenas, it appears that
the insurance industry wants to be
a more prominent player in code-
related activities. The $20 bil-
lion cost of Hurricane Andrew has
shaken the industry into action.
It appears they want to have the
codes go beyond the current scope
of life safety by increasing the
requirements to mitigate more of
the potential property damage or
loss resulting from natural disas-
ters such as hurricanes, earth-
quakes, floods, etc. Certainly
the "Floods of 1993" will add
additional impetus to their ef-
forts .

Further, the insurance industry,
through their National Committee
on Property Insurance (NCPI) [8]
Building Code Subcommittee and the
Insurance Services Office and the
model code organizations, are
developing a Code Enforcement
Grading System. It is hoped this

system will encourage government
units to improve codes and code
enforcement. The system seeks to
measure the level of code adop-
tion, plan review, administration
and inspection procedures used.
It is expected that communities
would be rewarded for the emphasis
they place on code enforcement by
receiving favorable property in-
surance underwriting based on the
benefits to both life safety and
property protection. Such empha-
sis will help raise the public
perception of and demand for good
code enforcement, which will make
all of our jobs more enjoyable and
more achievable. The time frame
for practical implementation of
the system will be the latter half
of this decade.

SUMMARY

It is hoped that you are now more
aware of ICBO's strong commitment
to seismic safety and life safety
in general. The benefits accrued
from this commitment are a com-
plete, time-tested set of require-
ments with the appropriate educa-
tional, interpretative and plan
review services that may be af-
forded to Class A members through-
out DOE's 26 sites.

With most of the available refer-
ence material, technical litera-
ture, research projects and text-
books being based on the U.B.C.
seismic provisions, it speaks well
for the ease in which buildings
may be designed for seismic safety
when the U.B.C. is adopted.

We at ICBO look forward to in-
creasing our strong association
with the Department of Energy, and
we will do our best to respond to
your needs. With our new Presi-
dent, Jon S. Traw, P.E., in of-
fice, we have renewed our commit-
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ment to maintaining the best model
code and being the best model code
organization in the world.

You can greatly help us achieve
our goals by providing input to
any one of our regional offices or
to our headquarters at the follow-
ing address:

International Conference of
Building officials
5360 Workman Mill Road
Whittier, CA 90601-2298
Phone: 310-699-0541
Fax: 310-699-8031
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RECENT DEVELOPMENTS IN THE NAVY'S SEISMIC MITIGATION RESEARCH PROGRAM

John M. Ferritto
Structures Division, Code L51

Naval Civil Engineering Laboratory
Port Huencme, California 93043

ABSTRACT

The US Navy has a number of bases in seismically active areas. Mission requirements
dictate that these bases be located at the waterfront, often on marginal soils. Since the
seismic exposure is high, the Navy has had an active research program to mitigate the
risk to waterfront structures. The dynamic response of saturated cohesionless soils
results in a loss of strength. Liquefaction and the potential for associated damage is a
major problem. The Loma Prieta earthquake caused over S125 million in damages pri-
marily from liquefaction. A design manual has been developed to account for the
seismically developed pore water pressures in soils behind retaining wall type struc-
tures. The procedures consider a variety of loading conditions and drainage states.
Research has focused on development of design tools which can be rapidly applied to
predict the deformation state associated with the occurrence of liquefaction in terms of
approximate vertical and lateral settlements. The Navy has reviewed the application of
seismic base isolation to critical structures which must meet mission requirements and
function during and after an earthquake. Detailed studies were conducted to evaluate
the nonlinear characterization of the hysteric properties of the isolator. Criteria svere
developed for candidate building selection and design guidelines were developed for
the design of the structure in a manner consistent with the requirements of the triservicc
seismic manual, NAVFAC P355.1. The Navy has developed automated procedures for
conducting site seismicity studies using a 486 personal computer. The procedure util-
izes an epicenter data base on CD-ROM and available geologic data to predict the re-
currence of seismic events and compute the probability distribution of site acceleration
ground motion. A set of response spectra matched to the site conditions can be as-
sembled from a data base :f records.
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INTRODUCTION

This paper will discuss the Navy's Seismic Hazard
Mitigation Research Program. The Navy has numerous bases
located in seismically active regions throughout the world
safe effective design of waterfront structures requires cal-
culation of the expected site specific earthquake ground
motion and effective design of complex waterfront struc-
tures. The Navy's problem is further complicated by the
presence of soft saturated marginal soils which can signifi-
cantly amplify the levels of seismic shaking as evidenced
in the 1989 Loma Pricta earthquake. The Navy began its
seismic program in response to the 1977 Earthquake Haz-
ards Reduction Act. Executive Order 12699 reinforces the
commitment to earthquake safety.

SITE SEISM5CITY EVALUATION

The Naval Facilities Engineering Command's seismic
design manual, NAVFAC P355.1, [1], requires a probabil-
istic assessment of ground motion for design of essential
structures. Reference 2 presents the basis for the Navy's
Seismic Hazard Analysis procedure which was developed
and is intended to be used with the Seismic Hazard Analy-
sis computer program and user's manual, [31. The proce-
dure utilizes the historical epicenter data base and avail-
able geologic data, together with source models, recurrence
models and attenuation relationships to compute the proba-
bility distribution of site acceleration and an appropriate
site specific spectra.

A number of theoretical mathematical models have
been postulated to express earthquake recurrence. Geologic
stress builds up along a fault and earthquakes occur when
the accumulated stress reaches a threshold value at some
location on the fault. The rupture which occurs reduces the
stress buildup. The size of the earthquake is measured by
the change in stress level with larger events producing larger
stress changes. After an earthquake, the amount of time
required for stress to build up to the threshold determines
the time to the next earthquake. This time is related to the
size of the recent earthquake and the rate of stress accumu-
lation. A critical evaluation of seismic recurrence models
includes evaluation of the accuracy of forecasts, evalu-
ation of general applicability of the model to a variety of
sites worldwide and availability of data. While it is beyond
the Navy's mission to conduct fundamental research on
earthquake mechanisms and developing earthquake predic-
tion theories, it is crucial that the Navy select and use those
models developed by seismologists which are appropriate
for Navy waterfront design problems and are consistent
with levels of fault data available and economically obtain-
able during the construction project design.

Consideration of the temporal and spatial dependence
between occurrences of earthquakes is an important aspect
of seismic hazard analysis. The choice of recurrence model
and the dependence between occurrences of earthquakes
directly affects the design accelerations at a site and im-
pacts significantly on cost-effective structural design. Re-
cent research indicates a correlation between an earthquake
recurrence interval and the size of the preceding event. A
characteristic model has been implemented into the current
procedure.

SITE GROUND MOTION AMPLIFICATION

The Loma Pricta earthquake occurred when a segment
of the San Andreas fault northeast of Sania Cruz, Califor-
nia ruptured over a length of" 28 miles producing a Richter
local magnitude, ML, of 7.0 and an average surface wave
magnitude, MS, of 7.1, [4], The epicenter was 10 miles
northeast of Santa Cruz and 20 miles south of San Jose.
The initial rupture length was estimated to bo 24 miles.
The main rupture began at a depth of 11 miles below the
earth's surface and near the center of what would be the
rupture plane. Over the next 7 to 10 seconds the rupture
spread approximately 12 miles to the north and 12 miles to
the south. The unusual middle location of the hypocenter
within the rupture location contributed to the unusually
short duration of the event. Approximately 8 to 10 seconds
of strong shaking was observed which is considerably less
than would be expected from an event of this size. The
rupture propagated towards the earth's surface but during
the main event appears to have stopped at a depth of 3 to 4
miles.

Strong ground motion was recorded from on Treasure
Island; the peak horizontal ground acceleration components
from the main shock were 0.16g and O.lOg, [51. A signifi-
cant factor in the Loma Pricta earthquake was the amplifi-
cation of ground motion in areas underlain be thick depos-
its of Bay sediments. Treasure Island falls within this ob-
servation especially in comparison with recordings on nearby
Yerba Buena where the peak horizontal acceleration re-
corded on a rock site were about three times less than those
on Treasure Island. Ycrba Buena Island, a large rocky out-
crop, had horizontal components of motion from this event
equal to 0.068g and 0.03 lg, both significantly less than
those on Treasure Island.

Of considerable interest is the strain dependent proper-
ties for the Bay Mud. Rollins [6] uses data by Lodde [7] to
define the strain dependent shear modulus raiio. Figure 1
shows a plot of the Bay Mud curve compared with the
more normal values based on data provided in Reference 8.
It can be seen that the Bay Mud has a significantly stiller
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modulus with strain. Figure 1 also contains data from Mex-
ico City, Reference 9 which is very similar to the Bay Mud
behavior. The Mexico City clays were noted to be rather
stiff at low strain. Note that distant earthquakes are low
strain events.

A one-dimensional soil column analysis using SHAKE,
[10], was performed on the site using the actual properties
for the Bay Mud as well as properties more typical of a
softer clay. Strains in the analysis using the Bay Mud prop-
erties are in the range of 0.03 to 0.08 percent in the Bay
Mud layers; this results in an effective shear modulus of
about 60 percent of maximum with damping in the range
of 0.06 to 0.12 of critical. However when typical clay data
is used the shear modulus drops to about 10 percent of
maximum and damping increases to 0.08 to 0.15 of criti-
cal. This explains why the stiffer Bay Mud properties do
not attenuate the motion as does typical clay.

The San Francisco site and the Mexico City site both
have clays that are substantially suffer than would be ex-
pected. Sharma [11] shows that the Plasticity Index for Bay
Muds is in the range of 20 to 40 between 38 and 75 feet.
The Plasticity Index for Mexico City clays was 30. Vucetic
[8] shows data documenting that the shear modulus is stiffer
with shear strain as the Plasticity Index increases. This data
indicates that the stiffness of clay under cyclic loading
should be increased to account for the Plasticity Ratio. The
Plasticity Index is based on the amount of water required to

transform a remolded soil from semisolid to a liquid state.
It is a function only of the size shape and mineralogy of the
soil particles and the pore water. Engineers should be alert
to the presence of high plasticity clay deposits as a poten-
tial source of ground motion amplification.

LIQUEFACTION

Observation of the Treasure Island record shows that
at about 15 seconds after the start of recording, the ground
motion was subdued; this was probably caused by the oc-
currence of subsurface liquefaction. Liquefaction occurred
after about 4 or 5 "cycles" of shaking after about 5 seconds
of strong motion. Sand boils were observed at numerous
location and bayward lateral spreading occurred with asso-
ciated settlements. Ground cracking was visible with indi-
vidual cracks as wide as 6 inches. Overall lateral spreading
of 1 foot was estimated. Ground survey measurements in-
dicate that settlements of 2 to 6 inches occurred variably
across the island and that some areas had as much as 10 to
12 inches of settlement. The liquefaction related deforma-
tions resulted in damage to several structures and numer-
ous broken underground utility lines, [12].

There is a need to quantify 'he expected displacements
associated with liquefaction. Procedures by Tokimatsu and
Seed [13] were reviewed and found to be quantitatively
correct, [14]; a problem exists in accurately measuring the
blow count range in loose materials. A typical spread of
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blow counts between 5 and 10 would predict vertical set-
tlements of from 4 to 12 inches. The expected deformation
is very sensitive to the blow count data. The Navy spon-
sored research by Professor L. Youd to evaluate lateral
deformation. Empirical relationships were developed to es-
timate lateral spread based on either a free slope or sloping
ground.

RETAINING WALLS WITH SATURATED
BACKFILL

Retaining wall structures are found as components of
many critical waterfront construction such as dry-docks and
quay walls. The Navy sponsored the development of a seis-
mic design guide for waterfront construction; Reference 15
deals with the soil mechanics aspects of the design to with-
stand the effects of earthquake loadings and increases in
the pore water pressures in the backfill. It addresses the
stability and movement of gravity retaining walls and an-
chored sheet pile walls, and the dynamic forces against the
walls of dry-docks. The effects of wall displacements, sub-
mergence, liquefaction potential, and excess pore water pres-
sures, as well as inertial and hydrodynamic forces are in-
corporated in the design procedures. New computational
procedures were developed. The procedures used to calcu-
late the dynamic earth pressures acting on retaining struc-
tures consider the magnitude of wall displacements. For
example, dynamic active earth pressures are computed for
walls that retain backfills that undergo sufficient displace-
ments during seismic events to mobilize fully the shear
resistance of the soil. For smaller wall movements, the
shear resistance of the soil is not fully mobilized and the
dynamic earth pressures acting on those walls are greater
because the soil comprising the backfill does not yield.
Procedures for incorporating the effects of submergence
within the earth pressure computations, including consid-
eration of excess pore water pressure are described.

SEISMIC ISOLATION

The Naval Civil Engineering Laboratory conducted
extensive research and found seismic base isolation to offer
significant potential for reduction of damage to essential
structures particularly where the contents are cosily and
need to survive such as in computer/data system centers,
command centers, and hospitals. Conceptually, base isola-
tion reduces ground motion transmitted to the superstruc-
ture above the isolator reducing the response of a typical
structure and the corresponding loading. Thus base isolated
structures require lighter structural members than non-iso-
lated structures. In addition, nonstructural components (utili-
ties, partitions, parapets, suspended ceiling, equipment, etc.)
are also !ess likely 10 be damaged in a base isolated struc-

ture. Isolation from ground motion, is produced by the low
horizontal stiffness of the bearings. This substantially re-
duces the frequency of the predominant horizontal mode of
the structure vibration, typically lower than 1.0 Hertz. Most
earthquake ground motions have predominant frequencies
in the 3 to 10 Hertz range and are there lore effectively
filtered by the isolation system, allowing only relatively
small accelerations to be imparted to the isolated structure.
The Navy is evaluating the potential use of base isolation
for structures which must remain functional alter an earth-
quake.

As a screening criteria for candidate structures, the
Navy is limiting use to regions of high seismic hazard.
The fundamental mechanism of damage reduction of base
isolation involves a period shift from periods less that 1
second where high accelerations are found to higher peri-
ods greater than 1 second where lower accelerations are
found. To insure the spectra regions above a period of I
second do have lower accelerations, soft sites which am-
plify motion in this range are precluded from consideration
for siting base isolated structures. Similarly to insure a
period shift is possible, the candidate structures are limited
to a height to length ratio of less than 1.0 and be of low to
medium height.

Navy design procedures for essential buildings use re-
sponse spectra techniques which are widely used by the
engineering community. Preliminary Navy design proce-
dures for isolated essential building design are intended to
be compatible with the existing procedures for essential
rigid base construction and also make use of response spec-
tra techniques. We should keep in mind the assumptions
and approximations for this linear procedure. Space limits
presentation of several other elements that are related to
this discussion but will only be mentioned here to make the
reader aware of their importance. Reference 16 presents
data showing that omission of initial conditions which are
part of an earthquake accelerogram in a time history analy-
sis can produce a 15 percent effect on computed response.
Again in Reference 16, the well known conclusion that
response spectra techniques and time history solutions agree
is examined; there may be a difference of as much as 15
percent in the computed responses depending on the num-
ber of modes used, number of points in the load spectra
definition, the relationship of accelerograms to spectra, and
the frequency of the system. The frequency content of ground
motion is influenced by the site soil condition, the magni-
tude of the earthquake and the site to source distance. The
designer must keep these in mind to insure that the isolator
shifts the structure into a range of lower ground motion and
not higher. Linearization of the hysteric properties of a
base isolator could produce differences of 50 percent in
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displacement and drift calculations aud 10 percent differ-
ence in moments. Inclusion of the vertical component of
ground motion which is often omitted can produce 15 per-
cent differences in moments of a structure.

For low rise regular frame Navy construction situated
on a rock or stiff site and housing sensitive equipment like
computers or costly contents, base isolation of the columns
offers the potential for significant damage reduction and
also possible initial cost savings. It is recommended that
consideration be given to base isolation in the early stages
of design formulation. Reference 16 has presented a com-
parison of analysis techniques treating die isolator as a
nonlinear hysteric element and as linear elements with and
without nodal damping. The results indicate that for the
case studied significant differences in displacement and drift
result while moments vary by about 10 percent. Vertical
acceleration effects were found to cause an increase in
maximum moments by about 15 percent.

SUMMARY

This paper has presented a summary of the research
conducted as part of the Navy's Seismic Hazard Mitigation
Program over the last several years. Work has focused in
the areas of ground motion prediction associated with seis-
micity studies, amplification of motion at waterfront sites,
liquefaction and associated deformations, design of water-
front facilities, and seismic base isolation The references
cited give additional information.
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ABSTRACT

This paper provides a summary of the design parameters used in the seismic design of
the ABB Combustion Engineering System 80+ Standard Plant. The System 80+ seismic
design is developed with the objective of having a standard design which would envelop
the majority of sites in the world with the possible exception of sites near major active
faults in areas of known high seismicity. The seismic design basis was developed based
on the current state-of-the-art as well as consideration for both current and anticipated
future Nuclear Regulatory guidance. The paper discusses seismic design requirements,
selection of generic soil sites, selection of design control motions, soil-structure
interaction analyses, and site acceptance criteria for the plant.
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INTRODUCTION

The ABB-CE System 80+ standard plant is one
of the four designs which are currently being
developed by the U.S. nuclear plant NSSS
designers/manufacturers as the next generation
of nuclear plants. All four designs are based on
the concept of standardization. The System 80+
design is an Advanced Light Water Reactor
(ALWR) design which is an evolution of the
existing System 80 design featuring enhanced
safety features and improved performance. The
System 80+ design includes a 200 foot diameter,
1-3/4 inch thick, free standing spherical steel
containment vessel enclosed in a cylindrically
shaped concrete shield building with a
hemispherical dome (see figure 1).

The Nuclear Island consists of two general
areas, the reactor building and the nuclear
annex. The reactor building consists of the
shield building, steel containment vessel,
interior structures of the containment vessel, and
area below the steel containment vessel which is
referred to as the subsphere. The nuclear annex
consists of the Chemical and Volume Control
System (CVCS) area, the fuel handling and
storage area, the control complex, emergency
diesel generator rooms, and main steam valve
house areas. Figure 2 shows the plan of the
Nuclear Island. AH Nuclear Island structures are
reinforced concrete structures, with the
exception of the steel containment vessel,
founded on a common 10 foot thick basemat
with a 52 foot embeddment. The plan
dimensions of the basemat is 380 foot long by
320 foot wide.

SEISMIC DESIGN REQUIREMENTS

The seismic design requirements for the plant is
a Design Basis Earthquake (DBE) of 0.3g. The
spectral shape and the selection of control
motion are further discussed below. There are
no specific deign requirements for the
Operating Basis fcvr.hquake (OBE). At the start
of the program, design requirements for OBE
were set at O.lg level. However, through a
collaboration effort between the industry and the
NRC, explicit design requirements for OBE has
been eliminated. System 80+ has established a
Seismic Margin Earthquake (SME) level of
0.6g. This is the earthquake level at which High
Confidence of Low Probability of Failure

(HCLPF) levels for essential structures and
componcnLs required to bring the plant into cold
shutdown status are 0.6g or higher.

SELECTION OF CONTROL MOTIONS

The System 80+ design has 3 design control
motions specified as the basis for its design.
These are referred to as Control Motion
Spectrum (CMS) 1, 2, and 3 respectively. All
control motion design spectra arc anchored to a
0.3g horizontal peak ground acceleration. They
are developed with the objective of covering the
majority of site conditions in the world as well
as being in full compliance with various
regulatory and industry requirements. The
selection of the 3 control motions ensures
compliance with the Regulatory Guide 1.60 (1),
NUREG-0800 (2) guidance, as well as the EPRI
ALWR Utility Requirements document (URD)
(3). Each of the 3 control motions were chosen
with the following thought process in support of
design and standardization:

1. Control Motion Spectrum 1 (CMS1): This
spectral shape is identical lo the Regulatory
Guide 1.60 (1) spectrum. It is considered in
design in order to cover sites with deep soil
deposits. Design to this spectral shape
satisfies the EPRI URD requirements for
advanced nuclear plant designs.

2. Control Motion Spectrum 2 (CMS2): This
is rock outcrop spectrum and is developed
to cover sites typical of Eastern North
America which could experience
earthquakes with high frequency content.

3. Control Motion Spectrum 3 (CMS3): This
is a rock outcrop spectrum and is developed
based on the recommendations of the
NUREG/CR-0098 (4) primarily to cover
lower frequency motions which may not be
covered by CMS2. In addition to being in
full compliance with the recommendations
of NUREG/CR-0098, it is enhanced in the
higher frequency range to cover earthquakes
with high frequency content. The maximum
spectral acceleration range is extended to 15
Hz, as opposed to 8 Hz which is used in
NUREG/CR-0098 motions.

All of the above Control Motion Spectra arc
shown in Figure 3. CMS2 and CMS3 arc
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applied at the rock outcrop, whereas CMS1 is
applied at the free-field ground surface. All
three motions are applied to each of the site
categories as defined below in order to develop
the design basis of the plant.

1.0 10

Frequency |Hz)

Figure 3: System 80+ Control Motion Spectra

For the vertical direction, CMS2 and CMS3 are
anchored to a vertical peak ground acceleration
of 0.2g (two thirds of the horizontal PGA).
CMS1, being defined as a control motion for
application at the free-field ground surface is
defined to have a vertical peak ground
acceleration of 0.3g, the same as the horizontal
PGA.

SELECTION OF ENVELOPE OF SOIL
SITES

In order to cover an envelope of site conditions
suitable for construction of the System 80+, the
design considered selection of 12 generic soil
sites as well as rock site conditions. The site
parameter variation within these 13 conditions
were chosen such that when combined with the
effects of the 3 design control motions, the
resulting free-field ground surface spectra would
contain earthquake energy in all frequency
ranges which are important in design of
structures and components. Site conditions were
chosen to cover sites with shear wave velocities
as low as 500 fps, to rock site conditions.
Various impedance mismatch scenarios were
also considered in order to cover the effects of
such site conditions in design.

Initially 4 site categories defined as A, B, C, and
D were chosen. These correspond to depth of
soil to bedrock values of 52', 100', 200', and 300'
respectively (figure 4). Within each site category
various soil properly variations were chosen to
cover the range of interest. At first, one case was
chosen for site category A (A 1), 4 cases lor site

to. JB
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Dapth to B*droc* : 53 !L

SollCun
B-l. B-2. W. B-t
B-l-5. 3J-5
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Soil D I M S :
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D«ptft la a»0rocti 300 II.
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Figure 4: System 80+ Generic Site Conditions Used to Dcvelopc the
Seismic Design Basis
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category B (Bl, B2, B3, & B4), 3 cases for site
category C (Cl, C2, & C3), and 1 case for site
category D (Dl). These 9 cases together with the
rock case formed 10 site conditions initially
chosen for the site envelope. Upon examination
of the free-field response of these site conditions
to the rock outcrop spectra, it was decided to
introduce intermediate site conditions in order to
obtain spectral peaks at certain intermediate
frequency ranges where the initial 9 soil cases
did nc'. produce significant energy.
Subsequently, three intermediate site conditions
of B1.5, B3.5, and C1.5 were added to the
design basis, making 13 generic site conditions
which were used as the basis for design.

Figure 4 shows all 13 site conditions used in the
design basis of System 80+. Figures 5 and 6
show the envelope of free-field surface spectra
resulting from the excitation of each of the
above site conditions to rock outcrop control
motions CMS2 and CMS3, for the horizontal
and the vertical directions respectively.
Superimposed on these figures are the original
design control motion spectra (CMS1, CMS2,
and CMS3). As evident from these 2 figures, the
seismic design basis of System 80+ is well in
excess of the R.G. 1.60 requirements and the
0.3g free-field PGA, making the plant robust for
construction even in areas of high scismiciiy.

SOIL-STRUCTURE INTERACTION
ANALYSES

Soil-Structure Interaction analyses were
performed in order to develop the seismic
response of the System 80+ for the site envelope.
Lumped parameter slick models were developed
to model all the struc-'utcs on the nuclear island
with the exception of the SCV. Finite clement
modeling using shell elements was used to
represent the SCV because of its spherical
shape. The stick model section properties were
developed from finite element models. These
slick models were "tuned" such that the mode
shapes, frequencies, and mass participation
factors matched those obtained from detailed
three dimensional finite clement models. Figure
7 shows the SSI model used for analyses of
System 80+.

All SSI analyses were performed using the
SASSI computer program (5). Soil column
studies indicated that the free-field surface
response of two of the soil cases (Dl and B3)
were completely enveloped by other soil cases at
all frequencies of interest. As a result, SSI
analyses were performed for 10 site conditions
only. In addition, fixed-base analyses were
performed to simulate the rock site conditions.

co

»ou<

.10 1.0 10
Frequency (Hz)

Figure 5: Envelope of Free-Field Ground Surface Spectra From CMS2 and CMS3
Horizontal Direction, 5% Damping
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Two fixed-base analyses were performed. One
with the traditional assumption of fixity at the
base of the structure only, representing
construction with soft backfill material. A
second analysis using the assumption of fixity at
the base and the sides of the structure within the
embedded region was also performed
representing site conditions with concrete type
backfill material.

Figure 7: System 80+, SSI Model

As such, a total of 10 SSI cases and 2 fixed base
conditions were analyzed for each of the 3
contra! motions, making 36 analyses cases
forming the seismic design basis of the System
80+. Figures 8 and 9 provide a schematic
representation of hr,v/ the 3 control motions
were applied in U.e SSr analyses.

SITE ACCEPTANCE CRITERIA

The site acceptance check for suitability of a site
from a seismic design point of view for the
System 80+ is shown in Figure 10. The COL
applicant will follow the steps of this flow chart
and very simply determine if a selected site is
enveloped by the seismic design parameters of
the System 80+ design basis. The COL applicant
first determines its site conditions, and either
free-field or rock outcrop maximum credible
earthquake characteristic. If the earthquake
spectral shape is defined for the rock outcrop,
the next step is to determine the free-field
ground surface spectrum. If this spectrum falls
within the envelope of the System 80+ seismic
design envelope, then the site is scismically
qualified for construction of System 80+.

REFERENCES

(1). Regulatory Guide 1.60, "Design Response
Spectra for Seismic Design of Nuclear Power
Plants", U.S. Nuclear Regulatory
Commission, December 1973.

(2). NUREG-0800, "Standard Review Plan for
the Review of Safety Analysis Reports for
Nuclear Power Plants", U.S. Nuclear
Regulatory Commission, Office of Nuclear
Reactor Regulation, June 1987.

Fourth DOE Natural Phenomena Hazards Mitigation Conference - 1993

755



System 80-

(RG1 60)

Structural
liooel

i rpot r— S t r u c t u r a l ,
bsystem ano EQu'pcnert

Analyses

Free

III
Figure 8: Application of Control Motion Spectra (CMS) 1 in the SSI Analyses

System 80*

Structural
Model

Input for Structural.
Subsystem ana Eauipment

Analyses

rTTTTTT-

j^r1

m
Ljj
5 ASS I SStHouel

Motion IS) t? oro*ided as input motion in SA55I Analysis

Figure 9: Application of Control Motion Spectra (CMS) 2 and 3 in the SSI Analyses

Fourth DOE Natural Phenomena Hazards Mitigation Conference - 1993

756



Define
Site Characteristics

Rock Site
Deep Soil Sile or
ShiUow Soil Site

Develop Site
Specific Rock

Spear*
(5H, Dirnpinri

Horizontal & Venial

Develop Site Specific
Free-Field Surface Spectra

(Sft Damping)

Horizontal ft Vertical

Compile Site Specific
Rock Spectra (H&V.Stt
Dtinpmf) to envelope of
CMSl. CMS2 and CMS3

(H4V, 5% Damping)

Compare Site Specific
Surfice Spectn (H&V, 5% Damping)u> envelope of
CMSl and surface spectra from CMS2 md CMS3.

YES

YES

It the lite acceptible by limited
lite ipecific evaluilion?

(Conpire response to design
buis it the locations defined in

CESSAR Section 2.5. For sile to
be acceptable, the site-specific
response spectral amplitudes al
any frequency at each specified

location must be within 10%
over the design envelope

corresponding to that location.)

NO

Site not enveloped
by System 80*- envelope

of Seismic Criteria;
CONFIRMATORY

SITE SPECIFIC
EVALUATION

REQUIRED

Site ii enveloped
by System 80+ envelope

of Seiunic Criteria;
SYSTEM 80+IS
CERTIFIED FOR

THIS SITE

YES

Figure 10: System 80+ Site Acceptance Criteria

Fourth DOE Natural Phenomena Hazards Mitigation Conference -1993

757



(3). Advanced Light Water Reactor Utility
Requirements Document, Volume II,
"ALWR Evolutionary Plant", Electric Power
Research Institute, Palo Alto, California,
1990.

(4). Newmark, N.M., Hall, W.J., "Development
of Criteria for Seismic Review of Selected
Nuclear Power Plants", NUREG/CR-0098,
May 1978.

(5). ABB Impell Corporation Standard Program
SASSI Version 4.0, "SASSI - A System for
Analysis of Soil Structure Interaction".

Fourth DOE Natural Phenomena Hazards Mitigation Conference- 1993

758



Session XII-R
Analysis

Fourth DOE Natural Phenomena Hazards Mitigation Conference

759
1993



COMPARISON OF SHAKER PREDICTIONS WITH MEASURED DATA FROM THE
HUALIEN QUARTER SCALE MODEL EXPERIMENT
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New York. NY 10031
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Herman Graves

U.S. Nuclear Regulatory Commission

ABSTRACT

A quarter scale model reactor containment building has been constructed at a
seismically active site in Taiwan (Hualien). The reinforced concrete building is
cylindrical in shape having a radius of slightly more than 17 feet and about 52 feet
high and is embedded to a depth of 16.5 feet. The mass and stiffness characteristics of
the structure are such that the Fundamental fixed base structural frequency is about 11
cps. The underlying soil is relatively uniform having a low strain shear wave
velocity of about 1000 fps. The SSI frequencies of the structure are 5 cps. 11.6 cps.
and 13.5 cps respectively in the rocking, horizontal, and vertical modes.
Accelerometers have been placed around the facility and in the near near free field.
Pressure gages are placed at several locations on the soil-structure interface. The
structure has been subjected to harmonic loadings (shaker) and measurements taken
throughout. These tests have been completed for the structure without the placement
of backfill and after backfill. Measurements will be taken at the site whenever a
reasonable size earthquake occurs. The results obtained for the forced vibration tests
before backfill are discussed in this paper.

INTRODUCTION

This paper describes the initial phases of a
program that is being conducted by a consortium of
agencies interested in the effects of earthquakes on nuclear
power stations. The consortium members include:
Central Research Institute of Electric Power Industry
(Japan), Commissariat A L'Energie Atomique (France),
Electricite de France (France), Electric Power Research
Institute (US), Framatome (France), Korean Electric
Power Corporation (Korea), Korea Institute of Nuclear
Safety (Korea), Korea Power Engineering Company
(Korea), Taiwan Power Company (Taiwan), Tokyo
Electric Power Company (Japan), and U.S. Nuclear
Regulatory Commission (US). The study is centered
around a quarter scale model containment structure that
has been constructed in Hualien, Taiwan. The project has
been underway for the past two years and will continue
for the next four years. It is a follow on to a similar

study conducted in Lotung, Taiwan (Ref. 1) about five
years ago.

The objective of these studies is to validate the
various analytic methodologies used to predict the
response of nuclear power plant facilities (especially
concrete containment structures) to seismic induced
loading. In each study a scale model containment
structure has been constructed in a seismically active
region of Taiwan. The Lotung site is a soft soil site
(shear weave velocities of about 350 fps) while the
Hualien site is a stiff soil site (shear wave velocities
about 1000 fps). The structure and surrounding free field
are instrumented and a significant amount of data is
collected when an earthquake occurs. Response
predictions are made and compared with the measured data
to evaluate the validity of the analytical models. The
primary focus of these comparisons are to evaluate the
reliability of: soil models used in seismic analyses;
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soil/structure interaction analyses: and free field response
analysis models.

This paper describes the correlations of
experimental and analytical results being done at the City
College of New York (CCNY) under contract to the U.S.
Nuclear Regulatory Commission. Applied Research
Associates (ARA) of Albuquerque, NM is a subcontractor
to CCNY on the study.

DESCRIPTION OF EXPERIMENT

A "quarter scale" model reactor containment
structure, as shown on Figure 1, has been constructed at
Hualien, Taiwan. The structure consists of a 1' thick
cylindrical concrete shell with a 4.92' thick roof slab, and |
a 9.84* thick basemat. The concrete used for the model
has a compressive strength of 4 ksi and an elastic
modulus of 3,600 ksi. The fixed base fundamental
frequency of the structure is 10.7 cps and the mode shape
indicates that the structure behaves as a shear beam (the
shell modes are not important). The total weight of the
structure is 3,140 kips. Structural damping is taken as 2
% for low stress levels.

The soil consists of gravelly sands with a water
table location at the bottom of the basemat. The density
of the soil is 150 pcf; and the soil has a low strain
hysteretic damping of 2 %. The shear wave velocities are
650 fps, ) J40 fps, and 1540 fps for the upper 16.4 feet,
next 39.4 feet, and underlying material respectively. 9 . 8 4 '
These are "best estimate" values with the actual data
showing considerable scatter. The profile of the
excavation made for construction is as shown on Figure
1. The excavation was backfilled with the native material
after the construction was completed.

the FVT-1 and FVT-2 test scries have been completed but
the correlations between the measured and experimental
data have only been completed for the FVT-1 test. This
paper is restricted to a discussion of the results of that
test. Complete sets of data will be obtained when
earthquakes occur in the region, A free field location will
be selected as the conlrol point and that free field motion
used to predict the response of (he structure and at other
soil gages.

T

Acceleromeiers are located on the structure at 3 9 , 4,
the top of the roof, midheight of the structure and on the
basemat. At each elevation a sufficient number of
instruments are placed so that the rigid body response of
the structure may be defined. Free field acceleromeiers are
located at the surface along two radial lines at ranges of
4.9 feet. 19.7 feet, and 31.2 feet from the center of the
structure. Pressure gages are located over the bottom of
the basemat.

Two sets of forced vibration tests arc being
conducted, the first before backfill (FVT-1) and the
second after backfill (FVT-2). Each of these test sets
contain five experiments: two with the shaker on the roof
with the excitation in the EW and NS directions, and
three with the shaker located on the basemat with the
excitation in the EW. NS, and vertical directions Both Figure 1 Experimental Configuration
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FVT-1 RESULTS

The measured data was reported for frequencies
ranging from about 1 - 20 cps and both amplitude and
phase angle reported. The amplitude is available in units
of micro-meters per metric ton (jj.m / t is equivalent to
0.00149 feet per kip). All of the measured data is plotted
in metric units in this paper. Much of these data show
considerable scatter in the low frequency range (< 1-2
cps). This is due to "noise" at the site. A marble factory
is located close to the site and generates considerable low
frequency soil vibrations. The model used to make the
predictions is first described followed by discussions of
the results for the forced vibration tests at the roof, at the
basemat in the horizontal directions, and at the basemat
in the vertical direction.

PREDICTION MODEL
The CARES computer program (Ref. 2) was used

to make the predictions. The cylindrical portion of the
structure was modeled with five three dimensional shear
beams, and the roof and basemat were treated as rigid
masses. Proportional structural damping of 2 % was used
and the damping matrix was taken to be proportional to
the stiffness and mass matrices. The constants of
proportionality were selected so that the 2% damping was
obtained at 1 cps and 10 cps. Rigid links were used to
model the thickness of the roof slab and basemat and to
obtain output at the gage locations on the structure. The
soil was modeled as uniform with a shear wave velocity
of 1040 fps and hysteretic damping equal to 2 %. Soil -
structure interaction effects were modeled with the
Beredugo and Novak (Ref. 3) frequency dependent spring-
damper coefficients. A frequency domain analysis was
used to obtain solutions at the frequencies of interest.

ROOF FORCED VIBRATION TESTS
Forced vibration tests were conducted with the

shaker at the roof and the excitation in the EW and NS
directions. A review of these data lead to the following
descriptions of the measured response:

1. The peak response (see Figure 2) in the EW
direction resulting from the EW excitation occurs at
a frequency of 4.6 cps and the amplitude is 175
Hm/t. A lower peak (120 |im/t) occurs at 4.1 cps.
Rigid body rocking about the base is 68 % of this
total, rigid body translation is 8 % of the total, and
structural deformation is 24 % of the total.

2. The peak response (see Figure 2) in the NS
direction resulting from the NS excitation occurs at
a frequency of 4.1 cps and the amplitude is 215
Hm/t A lower peak (110 nm/t) occurs at a

frequency of 4.6 cps. The same contributions
between rigid body and flexural responses are noted.

250

EU MEflSURED

COMPUTED

<DEG)

FREQUENCV (CPS)

Figure 2 Shaker at Roof; Excitation in EW or NS
Direction; In-Plane Roof Response
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3. Out-of-plane responses (see Figure 3) occur for
both the EW and NS excitations. These responses
match the frequencies of the in-plane response peak
and have amplitudes of 130 (im/t and 120 [xmli
respectively for the NS and EW excitations. A
review of the data indicates that no torsion occurs
(the in-plane response at diametrically opposite
locations on the roof and basemat are identical in
amplitude and phase angle). A review of the vertical
measurements indicates that this out-of-plaiie
response is caused by out-of-plane rocking of the
structure about its base. Figure 4 indicates that the
North side of the basemat up-down response to EW
roof excitation is exactly equal to the south side up-
down response except that they are 180 degrees out
of phase. This indicates a rocking motion. The
components of the roof out-of-plane response are
about 44 % rigid body rocking, 20 % rigid body
translation of the base, and 36 % flexural.

Comparisons of the measured and predicted
responses are shown on Figure 2. Of course, the
symmetry of the problem results in no predicted out-of-
plane response and identical predicted response for the
EW and NS excitations. The peak frequency of the
predicted response is close to the EW measured peak
frequency but the amplitude is slightly higher.

FIRST FLOOR FORCED VIBRATION
TESTS WITH EXCITATION IN EW
AND NS DIRECTIONS

Forced vibration tests were conducted with the
shaker at the first floor and the excitation in the EW and
NS directions. The in-plane and out-of plane roof
responses are shown on Figures 5 and 6 respectively. It
can be seen that these responses are very similar to those
discussed above with the shaker at the roof. The
frequencies are 4.1 cps and 4.6 cps in the NS and EW
directions respectively and there is a significant out-of-
plane response.The predicted response matches the
frequency of the EW test but has a lower peak amplitude.
Lowering the soil damping (from 2 %) and increasing the
structural damping from 2 % could result in better fits of
the peak amplitudes for both the roof and basemat
horizontal excitation tests.

FREQUENCV (CPS>

Figure 3 Shaker at Roof; Excitation in EW or NS
Direction; Out-of-Plane Roof Response
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FIRST FLOOR FORCED VIBRATION
TEST IN THE VERTICAL DIRECTION

A forced vibration test was also conducted with
the shaker at the first floor and the excitation in the
vertical (up-down) direction. The vertical response at the
basemat and roof are shown on Figures 7 and 8
respectively. As may be seen there is very little
amplification with the peak response occurring at about
10 cps. The low amplification occurs because the vertical

SSI damping is very high (51 %). The vertical response
at the east side, center, and west side of the roof are
identical indicating that the roof system is rigid. The
primary behavior of the structure is rigid body since the
roof and basemat responses are dose to each other. The
predicted responses are also shown on Figures 7 and 8,
and are in good agreement with the measured data.
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Figure 7 Shaker at First Floor; Excitation Up-Dovn;
Up-Dovn B asem&t Response
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SUMMARY

Five sets of forced vibration tests were conducted
on the quarter scale model containment structure located
in Hualien, Taiwan. The following conclusions can be
drawn from the measured data and the correlations of the
measured data with the predictions (made using the
CARES computer code):

1. The horizontal forced vibration tests resulted in
system natural frequencies of 4.1 cps in one
direction (NS) and 4.6 cps in the other direction
(EW). The peak amplitude at these frequencies is
216 |im/t and 180 \im/l respectively in the two
directions. The soils data gave no indication of
different soil properties in each of the directions.

2. An out-of-plane response was measured for each
of the tests with the frequencies corresponding to
the in-plane responses.

3. The predicted system frequency was 4.6 cps and
the predicted peak amplitude was 220 pm/t
indicating rather goal agreement with the measured
data.

4. The vertical forced vibration test indicated a
system frequency of aboui 10 cps with very low
amplification because of the high SSI damping.
These results agree very well with the predicted
data.
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The Comparison of DYNA3D to Approximate Solutions for a
Partially Full Waste Storage Tank Subjected to Seismic

Loading

M. Zaslawsky and W. N. Kennedy
Westinghousc Savannah River Company

Savannah River Site
Aiken, SC 29808

Abstract
Other codes such as SASSl and approximate methods such as those proposed by Haroun and
Velctsos, have gained wide acceptance in DOE and the technical community. DYNA it has
been shown, can reproduce the results obtained by the Approximate Methods and can be
extended to address viscosity and soil—structure interaction. All methods contain limita-
tions, and the comparison of the methods and the directions available for future research is
the subject of the paper.

Introduction
Mathematical solution to the problem consisting of a
partially full waste tank subjected to seismic loading,
embedded in soil, is classically difficult in that one has to
address:

• soil—structure interaction
• fluid—structure interaction
• non-linear behavior of materials
• dynamic effects

Separating the problem and applying numerous assumptions
will yield approximate solutions. Codes such as SASSl, a
3D soil—structure interaction code, do not address the
fluid—structure interaction, interaction between the walls
and the soil, non-linear effects, and are limited in the size of
the problem (i.e., number of interaction nodes).

Computer programs that address many of these problems
are DYNA3D or NIKE3D; the former being an explicit code
and the latter an implicit code. Aitention in this paper will be
focused on DYNA3D and specifically the fluid—structure
interaction. A paper by Chen et al.1 has addressed the effect
of soil—structure interaction by comparing AFLUSH,
CLASSI, and DYNA3D by relating the Cap model in
DYNA3D to the Seed and Idriss model.

Validation problems were developed for SASSl as part of
the licensing of the Diablo Canyon Reactor and approved by
the Nuclear Regulatory Commission (NRC). These valida-
tion problems therefore meet the quality assurance require-
ments of the Department of Energy (DOE), Westinghouse
Savannah River Company (WSRC), and the American
National Standards Institute (ANSI) NQA-1 and are accept-
able for use at the Savannah River Site (SRS) as well as
other DOE sites. The sample problems in the Users Manual
of DYNA and NIKE are illustrative of the type of problems
the codes are capable of addressing and show to some extent
how to prepare the input file. A set of validation problems
for the Lawrence Livermore National Laboratory (LLNL)
codes in general docs not exist, nor are the users manuals
under document control. The Users Manual for DYNA3D as
well as the pre- and post-processors (INGR1D and TAU-
RUS, respectively) leave much to the analyst, depending on
which version of the manual one uses. Commercial codes
such as ANSYS and ABAQUS have extensive documenta-
tion on their use. The Livermore codes, in contrast, arc
LLNL/DOE codes and, while in the public domain, have
limited documentation compared to the commercial codes.
While the Livcrmore manuals are essentially free, the com-
mercial manuals cost approximately $300 each. In addition,
the staffs in the commercial organizations to validate the
codes, etc., are significantly larger than the Livermorc staff
devoted to code development.
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DYNA3D was written with the objective of addressing
impulsive or explosive-type forces and not seismic loading.
DYNA vould be very appropriate for evaluating the effects
of tornadoes on structure, due to the features of slide surface
or slide line capability, developed exclusively at Livermore
by John Hallquist, and additional features which include:

• non-linear capability
• pre- and post-processor
• bandwidth minimization
• a valid constitutive relationship for fluids
• an extensive library of constitutive relationships

DYNA contains the nucleus of an attractive code to be used
to investigate problems where the emphasis is both soil and
fluid—structure interaction. In particular, this investigation
was undertaken to determine the effect of viscosity which is
in the DYNA model and is not addressed in the approximate
methods.

The Livermore manuals occasionally describe a capability
that is not available in the current source program. For
example, the manual describes the use of an eight-node shell
element, but this is a degenerate shell element, and the
shears and moments are not available. The generation of a
parabolic surface while in the INGRID manual was not
available. We have been advised by telephone by one of
Livermore's analysts not to use slide surface capability " 1 "
(i.e., pure sliding without friction) and to use instead slide
surface "3" (sliding with friction and separation). The con-
sequence, while we can set the friction to "zero", is that we
still have separation. While this is more realistic, it creates
difficulty if one is trying to compare the DYNA solution to
approximate solutions which do not permit separation.

Some of the parameters used in the manuals are not engi-
neering accepted terminology and to obtain the actual deri-
nition one must go to the author. Since Livermore is
basically a physics laboratory, definitions tend to be based
more on a physicist's approach than an engineering
approach. The origins of the codes were physics problems.
The parameter NM for example in TAURUS is not defined
and is not the N defined by Haroun and Housner in their
paper on seismic design of liquid storage tanks. Another
example is V in the material model for DYNA where the
definition is "relative volume" rather than the "total vol-
ume" used in engineering terminology.

A limitation on the applicability to seismic analysis is the
inability of DYNA to respond to a seismic time period of
many cycles of reversal of acceleration. After 3 cycles of
reaching its peak acceleration, the solution is invalid for the
following reasons:

1. The size of the fluid element is incompatible with the
frequency content of the time history. Extremely small
elements would be required and more nodes needed to
define interfaces. This is tractable, but would require
more computer time. The calculation for longer time
histories becomes much more sensitive and a more
refined model is required

2. The constitutive model of the fluid is not dependent on
flow (and time) and is inappropriate for a dynamic cal-
culation.

3. With extensive sloshing, the elements may undergo
severe distortion and exceed the capability of the
Lagrangian formulation. Eulerian codes are more
applicable to problems of this type but arc not versa-
tile (i.e., can address simultaneously soil—structure
interaction, structure—structure interaction, fluid—
structure interaction, as well as structural analyses).

There is no limit to the number of below-ground-level nodes
that one can have in DYNA3D as distinct from SASSI. In
addition, numerous constants are used in the approximate
solution which may not be appropriate or, as will be shown,
vary according to its author. This paper specifically
addresses the validation of fluid—structure interaction.
DYNA3D is a code capable of addressing the entire prob-
lem instead of breaking it up into separate processes and
therefore should be considered in solving the waste tank
problem. One point that should also be considered is that the
Livermore codes are owned by DOE and the source pro-
grams are available. Unlike commercial codes, there is no
cost in procuring the codes or in their use. Modifications to
the source program are possible, and therefore its capabili-
ties can be extended.

The input file to address the fluid—structure interaction
problem addressed in this paper could not have been under-
taken without the consultation of the Livermore staff. In par-
ticular, the authors wish to express their appreciation to Dr.
Robert Whirley and to Mike Burger of LLNL's engineering
staff for their suggestions and assistance.

The Livermore codes do not have validation problems per
NQA-1 as was stated, and the time it has taken to complete
this analysis exceeded the DOE schedules. DOE and the
waste tank community selected alternate solutions such as
the approximate solutions which have had wide acceptance
and modeling the fluid in SASSI by replacing it with a mass
and a spring to represent the response of the fluid. This
paper is an attempt to alleviate the validation requirements
of the fluid—structure interaction portion of the DYNA
code as it is applicable to the waste tank problem and to
investigate the effect of viscosity wiiich cannot be addressed
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by either the approximate solution or the "modified" SASSI
approach.

The approximate solution is one developed for flexible par-
tially-filled tanks and referred to as the "modified Housner
method". These results are compared to an approximate
filled flexible tank using the method of Haroun and Housner.
DYNA3D calculations were run for a rigid tank, flexible
tank, and a flexible tank where only the viscosity has been
varied. The DYNA3D results for a rigid and flexible tank
partially filled are consistent with the approximate solutions.

Additional calculations were performed with DYNA to
evaluate the effect of continued sloshing and distortion of
the elements. DYNA3D is limited in that it can only be run
for several cycles as was stated. When the number of cycles
becomes greater than 3, the solution does not converge (i.e.,
the fluid tends to climb the tank walls). Whenever the physi-
cal limits are exceeded, the solution also degenerates. The
case was run where the top was removed and the walls
extended ten feet; this resulted in an unreasonable solution.
A slide surface could be inserted between the top of the tank
and the top of the fluid surface, but the solution after contact
would not be reasonable because of the distortion of the ele-
ments after that time.

Problem Description
The problem we are addressing is the waste tank resting on
the ground (embedment is not considered) subjected to a
horizontal seismic acceleration and gravity. While there are
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Figure 1. Waste Tank Model

Note: when considering the flexible case, the wall thickness is
reduced to 0.052 ft (518 in.) and the radius is increased to 42.5 ft.

approximate solutions to address two horizontal and one
vertical acceleration plus gravity, and there is a method to
perform the identical calculation using DYNA3D, we chose
the single horizontal motion plus gravity. Basically, both the
approximate method and the DYNA calculation produce
results based on the square root of the sum of the squares of
each motion. The model both for the approximate method as
well as the computer solution is presented in Figure 1.

The seismic load is Jr based on R. G. 1.60 scaled to 0.2g at
3% damping. The time history is an artificial time history
using the computer program SIMQKE.2 The model consid-
ers the walls and base rigid. The walls, top, and bottom
plates must be modeled as four-node shell elements in order
to capture the moments and shears. Unlike GEMINI or
SAP4, the rotation about the axis normal to the shell surface
does not have to be constrained in DYNA or NIKE.

In the case of the top and bottom plates, the normal is the
global z axis. In the case of the walls, the normal is always
changing, and in GEMINI this would be a major effort. In
DYNA3D the constraint is automatically addressed once the
element is defined as a four-node shell element.

While an aspect ratio of 1:1 is preferred, the aspect ratio
selected is <5:1. More accurate and stable results would be
obtained with a 1:1 aspect ratio. However, running time on
the computer for a 1:1 aspect ratio would be considerably
increased.

Since appropriately a fluid model is used in DYNA, the
standard method of applying gravity cannot be used. Each
section of the DYNA3D manual applied to this problem will
be discussed along with its features that are not in the 1989
manual; this aspect is not addressed in the companion paper
on this subject that has been submitted for publication to the
American Nuclear Society (ANS). The code INGRID was
used to generate the model in Figure 1. The graphics output
from INGRID includes node location and identification of
slip planes as shown in the attachment. Shell elements were
generated by making the walls very thin. In this way an
eight-node brick repeats with the same initial four nodes for
each element. By editing, the second set of four-nodes are
then deleted. A slide surface is included between the bottom
of the. fluid and the tank, the sides of the fluid and the tank
walls, and between the walls and the top and bottom plates.
However, in the case of the walls and the top and bottom
plates, we tie shell edge to shell surface (option 7 in the shell
interface definitions in the DYNA manual).

For the purposes of validation the fluid is modeled as water
with all the appropriate properties. The model for the fluid is
not the same between the approximate solution and the
DYNA3D solution, and each will be described under the
following appropriate sections.
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Approximate Solution
From Figure 1 we define H = 27 ft, R = 41.5 ft. Therefore H/
R = 0.65 and R/H = 1.54. Since H/R < 1.5, we use the modi-
fied Housner method.3 For water, 7 = 62.5 lbs/ft3,
p = l.94xio~3 mass density, and W = 9,125 kips.

The modified Housner method considers the hydrodynamic
effects to be represented as the sum of the convective and
impulsive parts. Following the procedure in Reference 3, we
first calculate Wt and two values of h t, one excluding
dynamic fluid pressure and the other including the dynamic
pressure. Wi is a weight given in Figure 2a and the h's rep-
resent the dimensions which locate the resultant forces.

Using the definitions defined by the modified Housner
method,

Wj = W x C5 x R/H x tanh C4

where C5 is 0.318 < C5 < 0.455,

assuming the value of Veletsos
C5 = 0.455
W = 9.125, for water in kips
R = 41.5
H = 27
C4= 1.84 H/R =1.17
then
W, = 5260.3 kips.

When the flexible model was considered in DYNA3D, it
was necessary to extend the fluid model 1 l"i to allow the
tank wall to be 0.052 ft. This made R = 42.5 ft, rather than
41.5 ft, and the approximate results will differ slightly

For R = 41.5 ft

h, coshC4-
77 = I ~ "?;—• • r,H C, sinhC

— 0.550 Excluding Bottom Pressure (EBP)

h coshC4-2.01
_ t

H C4sinhC4
= 1.143

Including Bollom Pressure (IBP)

then h, = 0.550 x 27 = 14.9 EBP
h, = 1.143x27 = 30.9 IBP

ho = 0.375 H= 10.125 EBP
and

h0 = Hx0.125(- i - l ) = 33

where

tanh (1.73R/H)
C3 = - T T H T R T H - = °3 7 1

Wo = C3W = 0.371 (9.125X1O3) = 3.4X103

co2 = (1.84g/R)lanhC4 = 1.176

u = 1.08 rad/scc

f = 0.173 Hz

T = 5.78 sec
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Using B = 0.005 damping From Figure 1, H = 27 ft, a = R, H/a = 27/41.5 = 0.65

Svh - 3.2ft/scc

A, - S/Q) 2.96 2/H

8h - 1.534 (A,/R)tanhC4 - 0.090

Then P[ = convective force =
1.2 W, x 6 h x sin co t - 5.68 sin 1.081

0.408 coth C4

d m a x " g / a ) 2 x 6 h R - l "

V = base shear = Po + P,

M = overturning moment = Mo + M,

Consider sin <utmax - 1.0

then Po - i w / g C3 - 0.2 x 32.2w/g C3 - 677

and V - 677 + 568 - 1, 245

M - Poh0
 + p i h i ~ 15.3xl03EBP - 39.85xlO3IBP

Therefore we conclude

dTOI=3.24ft
Vmax = 1,245 kips
Mmax = 15.3 x 103 EBP and 39.9 x 103 IBP

Note we assumed max C5 and sin tot max.

It is significant to further note that the only material property
of water that is used is mass density. Viscosity, bulk modu-
lus, etc., are not included in the material model used in the
modified Housner method. The model used in DYNA
includes both viscosity and bulk modulus. A concern by
DOE is that the material models used in the approximate
solutions are not realistic as one would logically feel that
viscosity does have an effect. A complete description of the
material model used in DYNA is given in the following sec-
tion on DYNA.

From the Veletsos paper to determine the maximum pres-
sure on the tank walls4, the hydrodynamic pressure For 8 - 90, p - 0
[p(z, 9, t)] exerted against the wall in a rigid tank is:

k - a

0.0
0.2
0.4
0.6
0.08
1.0

0.8
0.77
0.70
0.6
0.4
0.0

0.85
0.9
1.0
1.05
1.15
1.3

0.01
0.01
0.02
0.04
0.08
0.12

The option is available to either use curves in Ref. 4 or com-
pute the values; it was decided in this case to utilize the
curves.

Given i(t) = 0.2 x 32.2 = 6.44 ft/sec2

3.5A -

T, -

H/a

T i '

2JIV 2

T

0.95 Ja.

- 0.65

6.1

A , ( t ) - 2.96

5.8

- 6.1

• 3.0

3.0

3.2H

p(z,t) given that 9 = 0 the cosO -

z

0.0
5.5
10.8
16.2
21.6
27

P
(kips/ft2^
0.4
0.4
0.394
0.371
0.327
0.222

Bottom of Tank

Top of Fluid

r i
[p(z,6,t>]= C0(z>i(t)sin £ Ck(z)Ak(t> pHcosGt

H/a)] 1/2 0.32

l/f(2) - 3.125

where the first term is the impulsive part and the second

term the convective part. Note: p varies as the cosine func- since T2 was assumed equal to 3.0, the approximation is
tion in the circumferential direction. valid
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For the case where:

R = 42.5
W = 9571 kips
Wj =5675 kips
Wo = 3551 kips
o)2 =1.15
a) =1.07
dmax = 3.32 ft
Po = 710
V = 1323 kips
MEBP=16.2xlO3

M lBP=42.2xlO3

DYNA3D MODEL
The following specific items must be noted:

• the fluid selected is water
• a slip surface exists between the fluid and the structure
• separation is permitted

The tank is modeled as a rigid elastic material. Since DYNA
is explicit, the time step is determined by the program based
on the size of the smallest element which would be a shell
element. While it is possible to increase the time step by
using pseudo properties, one would have to use an elastic
plastic model of the material description for the tank.

In this case, the tank was modeled as elastic, and therefore
the time step could not be altered and was approximately
0.001 sec. The time history had 20 sec of motion, 10 sec of
strong motion. Initially, only 4 ft clearance was provided
between the top of the tank and the water as shown in Fig. 1,
which was based on approximating dmax. Since the com-
puter calculation after reaching the peak acceleration (0.2g)
for the third time exceeded the 4 ft clearance, and as there
was no slide surface between the top of the tank and the
fluid, the computer calculation went unstable. When the
fluid exceeded the 4 ft clearance, it occupied the same space
as the tank. Therefore, the calculation had to be terminated
after 2 seconds. A slide surface between the top of the fluid
and the top of the tank would resolve this problem but not
other problems which are inherent after it reaches the 4 ft
clearance as discussed earlier.

We will proceed to go through each section of the 1989
manual and note the features that were used in this calcula-
tion which are in general not described in the 1989 or earlier
manuals.

The first section are the control cards which dictate the con-
tents of the input file. In this problem, we had 4 materials,
(to more easily separate the sections of the tank), 696 nodes,
300 solid elements (to describe the fluid) and 224 four-node

shell elements (to describe the structure). Control card #4,
had "3" load curves (x, z, gravity), "57" velocity/accelera-
tion boundary condition cards (to give each node on the base
x, to include y it is repeated, "114", and for x, y, and z it is
"171"), "4" sliding interfaces (2 fluid, 2 between walls and
top and bottom plates), and " 1 " for base acceleration in the z
direction (gravity is incorporated in this manner since listing
all the nodes of the fluid would be cumbersome and the
method usually used is not applicable to fluids). Control
card #5 contains a 0.1 sec time step for gathering of data and
a 1.0 sec duration of the calculation. Control card #9 was
utilized to avoid hourglassing - granted aspect ratios of 1 to
1 would be helpful, but to avoid hourglassing in this prob-
lem, the artificial viscosity was changed from the default
value to numbers recommended by the manual.

The subsequent section contains the material properties
cards. The tank was modeled as an elastic rigid material
whose modulus was that of reinforced concrete and whose
Poisson's ratio was 0.2. The mass density was 4.65E-03,
E = 4.32E+03, Poisson's ratio \i = 0.2. Because it was iden-
tified as a four-node shell element, the material properties
are followed with a card which has shear factor (1.0), num-
ber of through shell thickness integration points (4), printout
option [3, (resultants, stresses at all points)], and quadrature
rule [(0, Gauss)]. The subsequent card has the thickness at
each node (2 ft). It is possible to put the thickness in else-
where, but it is simplest in this section.

Initially, we had a thickness everywhere equal to 2 ft and
made the structure rigid. Then, we kept the top plate and
foundation 2 ft and its material description as elastic and of
reinforced concrete and changed the thickness of the walls
to 0.052 ft and its elastic description to one of steel where its
density, modulus, and Poisson's ratio are properties of steel:
15.23E-03, 4.32E+06, 0.28, respectively, in the appropriate
units.

The two cards referring to the shear factor etc. and thick-
nesses must be included after each four-node shell material
description. Finally, we come to the material model for
water. In this case, we were advised by LLNL to use mate-
rial No. 9 with equation of state 1. A simpler model would
have been model No. 5, but that model does not contain the
viscosity term. In the model used, No. 9, the first card is the
mass density, the second card the pressure cutoff
(-1.0 k/ft2), and the viscosity (67.2E-O5). The equation of
state has the bulk modulus (43200.) and the initial relative
volume Vo = 1.0 in the appropriate units.

These cards are followed by the node definitions. Both the
node definitions and element definitions are obtained from
the preprocessor INGRID. The boundary conditions are
edited to permit 6 degrees of freedom. The rotations normal
to the upper and lower plates are constrained automatically
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or one designate the appropriate boundary condition (3), and
the nodes for the solid elements are constrained to prohibit
any rotations. Two nodes at the base are grounded so that the
tank would not have excessive motion. After the node defi-
nitions we have the element definitions. The element defini-
tions, must be in the same order as that in the manual, i.e.,
solid elements come before the four-node shell elements. In
the description of the four-node shell element, a blank card
must follow each element definition. The blank card tells the
code to obtain the thickness from the material property
cards. If separate thicknesses were required for each ele-
ment, then these blank cards would be utilized.

The four-node element description is followed by the time
histories or load curves. Load curve 1 is x acceleration in g,
load curve 2 is the vertical, z, time history in g's, and load
curve 3 is gravity which consists of 4 points describing
gravity. Note that since the values are in g's, they must be
converted to ft/sec2, the units of the program.

In the description of the load curves, the first card contains
the load curve number, number of points in the load curve,
and the stress initialization. The last entry, stress initializa-
tion, has options: 0 for transient analysis only, 1 for stress
initialization but not analysis, and 2 applies to both stress
initialization and transient analysis. The only option that is
available is 0. If you use 2 for example, not only does the
option not work, but the termination time is ignored, and
you lose control of the program. That is, if one is running
the problem interactively, none of the sense switches work
except sense sw 2 which only tells you the time of the calcu-
lation and the dt of the calculation. The program runs on
until you either reach the capacity of the Cray memory or
break the calculation. When you break the calculation, you
will find that no results have been recorded, and the plot file
is empty. Therefore, one must use option 0 for initialization.
This error is in all the manuals, including the last manual
that was published, the May 1991 issue. The time histories
are input under the section on "Velocity/Acceleration Speci-
fication Cards for nodes and Rigid Bodies". In this section
we have the base node number, the load curve number, the
applicable degrees of freedom, the all important scale factor,
and identification that it is node acceleration. This can be
repeated so that 2 horizontal and one vertical acceleration
can be input simultaneously.

The following section contains the sliding interface defini-
tions. In this case, we use type No. 7 which ties the shell
edge to the shell surface in order to tie the walls to the top
and bottom plates. For the interface between the fluid and
the tank we use option No. 3, sliding, wilh friction (0.2 for
both static and dynamic friction), and separation. Most of
the data for this section was provided by the pre-processor
INGRID but had to undergo editing because four-node shell

elements were used. Finally, we put in gravity by utilizing
the section on base acceleration in the z direction whose
load curve is gravity. Note node numbers do not appear here
as all nodes are given the -1 g acceleration of gravity. The
output file repeats and digests the input file so that reviewing
it is helpful in determining the correctness of the input file.
Where the input consists of basically data, the output spells
out the definition associated with each data entry.

The engineering output from DYNA is generally obtained
graphically. The output file from DYNA is a plot file which
can be run with the post-processor TAURUS. While one
should be able to move the graphics file from the Cray to the
VAX noting that the file is a binary file and not an ASCII
file, WSRC has been unable to make this work after 2 years.
One of the authors regularly transmitted binary files from
the Cray at Livermore to the VAX at LBL without any diffi-
culty. Therefore, the graphics results were obtained on the
Cray. The TAURUS post-processor on the Cray does not
have the versatility of drivers that are on the TAURUS on
the VAX. Since we are limited to emulators, we cannot get
color on the Cray using TAURUS. This is important in
studying contours and fringes.

Comparison of Results
Using TAURUS we can locate the position of the nodes of
interest on the bottom plate, the wall, and top of the fluid. At
time equal to approximately 0.57 sec, the peak ground hori-
zontal acceleration is 0.2 g's. from the time history. Actu-
ally, it is several seconds later that the maximum values are
obtained as it takes several seconds for the propagation of
the wave through the structure and the fluid as the response
is not instantaneous. Therefore, all results are obtained for
approximately 0.57 sec time although there is also a peak at
0.45 seconds.

The approximate solution assumes a peak acceleration and
not a time history. Using t = 0.57, we obtain with TAURUS
the slosh height of the water, the shears and moments of the
bottom plate, and the pressure exerted along the tank wall.
We compare these values to the approximate solutions.
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DYNA3D Approximate SOL.
Viscosity Water, Wall Rigid (2 Ft)

dmax
per element

qxx
qyy
q

S Q

3.93 ft
max.
296 kips
298 kips
424 kips

1102 kips
602 kips
1256 kips

3.24 ft

1245 kips
(using lower value
of C 5 and actual sin
cut, this value can be
907 kips)

DYNA Approximate SOL.

per element max.

My
M,

Z M yy

xy

1270 kip ft
1070 kip ft
2940 kip ft

9080 kip ft
8520 kip ft
418 kip ft
12451 kip ft M (EBP) 15,300 kip ft

M (IBP) 39,850 kip ft

DYNA Approximate SOL

2 M X

2 My

2M

10468 kip ft
14640 kip ft
0 kip ft
17900 kip ft 16260 kip ft (EBP)

42240 (IBP)
W = 9571, W, = 5675, Wo = 3551
u =1.07, H/R = 0.64
R/H=1.57

For a full tank, the approximate results would have higher
values than the approximate results for a partially full tank.

Comparing the effect of viscosity, we have

DYNA

(HOH, flex.)

DYNA

(3,500 vis. HOH,
flex.)

DYNA

2 Q 857 kips 2 Q 1025 kips 1Q 1323 kips
2 M 17900 kip ft 2 Q 21213 kip ft M 16260 kip ft
<W 3.69 ft <W 3.20 ft dmax3.32ft

Several additional DYNA calculations were performed, and
the results are as follows:

p (z) i9 - 0, t - 0.57 sec. (rigid tank)

z = 0
2=10
z = 27

0.8 kips/ft2

0.54
0.254

0.4 kips/ft2

0.4
0.22

Changing the wall thickness to 0.052 ft and the wall mate-
rial to steel, we obtain the following results.

FLEXIBLE WALLS

dmax 3.69 ft

per element max.
CU, 277 kips
qyy 272 kips
q 389 kips

3.32 ft

2 Qxx
2QV V

766 kips
384 kips
857 kips 11323 kips

1. When the calculation went past 3 seconds, the fluid
(water) exceeded the clearance of 4 ft, and the calcula-
tion went unstable.

2. When the top was removed, the fluid wanted to flow
over the tank, and then the calculation went unstable.

3 . When the top was removed and the tank walls were
raised an additional ten feet, the calculation ran for 6
seconds, and the fluid climbed up the tank wall.

Conclusion and Discussion of Results
This analysis was directed to validation of the fluid—struc-
ture interaction problem and to investigate the effect of vis-
cosity. The results have shown that the DYNA solutions for
both the flexible and rigid tanks are comparable to the
approximate solutions. The limitation of DYNA to several
cycles of ground motion is consistent with the approximate
solution in that in the approximate solution only one fre-
quency is used and the peak acceleration value. If the limita-
tion to DYNA is the material formulation and or the element
size, then the problem of running for longer times can be
overcome. If, however, the distortions are excessive and
Lagrangian limit is reached, then the problem may not be
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solvable. As long as the time history is of sufficient duration
to include the fundamental frequency of the system, then the
DYNA calculations will give you solutions comparable to
the approximate method. A slide surface could be inserted
between the top of the fluid and the top plate; however,
while the fluid could not penetrate the top plate, the solution
obtained would be invalid if there would be severe distor-
tion and the Lagrangian limit reached.

Clearly, the application to tornado analysis, where an impul-
sive force is applied, is not relevant to the problem encoun-
tered in fluid—structure interaction. The limitations
encountered in the fluid—structure interaction problem is
not applicable to soil structure interaction, for as the struc-
ture oscillates it moves the soil and a gap is created between
the soil and the structure; the soil does not oscillate with the
structure as in the case of the fluid sloshing. Slide surfaces
permit separation which is what is expected to happen with
soil structure interaction.

The effect of the higher viscosity in DYNA is to reduce the
maximum slosh height and increase the base shear and
moment. This is what one would anticipate with a higher
viscosity; however, this effect of viscosity is relatively
small. The approximate solution which does not address vis-
cosity, produces a higher base shear than the DYNA solu-
tion with the higher viscosity, but a lower moment than both
comparable DYNA calculation, i.e., viscosity of water and
that of 3500 times the viscosity of water. The maximum
slosh height is closer to the viscous fluid than the viscosity
of water. Viscosity appears to have an effect of the order of
16% when one compares the two DYNA calculations. The
advantage of using DYNA over the approximate solution is
that it not only addresses viscosity, but has the advantage of
providing a lot of additional detailed results. The shear,
moment, and stresses as well as the strains and displace-
ments are available, whereas this level of detail is not avail-
able in the approximate calculation. The variation in shear
value depending on whether one uses the Veletsos coeffi-
cient or Newmark coefficient is greater than differences
obtainable in the DYNA calculation. In fact, using a lower
coefficient, one obtains results in the flexible case much
closer to the DYNA calculation for base shear. On the other
hand, the higher value appears to be more consistent with
the rigid tank based on the base shear. Hence, the coefficient
appears to depend on rigidity of the tank wall which is not
addressed in the ASCE reference.

References
1. Chen, J. C , et al., Eighth World Conf. on Earthquake

Engr., San Francisco, CA, July 21—28, 1984, UCRL
90029.

2. SIMQKE, A Program for Artificial Motion Generation,
NISEE/Computer Application, Nov. 1976, Dept.
C.E.MIT.

3. Fluid/Structure Interaction During Seismic Exitation,
ASCE, 1984, R. P. Kennedy, Chairman.

4. Veletsos, A. S., and J. Y. Yang, Advances in Civil Engi-
neering, ASCE, Engr. Mech. Div. Specialty Conf., 2nd
Proc. Adv. in Civil Engr. through Mech. Engr., Raleigh,
NC, May 23—25, 1977.

Fourth DOE Natural Phenomena Hazards Mitigation Conference - 1993

775



Effects of Flexibility and Soil-Structure Interaction on a Completely
Buried Structure with a Heavily Loaded Roof System

R. C. Chen
M. E. Maryak
J. S. Mulliken

Westinghouse Savannah River Company
P.O. Box 616

Aiken, South Carolina 29802

ABSTRACT

A completely buried structure with a heavily loaded roof system has been
analyzed for seismic forces. The seismic input was a site-specific
spectrum shape anchored at 0.2g zero period acceleration in the horizontal
directions, and the vertical input was prescribed at two thirds of the
horizontal input. Models of the structure were developed to account for
the flexibility of the base mat, walls, and roof, and were analyzed for the
above seismic input with uncertainties in the soil properties considered.
The results indicate that horizontal rigid body soil-structure interaction
effects are negligible and the seismic amplifications are dominated by the
soil-structure system natural frequencies. In addition, the analysis shows
that the flexibility of the structure and soil-structure interaction cause
considerable amplification of the vertical structural response of the
facility's roof system. Finally it was shown that the computer program
SASSI can be used to predict the soil-structure interaction responses of a
completely buried structure.

INTRODUCTION

A completely buried, flexible structure has
been analyzed for seismic forces. The site-
specific characteristics of the ground motion,
variation of soil properties with depth, non-linear
characteristics of the soil, and the dynamic
behavior of the structure were considered in soil-
structure interaction (SSI) analyses. This paper
presents the method of predicting rigid body SSI
motions, seismic-structural modeling techniques
used, the computation of in-structure seismic
responses, and a summary of the results. The
conclusions of these analyses are 1) horizontal
rigid body SSI effects for this structure are
insignificant with responses being dominated by
soil-structure system frequencies, 2) the flexibility
of the roof system and the basemat, and SSI
effects, cause significant structural response
amplifications due to the vertical seismic input,
and 3) the computer program SASSI [1] can

accurately predict the SSI response of completely
buried, flexible structures.

BUILDING DESCRIPTION

The structure that has been analyzed is
located completely underground. This light one-
story structure (weighing approximately one-third
of the volume of soil it replaced) has plan
dimensions of approximately 163 feet wide by
231 feet long with an average height above the
finished floor of 26 feet. The building roof,
located 18 inches below the ground surface, is a 7
inch thick reinforced concrete slab placed over a
14 gauge, 1.5 inch steel deck. The roof concrete
and decking is supported by a framework of
structural steel beams. The roof acts as diaphragm
for distributing lateral forces to shear walls at the
edge of the structure. The exterior walls of the
building are 15 inch thick reinforced concrete
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spanning vertically between the foundation mat
and the roof slab around the perimeter of the
building, and they transfer lateral loads from the
roof tolhe foundation. The foundation mat is a 2
foot-6 inch thick reinforced concrete slab which
serves as the operating floor and supports the
exterior walls, interior steel columns, and all
equipment. The vertical load path consists of
girders that fully support the beam framework and
transfer the roof load to steel columns which are
bolted to the foundation mat. Figure 1 presents a
view of the structural system.

STRAIN COMPATIBLE SOIL PROPERTIES

The computer code SHAKE [4] was used
to compute the strain compatible soil properties
required for the SSI analysis input. The
acceleration lime histories are specified at the free
ground surface, and damping and modulus
reduction versus soil shear strain curves were
input to compute the strain compatible soil
profiles and time history motions within the
profile.

SEISMIC INPUT

The free-field seismic motions are
described in terms of site-specific Design Basis
Earthquake (DBE) acceleration spectra at 47c and
19( of critical damping. These spectral shapes, to
be used for both horizontal (North-South and East-
West) directions and the vertical direction are
presented in Figure 2, normalized to a 1.0 g zero
period acceleration (ZPA). The peak ground
acceleration (PGA) in the free-field is taken as
0.20 g in the horizontal directions and 0.13 g (two-
thirds of the horizontal) in the vertical direction.

Acceleration time histories that have
response spectra matching the smooth design
ground spectra are required as input to generate
in-structure response spectra. The computer
program SRFP [2], which automatically ensures
compliance with USNRC Standard Review Plan
[31 requirements, was used to develop a set of
three weakly correlated acceleration time
histories. Figures 3 shows the fit for the vertical
input motion at 79? damping.

SOIL PROPERTIES

The soil properties required for soil-
structure interaction analyses include the
identification of soil layers; shear wave velocity,
Poison's ratio, and unit weight for each layer, and
damping and shear modulus degradation
characteristics varying with soil shear strain. The
shear wave velocities in the soil profile were
evaluated from cross-hole tests and were used to
compute the soil shear modulus. Uncertainties in
soil data were accounted for by varying the soil
shear modulus in the profile.

BUILDING DYNAMIC MODELS

Progressive modeling techniques were
used in order to predict the contributing factors to
the seismic response of the structure. Simplified
lumped parameter SSI models were developed to
complement complex finite elements models and
analyses. These lumped parameter models
provided a clear understanding of the structural
response modes and were thus a resource for
demonstrating that the complex finite element
models predicted the expected responses. While
classical simplified solutions for predicting rigid
body SSI motions were utilized, unique lumped
parameter spring-mass models were developed for
predicting the SSI response of flexible structures
including roof, wall, and basemal. These models
were utilized to compute in-structure response
spectra, soil pressures on emhedded walls, and the
resulting wall stresses.

Lumped Parameter Models
Simplified lumped parameter models were

developed to predict the seismic response of the
structure. The first models developed were for
determining fundamental rigid body SSI
vibralional behavior and evaluating its impact on
structural amplification. Secondly, sub-structure
models were produced to compute the
fundamental behavior of structural elements such
as the response of walls, the basemat, and typical
girders, beams, and columns. Lastly, the
combined soil-structure vibrational characteristics
were determined.

Simple single degree-of-freedom (DOF)
mass-spring-dashpot models (Figure 4) were used
to compute rigid body SSI motions for the
horizontal, rocking, and vertical modes of
vibration. These models incorporated the building
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mass, foundation medium stiffness, and damping.
The horizontal and rocking properties of stiffness
and damping were determined by Beredugo and
Novak [5] formulations which incorporate
basemat on elastic half-space and side layer soil
stiffness effects. The vertical properties used are
those presented in Richart, HaU» and Woods [6].
By assuming that the input ground motion is a
harmonic, rigid body SSI amplifications of the
models as a function of a ratio of input motion to
soil-structure natural frequency were estimated.
The results of the calculations indicated that
horizontal and rocking SSI motions are over
damped, and thus response amplifications are due
primarily to fundamental soil-flexible structure
natural frequencies. In addition, due to the large
footprint of the building and high level of
damping, rocking behavior was not anticipated
and thus only horizontal translations would occur.
In the vertical direction, the SSI model suggested
that rigid body SSI amplifications of
approximately 20% of the input motion could be
expected between about 4 cps and 6 cps as the soil
stiffness was varied. Therefore, in addition to the
expected structural amplifications, an additional
amplification due to a rigid body vertical SSI
mode was expected.

A multiple DOF spring-mass model of the
horizontal load path including the roof diaphragm,
walls, and the foundation was developed and is
shown in Figure S. The roof diaphragm and walls
parallel to the seismic motion were modeled as
deep beams, while perpendicular walls were
considered one-way flexural members that transfer
lateral loads to the roof diaphragm through axially
rigid members. The roof mass plus half the mass
of the walls was distributed to the center of the
roof model and to the tops of the wall elements.
The mass apportionment was made such that the
fundamental behavior of the roof, which has
uniformly distributed mass, could be captured
with the mass lumped to the center of the beam
representing roof diaphragm. The computer code
GEMINI [7] was used to compute the modes of
vibration of the model. The results of the analysis
indicated that the primary horizontal structural
mode is characterized by the shear mode of the
roof diaphragm which in turn transmits forces to
the exterior shear walls. The east-west direction
was determined to be the most flexible, with a
predicted natural frequency of 5.16 cps and over
70% mass participation.

In order to incorporate the embedment of
the structure in the horizontal direction, a unique
distribution of the Beredugo-Novak springs was
established. The basemat spring was attached to a
foundation mass rigidly connected to the exterior
wall elements. The side soil spring was
distributed to the roof, walls, and basemat based
on each of their contributions to the total mass,
such that 38% of the spring was applied to the
roof, 6% to the walls, and 56% to the basemat.
The resulting spring stiffness for the walls
perpendicular to the seismic motions was
uniformly distributed along the height of the
representative members, and the wall mass,
previously assigned to the roof mass, was also
evenly spread along the member height (Figure 6).
A modal analysis indicated that the embedment
increased the fundamental frequency of the
system. For the flexible east-west direction, this
increase was approximately to 6.3 cps.

A multiple DOF spring-mass model of a
typical vertical load path incorporating the roof
loads, a girder, and a column was also developed
and is shown in Figure 7. The mass attached to
the spring representing the girder stiffness is that
part of the roof mass that would contribute in the
fundamental mode of the girder. The higher mode
mass is lumped to the column spring in addition to
the roof mass that is directly carried by the
column. An analysis of the model indicated that
the fundamental vertical response is dominated by
the response of the roof girder which has a
fundamental frequency of about 7.5 cps. The
column natural frequency was approximately 10
cps.

In order to determine the effect that the
soil-structure behavior has on the vertical
response, the soil-foundation flexibility was
incorporated in the above model. To compute the
soil and foundation stiffness, beam-on-elastic-
foundation [8] idealization was utilized. The
resulting spring stiffness represented the flexibility
of the foundation supporting the column in the
typical load path, and also the support provided
by the soil. This spring supported the foundation
mass and the spring-mass model discussed above
(Figure 8). Analysis of the model indicated that
the combined soil-structure system has a natural
frequency of about 6 cps that is primarily
dominated by the vibration of the roof girder, but
influenced by the flexibility of the soil-foundation
stiffness.
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Finite Element Model
A three-dimensional finite element model

of the structure was developed for determining the
building's dynamic behavior. The concrete roof
slab, basemat slab, and walls were modeled with
plate/shell elements. Although the building is
completely embedded in the soil, the roof of the
model was assumed to be at ground surface level
and the additional mass due to the 18-in of soil
covering the building was added to the building
mass, in addition to live loads and dead loads, by
increasing the density of the roof slab elements.
Beam elements were used to model the steel
girders and columns. The steel beam stiffness
properties were incorporated in the roof slab
elements by increasing the thickness. The beam
end conditions and section properties, and the
modular ratio between steel and concrete elastic
moduli were considered in computing the
effective slab element thicknesses.

Fixed-base dynamic properties from the
finite element model were calculated to develop
an understanding of the fundamental dynamic
behavior of the structure during seismic motions.
The results of the fixed-base analysis indicated
that, horizontally, the building was far more
flexible in the east-west direction of the building
with the fundamental frequency being about 5 cps
with more than KWr mass participation. For
vertical motion, a number of closely spaced modes
develop between 5 cps and 7 cps.

SSI ANALYSIS

Lumped Parameter Solutions
To compute the horizontal SSI responses

of the building in the east-west direction, the
lumped mass, beam-spring model discussed above
was used. GEMINI was used to compute the
response of the model, with the input being the
soil free-field motion computed al the foundation
depth. In-structure acceleration response spectra,
wall pressures, and wall stresses were all
computed in the analysis.

For the vertical direction, the lumped mass
spring model representing the girder, column, and
foundation load path was used. The input to the
model in the GEMINI analysis was the SSI time
history that was computed, as discussed above,

which incorporated the 2()C7< rigid body SSI
amplification. The vertical acceleration response
spectra for the roof were computed in the analysis.

Finite Element Solution
The computer code SASSI was used in this

analysis to compute the seismic soil-structure
interaction responses of the structure. SASSI uses
the flexible volume sub-structuring method in the
frequency domain utilizing the complex response
method and finite elements. In the flexible
volume method the entire soil-structure system is
partitioned into subsystems called the foundation
and structure. The foundation subsystem
represents the original soil conditions, i.e. before
the building was placed in the soil, and thus the
soil excavated for building placement. The
structure subsystem consists of any part of a
building above ground (called the superstructure),
in addition to the part of the building below
ground (the basement) minus the stiffness and
mass properties of the excavated soil. The
building therefore can be modeled with finite
elements, taking into account the flexibility of the
basemat, walls, and roof.

The soil layer models and structural finite
element model described previously were used in
the dynamic analysis. The two horizontal
components of the free-field accelerations were
applied at grade as vertically propagating shear
waves. The vertical component was applied at
grade as verlically propagating compression
waves. In-struclure response spectra at various
locations of the structure were then computed, in
addition to the induced stresses on the embedded
walls.

DISCUSSION OF RESULTS

Figure 9 presents a comparison of the east-
west acceleration response spectra at the roof level
of the building from the lumped parameter
analysis and the SASSI analysis. As can be seen,
the complex finite element model analyzed in
SASSI computed responses very close to those
predicted by the simple model. The peak response
occurs at approximately 6.5 cps, which is nearly
identical to that predicted by the lumped
parameter model utilizing the unique soil spring
distribution. In addition, the dynamic pressures
estimated by ihe simple model resulted in wall
moments varying from 6.2 to 9.0 ft-kips/ft, while
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the SASS1 analysis produced wall moments from
6.2 to 8.0 ft-kips/ft.

As discussed previously, significant in-
structure response amplifications at the roof
elevation are expected due to flexibility of the
structure in the vertical direction, and the
contribution of vertical rigid body soil-structure
interaction. Figure 10 shows the comparison of
the vertical in-structure response spectra at the
roof elevation from the lumped parameter and
SASSI analyses. As can be seen, the SASSI
results are very similar to the simple model which
incorporated rigid body SSI effects, and
foundation and roof flexibility. The large
amplification occurs at approximately 6 cps as
predicted by both the lumped parameter model
and the finite element model.

CONCLUSIONS

The significant conclusions of this study,
which are applicable to this light, completely
embedded, and flexible structure, are as follows:

1. The use of simplified lumped parameter
SSI models to complement very complex finite
elements models and analyses provided a clear
understanding of the structural response modes
and were thus a resource for demonstrating that
the complex finite element models predicted the
expected responses.

2. The unique distribution of Beredugo-
Novak side soil springs to a model that included
the flexibility the roof diaphragm and embedded
walls estimated dynamic soil pressures that
produced wall moments similar to the numerically
rigorous analysis performed by SASSI.

3. Horizontal rigid body SSI motions are
insignificant, and dominant horizontal responses
can be predicted by the simplified embedment
model fundamental frequencies.

4. The vertical rigid body SSI amplifications
can accurately be predicted with simplified single
DOF lumped parameter models.

5. Significant vertical in-structure response
amplifications resulted due to roof system and
basemat flexibility, and soil-structure interaction
effects. In addition, these effects can be

accurately predicted with simple lumped
parameter models.

6. SASSI can be utilized to compute the SSI
response of a completely buried, flexible structure.
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ON THE LIQUEFACTION FAILURE OF AN EARTH DAM

Nikolaos Simos and Morris Reich
Department of Advanced Technology

Brookhaven National Laboratory
Upton, NY 11973

with
Carl J. Costantino

Department of Civil Engineering, City College of New York
Convent Avenue at 137th Str., New York, NY 11028

ABSTRACT

In an effort to better assess the potential for sliding and liquefac-
tion failure of earthen dams when subjected to earthquake loadings, a
dynamic finite element approach focusing on these two failure mech-
anisms as well as on the vital role of the pore water pressure was
undertaken.

The constitutive response of the granular soil skeleton and its
coupling with the fluid phase is formulated based on the Biot dynamic
equations of motion. The constitutive model for the soil material wad
assumed to be linear with nonlinear terms included in the hysteretic
damping terms. Despite the linear character of this theoretical model,
one can still draw important conclusions regarding the stability and
the liquefaction resistance of the cross-section.

As an example, a hypothetical earth dam constructed over a sat-
urated soil layer was considered. The steady state conditions of in-situ
stress and pore pressure distributions in both the embankment and
the foundation are evaluated and implemented in the stability and
liquefaction criteria in conjunction with the dynamic analysis. The
latter is carried out in the frequency domain and it reflects the re-
sponse of the dam-foundation system to a seismic excitation. The
computational aspect of the study is performed with finite element
analysis. A transmitting boundary formulation for the two phase ma-
terial was used to treat the infinite space problem.

It is anticipated that the intensity of the earthquake input and
certain soil properties have a profound effect on the failure suscepti-
bility of the dam section. To address the uncertainties regarding the
true values of such parameters, the analysis considered them para-
metrically.
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INTRODUCTION

During an earthquake event of consider-
able duration and intensity an earthen dam
can experience partial or total failure that
stems from either loss of soil strength due
to liquefaction or reduction of the inherent
resistance to sliding along a potential failure
surface. In order to evaluate the response of
a typical dam section and from it assess the
failure potential, the model shown in Figure 1
was chosen as a case study. Specifically, the
tailings dam consisting of a core and upstream
and downstream shells is constructed atop a
soil layer which in turn lies over the bedrock.
The upstream pool of water induces seepage
flow through the embankment and the foun-
dation layer. During a seismic event, the pore
pressure increases while the effective stress in
the soil decreases leading to considerable loss
of strength (shear strength is controlled by ef-
fective stress).

core

bedrock
foundation layer

Figure 1. Model of Dam Cross Section.

It is apparent that any analysis of earthen
dams should address the seismic stability con-
cerns by considering all the mechanisms that
seem to play a role, namely

• Seepage forces generated by the steady
state flow of water through the dam and
its foundation.

• Soil properties within the embankment
that dictate both the amount of seepage as
well as the inherent strength of the struc-
ture.

• Driving forces along potential failure sur-
faces that determine the level of safety
against slope sliding and failure for the en-
tirety of the seismic event.

• Selection of the appropriate earthquake in-
put which best represents the seismic haz-
ard at the particular site.

• Evaluation of the soil profile in thr em-
bankment and the foundation layer in
terms of its liquefaction potential through
appropriate laboratory tests.
A realistic assessment of the integrity

of the dam and its ability to remain func-
tional during and after possible seismic events,
should consider the complete set of the afore-
mentioned influential parameters with empha-
sis on the coupling between them.

The computational part of the study must
address and evaluate the conditions that exist
prior to the anticipated earthquake, the dy-
namic response of the dam-foundation system
and, on the basis of these two steps, the po-
tential for failure. The evaluation process is
outlined below,
a. The seepage forces induced by the steady

flow of water through the dam and the
foundation are evaluated. By utilizing the
soil permeability profile for the site, the
steady-state pore water pressure field is
determined with a finite element seepage
analysis. Such evaluation is vital in assess-
ing the effective stress conditions that ex-
ist in the embankment and the foundation
before any dynamic event, occurs. The lo-
cation of the phreatic surface through the
dam section, a critical j^arameter in the
stability aspect, is also determined.

b . The initial effective stress conditions in
the dam cross section which represent a
key component in the definition of stabil-
ity is calculated. With elastic soil prop-
erties extrapolated from test data for the
site and the use of finite element analysis,
the steady state stress field is evaluated.
The effective soil stress profile that exists
prior to a dynamic event is vital in deter-
mining the resistance against sliding over
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potential surfaces and the liquefaction sus-
ceptibility of the soil. Effective stresses are
the resultant of the soil overburden stresses
and the pore water pressure.

c. The dynamic response of the embank-
ment/foundation system is obtained.
Since the concern over the integrity of
the dam stems basically from its ability to
withstand earthquake loads, the way the
modeled dam responds to such loads is the
most vital step in determining its integrity.
The dynamic analysis should be able to
provide the stress time histories through-
out the structure during an earthquake. In
turn, the stress history combined with the
steady state stress conditions will become
the basis of the safety criteria for both
slope stability and liquefaction. A realis-
tic description of the soil conditions and of
the appropriate for the site seismic input
is needed. From the soil properties defi-
nition standpoint, the hysteretic damping
is a key parameter in determining the dy-
namic response. Because of uncertainties
surrounding the true level of damping, it
is wise to treat this property parametri-
cally. The finite element analysis utilized
in the evaluation of the dynamic response
is linear in character but it treats the soil
as a two-phase medium. While the draw-
back of linearity is somewhat compensated
with the equivalent hysteretic damping,
it is the two-dimensional pore water/soil
sceleton interaction that provides a realis-
tic description of the behavior of the soil
in a dynamic mode. The harmonic anal-
ysis inverted with the use of Fast Fourier
Transform techniques provides the inter-
granular stress as well as the pore water
pressure fluctuation developed throughout
the section during the seismic event.

d. On the basis of the steady state and dy-
namic solution the slope stability is as-
sessed. The failure potential viewed in
the form of a factor of safety against
slope failure is evaluated by incorporat-
ing the initial and the resulted dynamic
stresses. Along various potential surfaces
where sliding can occur, the dynamic fac-
tors of safety are computed and the criti-
cal surfaces identified. This process takes

place in conjunction with extrapolated val-
ues of cohesion and frictional angle of the
soil.

e. The liquefaction potential in ihe dam is
finally evaluated. The driving forces in the
liquefaction process is the dynamic (cyclic)
shear stress that is generated in the soil
layers and the associated buildup of pore
pressures. While a linear analysis cannot
predict the increase, it can provide the
level of shearing that the soil experiences
during the seismic event. This in turn can
thus become the basis for assessing the
susceptibility to liquefaction using more
empirical relationships.

ANALYSIS OF AN EARTHEN DAM
The various phases of the analysis are car-

ried out with the help of finite element analy-
ses. An example of a discretized dam section
is shown in Figure 1. The objective is to
evaluate the steady-state pore pressure distri-
bution, the initial effective stress state and the
dynamic stresses resulting from an earthquake
excitation.

Seepage
The distribution of the pore water pressure

in the embankment and the foundation layer
prior to an earthquake is evaluated through a
steady state seepage analysis. The pore pres-
sure distribution will help define the effective
stress distribution throughout the model, en-
ables the evaluation of the effective stress in
the soil. The governing equation of steady
unconflned seepage can be seen in the form,

kx fc» = 0 (1)

where, h(x,y) = total head and kx,ky — soil
permeabilities.

The term unconfincd refers to the unde-
fined location of the phreatic surface. An
iterative process is used to locate such surface.
The seepage analysis was performed with the
help of the ANSYS general purpose finite ele-
ment program and the distribution of the to-
tal head is graphically shown in Figure 2. The
pore pressure is deduced from the total head
distribution according to the relation,
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Pf = h-y (2)

where pf,y are the pore pressure and the ver-
tical elevation respectively.

The profile of the shear stresses developed
from both overburden and steady state seep-
age is shown in Figure 3. It can be seen that
a zone of high stress exists under the down-
stream face of the dam. The effective over-
burden stress is finally deduced from the total
overburden stress and the steady state pore
water pressure.

phreatic line

impermeable layer

Figure 2. Total Head Profile Zones of Maximum Shear

Initial Effective Stress State
The stress field prior to a seismic event

that exists in the embankment and the foun-
dation layer are an important element in the
stability evaluation. The static stress condi-
tions are key components in the definition of
the factor of safety against slope failure. Fur-
ther, the overburden initial stress is vital to
a liquefaction potential analysis because of its
relation to the effective stress that controls the
process of liquefaction. It should also be men-
tioned that the initial shear stress field has
been the focus of a number of investigative
works as an influential mechanism in the liq-
uefaction process. It is thus of importance for
any analysis to obtain a good description of
the initial stress distribution.

The stress field in the system is the result
of the soil overburden and of the hydrostatic
action of the water in the reservoir. The dis-
cretized cross section of the embankment and
its foundation are considered to be in a state
of plane strain. This computational phase is
performed again with the help of the ANSYS
program.

Figure 3. Initial Shear Stress Distribu-
tion

Dynamic analysis of the 2-phase medium

In assessing the dynamic effective stress
state of the embankment-foundation system,
the saturated state of the soil must be ac-
counted for. The pore pressure of the water
trapped in the soil skeleton will fluctuate dur-
ing the earthquake and effect the intergranular
soil stresses. Since the strength of the soil is
governed by the intergranular stresses, it is
important that the dynamic pore pressure be
determined. The coupled behavior of pore wa-
ter and soil skeleton requires that the medium
be treated as a two-phase system with govern-
ing equations that reflect the coupling.

Ftirther, the ability of the soil to resist liq-
uefaction is dependent on its initial stress state
(effective stress) and on the intensity of the dy-
namic shear stress. The shear stress variation
at different locations in the embankment and
the foundation as well as the number of stress
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cycles during the earthquake event determine
whether the soil is susceptible to such failure.

Therefore, to effectively analyze the sys-
tem, the employed model must incorporate;
a. the description of the domain as a two-

phase medium.
b. the implementation of actual or represen-

tative earthquake input.
c. the evaluation of the time variation of

stresses resulting from the seismic input.
In order to perform the dynamic analysis,

which satisfies the above requirements, the
POROSLAM computer code [3] is employed.
The code is a two-dimensional finite element
representation of Biot's dynamic equations for
both soil and fluid phases. The equations are a
description of the response of the soil skeleton
and of the pore water in the form,

dy

= QUy +

and

-Wx

P = BfUy + jQfWy + ^Wy (3)

where,
[uz,Uy] = components of displacement of

the soil
[wx,wy] = components of displacement of

the pore water

\Tf~{TxxiTyy,TXy) =

T

while, / - porosity, g = total mass density,
Qf = fluid mass density, a = compressibility
of solid, M — compressibilityof the fluid, r\ —
fluid viscosity, and k = soil permeabih'ty.

For linear elastic material behavior of the
soil skeleton, the resultant equation that relate

the total stress vector to the displacement vec-
tor including the effect of hysteretic damping,
take the form

[D3)\Dh ^ { « , , %{r} - Ec

a2M[D2]{ux,uy}
T I aM\D2\{wx,wy}

T (4)
where,
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Ac is the hysteretic damping ratio associated
with hydrostatic compression while X3 repre-
sents the damping ratio associated with shear
strains and Ec = ̂ J ^

For the linear problem, the solution of the
discretized equations is obtained in the fre-
quency domain. The dynamic input, which
represents the ground acceleration time his-
tory for a particular seismic event, is expressed
in terms of its Fourier components and is ap-
plied as a forcing function to the base model.
The response of the dam cross section to ac-
tual earthquakes is evaluated through the Har-
monic Unit Response solution of the model.

The implementation of transmiting
boundaries, shown in Figure 4, on the two
sides of the model allowed for the propagation
of waves outward. These boundaries ensure
the continuation of both intergra.nular stresses
and pore pressures into the saturated soil. The
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propagation is based on the one-dimensional
wave equations for plane waves through satu-
rated soils.

The ground motions used to excite the
model were generated from a power spectrum
that is compatible to the Rg. 1.60 response
spectrum. The Harmonic Unit Response solu-
tion can also be used to provide the response
of the dam to earthquakes of different peak ac-
celerations that belong to the same earthquake
family. Accordingly, the safety of the dam can
be addressed on the basis of the intensity of
the ground motion.

FAILURE POTENTIAL OF DAM
The seismic loads that are selected to ex-

cite the dam cross section are a combination
of vertically propagating shear and P waves.
While vertically propagating shear waves are
typically used to study the response of a ho-
mogeneous horizontal layer, the presense of
the embankment constructed over such layer
requires the incorporation of vertical plane P
waves. These P waves are from the same earth-
quake family with peak acceleration equal to
two thirds (2/3) of the corresponding shear
wave and are at different phase.

Slope Stability
The stability of the dam is viewed in terms

of a safety factor along any potential failure
surface as shown in Figure 4. The margin of
safety against sliding can typically be seen as
the ratio of the shear strength at a given effec-
tive stress to the corresponding shear strength
on the envelope line. For this two dimensional
analysis, the safety factor is defined in terms
of the state of stress at any instant during the
seismic event by employing the stress invari-
ants of the intergranular stresses that develop
within each element.

Since failure is expected to occur over an
entire surface, the safety factor along any such
potential surface is denned as a contribution
from all the points transversed by the surface
as follows,

SF =
E, Aj

(5)

where Ai - area of the finite element trans-
versed by failure surface and {SF)i ~ safety
factor for element i. The safety factor for

an individual element is formed on the ba-
sis of the intergranular stress invariants J\
and J2 and for materials satisfying the Mohr-
Coulomb failure envelope, the safety factor
within elements is defined by

-f J'2 k

h = -

k =

x - ay)
2 + [av - atf I (az - rrT

(6)

3C

Utan2<f> a --
tiuxp

such that

The parameters C and (/> are the usual
cohesion and friction angle used in soil me-
chanics.

r r . t u s m i t t j ti(> 1»MUIHI . I r v

Figure 4. Potential Failure Surfaces
Because of the assumed linearity of the

constitutive equations, the computed dynamic
stresses that will result from a scaled-up earth-
quake will be subject to similar increase, ex-
cept for the effects of the hysteresis. The
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amplification of the fluctuation of the intcr-
granular stresses and pore pressures will, at
various times of the seismic duration, bring
the stress state of the points closer to the
failure envelope causing significant reduction
of the safety factor. This issue is addressed
with the evaluation of the safety factor over a
chosen faihire surface subject to incremental
changes of the peak acceleration of the same
earthquake. Figure 5 depicts the effect of the
seismic intensity on the factor of safety.

The role of the frictional angle on the slope
stability is also examined. The effect on the
factor of safety is profound and it steins from
the fact that </> defines the failure envelope.
Figure 6 shows the comparison between the
analysis using the POROSLAM code and a.
quasi-static analysis code. It is apparent that
the finite element dynamic analysis calculates
higher safety factors against slope sliding.

The assumed level of hysteretic damping
has a considerable effect on the induced dy-
namic stresses. Figure 7 shows the peak shear
stresses that result from a vertically propagat-
ing shear wave at different elevations of the
embankment's centerline.

0.00 0.05 0.10 015 0 20 0.25 0.30 0.35 0 40

Peak Acceleration ( g )

Figure 5. Effect of Earthquake Intensity
on Safety Factor
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Figure 6. Effect of Frictional Angle on
Safety Factor
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Figure 7. Effect of Damping on Dynamic
Shear Stresses

Liquefaction Potential

Liquefaction is considered the phe-
nomenon associated with the loss of strength
of a. cohesionless soil during an earthquake.
The mechanism is identified as one permit-
ting the movement of soil in a. large deforma-
tion scenario. On the basis of our knowledge,
that is deduced from laboratory tests and field
observations, the matrix of influential parame-
ters includes the characteristics of the soil type
(sand, silt, clay etc.), its relative density, the
initial confining stress (effective stress) and the
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earthquake input (in terms of both the inten-
sity and the duration).

Despite the linear character of the re-
sponse analysis, important conclusions can
still be drawn regarding the likelihood of liq-
uefaction failure. It should be emphasized
that the behavior of the soil dining liquefac-
tion is highly nonlinear. What a linear anal-
ysis can achieve is the following: with avail-
able laboratory test data on threshold values
of strain or stresses, beyond which liquefac-
tion failure is induced, a comparison can be
made between these test data and calculated
strains or stresses states from the linear anal-
ysis. Given that for small soil deformations
and pre-liquefaction conditions a linear analy-
sis is applicable, locations of potential failure
can be identified. Further, estimates of the
safety margins can be deduced indicating how
far from the triggering of liquefaction is the
soil in these critical zones. The assessment of
the liquefaction potential is deduced with the
implementation of the following conventional
procedure;

a. The earthquake likely to occur in the vicin-
ity of the site is determined and is applied
as base motion (base in this case is the stiff
rock below the weak layer).

b. The time history of the intergranular shear

stresses or \J J% <iue to the propagation of
waves are deduced from the response of
the embankment and the foundation layer.
The intensity of the induced stresses and
their time variation are evaluated and the
critical zones are identified.

c. To enable comparisons with laboratory
tests, which are subject on uniform cyclic
loading, the calculated stress time histo-
ries are idealized into equivalent uniform
stress cycles.

d. The critical stresses that can cause liq-
uefaction when applied as uniform cycles
must be determined. This soil property
may be viewed either as shear strength or
as critical values of k + aJ\ and it can
be obtained from representative samples
of soil from the site reflecting the rela-
tive density, the confining pressure and
the penetration resistance. This strength

value at the particular location is com-
pared against the induced shear or stress

invariant J J^-
To predict liquefaction in homogeneous

soil layers a number of tests have been con-
ducted using cyclic triaxial compression load-
ing. Residts are available in terms of the stress
ratio

|^- that induces liquefaction in 10 and
30 cycles (cr^ is the cyclic deviatoric stress
and <ra is the initial ambient pressure that
the soil sample was consolidated under). The
stress ratio ^- that causes liquefaction under
field conditions is corrected to the laboratory
value. In the field, the stress ratio links the
shear stress that developes at a location (con-
verted to uniform cycles) and the initial effec-
tive stress (To (associated with the overburden
and pore pressure). Because it is observed that
the threshold shear is proportional to the rela-
tive density DT, extrapolation of the test data,
to different soils is possible.

It should be emphasized that in the case of
a dam, results pertaining to the failure due to
primarily shear in homogeneous layers should
be used with extreme caution. Alternatively,

the critical stress invariant j'2 can be esti-
mated from similar laboratory tests and com-
pared with the one resulting from the evalu-
ation. This will lead to more realistic assess-
ment of the liquefaction susceptibility in the
embankment of the dam. The potential to fail-
ure due to shear can still be used in the lower
portion of the foundation layer where shear
conditions will still dominate.

The criterion that defines the potential to
liquefaction can be viewed in the form,

_ Shear strength T (NP,luiv eyelet)

Max. cyclic shear (".G5Tm,1;r)

for the shear mode, or equivalent! v

JJ'2
LQF = • - s"d 'r"l"a (8)

\ A
V seismir.iilly ijuluriul

for complex stress state, where LQF lique-
faction potential ( LQF > 1.0 : no liquefac-
tion).
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Figure 8 depicts the variation of J J2 along
the centerline of the dam under the seismic
loads described earlier. Given the threshold
values of the invariant along the same line
(from test data extrapolation) one can identify
the critical zones where liquefaction can be
triggered.

The effect of different families of earth-
quakes on the response of the dam cross sec-
tion is shown in Figure 9. The dynamic
shear stresses induced by a 0.2g Charleston-
like earthquake are compared with the same
stresses induced by a 0.2g earthqxiake from a
Reg. 1.60 spectrum. Both earthquakes are
applied as vertically propagating shear waves.
Also shown are the stresses resulting from the
combination of vertically propagating shear
and P waves that derive from the Reg. 1.60
spectrum.

6000

5000-
0.3g

/o.2g

/ /o . ig D liquefaction

JHifrom coll test inn

Figure 8. yj J'2 Along Centerline of Dam

Figure 9. Effect of Various Ground Mo-
tions on Shear Stresses
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ABSTRACT

In order to anticipate potential problems as early as possible during the design
effort, a method for interaction analysis was developed to meet the specific hazards
of the Hanford Waste Vitrification Plant (HVVVP). The requirement for interaction
analysis is given in DOE Order 6430. IB and DOE-STD-1021-92. The purpose of the
interaction analysis is to ensure that non-safety class items will not fail in a manner
that will udversely atTect the ability of any safety class item to perform its safety
function.

In the HVVVP there are few structures, equipment, or controls that are safety class
(those with a direct safety function, i.e., confinement of waste). In uddition to
damage due to failure of non-safety class items as a result of natural phenomena,
threats to HWVP safety class items include the following: room flooding from
firewater, leakage of chemically reactive liquids, high-pressure gas impingement
from leaking piping, rocket-type impact from broken pressurized gas cylinders, loss
of control of mobile equipment, cryogenic liquid spill, fire, and smoke. The time
needed to perform the interaction analysis is minimized hy consolidating safety class
items into segregated areas. Each area containing safety class items is evaluated,
and any potential threat to the safety functions is noted. After relocation of safety
class items is considered, items that pose a threat are generally upgraded to
eliminate the threat to the safety class items.. Upgraded items are designed to not
fail under the conditions being evaluated. Upgrading is the preferred option when
relocation is not possible. Other options are to provide barriers, design the safety
class item not to he damaged hy failed items, or rely on redundancy and isolation
from local threats. The upgraded features of non-safety class items are designed to
the same quality standards as the safety class items.

An example will illustrate the method and application in the phased design,
procurement, and construction environment of the HVVVP.
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INTRODUCTION

The interaction analysis tor the Hanford Waste
Vitrification Plant (HVVVP) is an application of the
requirements given in DOE-STD-1021-92 [7]. The
interaction analysis hegins after the locations of safety
class items are determined within the facility. The
HVVVP uses a graded approach to safety classification.
The threats to safety class items include natural
phenomena hazards (NPH), internal accident conditions,
and the failure effects of other items. The general
approach at HVVVP is to conservatively assume that all
items exposed to a threat can cause interactions, unless
designed for that threat.

REQUIREMENTS

Safety class items are systems, components, and
structures that have heen designed so they will perform
required safety functions during and after NPH and
accident conditions. The interaction analysis ensures
that failure of other items, initially not designed for these
conditions, will not prevent the safety class items from
performing their required functions. The requirement
for interaction analysis is given in DOE Order 6430.1A
[1] and draft revision, DOE Order 6430.IB [2], under
"Safety Class Criteria," Section 1300-3.2. The
methodology for determining safety classification is given
in DOE Order 5480.23 [3], which supersedes Order
5481.IB [4] for nuclear facilities. The DOE Order
5480.28 [5] sets requirements for protection against
NPH. The requirements of DOE Order 5480.28 govern
where there are inconsistencies with DOE Order 6430.1A
relating to NPH.

The DOE Order 5480.28 prescribes a graded
approach to safety, puhlic health, and the environment.
Performance categories must he estahlished for the
structures, systems, and components in a facility. Items
are assigned to one of the five categories, depending on
the relative importance of the item to safety, including
health and environment. Items needed to protect the
workers and puhlic against radioactive or toxic materials
are placed in the highest category, while items that
endanger personnel in the event of collapse are placed in
a lower category. Items in the higher categories are
designed to provide a lower probability of failure. The
DOE Order 5480.28 emphasizes the need for an
interaction analysis in paragraph 10a(5).

The DOE Order 5480.23 is referenced by DOE
Order 5480.28. (The predecessor document, DOE Order
548L1B, is still referenced by DOE Order 6430.1A.)

The DOE Order 5480.23 requires classification according
to the following three categories:

1. Potential for significant offsite consequences

2. Potential for significant onsite consequences

3. Potential for only significant localized
consequences.

The Hanford Site criteria document, MRP 5.46 [6],
establishes four safety classifications. Like the
classification categories defined in DOE Order 5480.23,
the Hanford Site safely classification system is based on
the consequences of unmitigated releases of radioactive
and/or hazardous material. In a simplified form, the
safety classifications are as follows:

• Safety Class 1 — Significant offsite radiological
or environmental consequences (as defined in
DOE Order 6430.1 A), or significant olfsite
exposure to nonradiological hazardous materials
by a release into the air or to soil, streams, and
aquifers

• Safety Class 2 — Significant onsite radiological
or nonradiological consequences, environmental
threats, or exposure to personnel in the facility
cunt nil room

• Safety Class 3 — Facility safety and health, or
reportab.i; releases to the environment

• Safety Class 4 — (Non-safety class) No
significant importance to safety, health, or
environmental protection.

The MRP 5.46 is based on DOE Order 6430.1 A,
complies with it, and extends the requirements of DOE
Order 6430.1 A. The terminology "safety class" used in
L-OE Order 6430.14 applies only to Hanford Site Safety
Class 1. Nonradiological hazardous materials, including
toxics, carcinogens, and pathogens, are not addressed in
DOE Orders 6430.1 A or 6430.IB. The MRP 5.46
provides direction relating to nationally recognized
standards for nonradiological hazards. At the Hanford
Site, Safety Class 2 was created because of special
concerns for the onsite area. Onsite refers to the area
within the Hanford Site reserve, hut outside the facility
boundary (except the facility control room). The site
boundary is more than 16 km (10 mi) from the facility.
There are many DOE facilities and offices on the site.
Onsite consequences potentially affect many workers at
other nearby facilities. Safety Class 3 concerns include
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occupational safety, health, and radiation shielding for
HWVP personnel protection.

Hanford Site safety classification criteria and
methodology seem to have anticipated the graded
approach of DOE Orders 5480.23 and 5480.28, and
DOE-STD-1021-92 [7].

The DOE-STD-1021-92, Section 2.5, "System
Interaction Effects," provides a detailed methodology for
preventing an item in a lesser performance category
from adverse interaction with items in more important
categories, once the interaction potential is discovered.
Additional NPH requirements may he imposed on the
leser category item to preserve the performance goal of
the more important items. In this case, the added
requirements need only prevent the failure modes (or
deviation from normal limits) of concern. The MRP
5.46 applies the same reasoning, extending to threats
other than NPH.

The MRP 5.46 refers to UCRL-15910 [8] for
criteria on NPH. The new DOE-STD-1020-92 [9] revises
and supersedes UCRL-15910. The HWVP Safety Class
1 items are designed using the high-hazard facility
requirements of UCRL-15910; Safety Class 2 items are
designed using the moderate-hazard facility
requirements.

In summary, the interaction analysis for HVVVP
provides an example for compliance with the recent DOE
Orders and Standards.

HWVP FACILITY OVERVIEW

The HWVP is designed to vitrify treated high-level
nuclear waste. The waste oxides are melted to become
a homogeneous part of the horosilicate glass product.
The glass product is poured from the melter into
stainless steel canisters. The cooled canisters will he
decontaminated, seal-welded, inspected, and temporarily
stored at the facility until they are sent to a geologic
repository. The plant waste feed is treated with formic
acid, nitric acid, and other chemicals as required. The
feed slurry is reacted, concentrated, mixed, and sampled
in process tanks before going into the melter. Offgas
systems treat the vented gas from the process tanks and
melter to reduce radioactive and toxic materials to within
allowable limits for stack release. Condensate from the
process tanks and offgas systems are collected in a waste
hold tank for further treatment at another facility.
Contamination is confined by ventilation systems. Room
air pressure is controlled in the different ventilation
zones of the plant to direct airflow from uncontaminated

areas toward areas of greater contamination. Air from
the highest contaminated area, Zone I, is exhausted
through high-efficiency particulate air filters into a
continuously monitored stack. Diesel generators supply
emergency power to the Zone I exhaust fans.

The potential hazards to onsite and offsite
individuals come from the waste feed, melter contents,
canister contents, formic acid, and liquid waste produced
in the facility. The major Safety Class 1 items at the
facility are as follows:

• Major confinement walls and large doors in the
Vitrification Building

• Zone I exhaust system, including filters, fans,
controls, isolation dampers, fan cooling, filter
huilding major walls, fan house major walls,
and stack

• Zone I emissions monitors and required vacuum
system

• Emergency ac power and dc power to Safety
Class 1 loads, such as the Zone I exhaust fans,
controls and stack monitors

• Essential support systems for Safety Class 1
power, including ventilation for generators and
switchgear

• Portions of the waste hold tank and building
necessary to avoid leaks to the soil

• Controls necessary to prevent a steam explosion
or unlimited flooding in the Vitrification
Building or the helow-grade Zone I exhaust
system.

The only major Safety Class 2 items are piping and
controls which prevent a large release of concentrated
formic acid.

Less than 10% of the equipment and controls are
Safety Class 1 or 2.

OBJECTIVES OF THE ANALYSIS

The purpose of the interaction analysis is to ensure
i.hat no Safety Class 2, 3, or 4 item could fall in a
manner that will adversely affect the safety function of
a Safety Class 1 item, and that no Safety Class 3 or 4
item could fail in a manner that will adversely affect the
safety function of a Safety Class 2 item.
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The analysis determines what design improvements
will be incorporated to ensure the criteria requirements.
The analysis answers the following questions.

• Where Is the interaction analysis required?

• What are the potential effects on Safety Class 1
and 2 items?

• What design features require upgrading?

• What are the design requirements for these
upgraded features?

Merely satisfying the criteria requirements is not
enough. To he effective, the analysis method must have
the following qualities:

• Timely discovery of interaction problems

• Avoidance of detailed, item-to-item evaluation of
domino effects

• Ability to accommodate design development and
revision

• Consideration of all accident threats, not just
NPH, to safety class items.

As noted in DOE-STD-1021-92, Section 3.8(a), one
analysis option is to develop a fault tree of a complex
chain of events that threaten a Safety Class 1 or 2 item.
This option is cost-effective only in special cases.

The second option mentioned in DOE-STD-1021-92
is an approximate evaluation of scenarios identified
during a facility walkdown. Unfortunately, the cost of
revising a facility that is ready for walkdown is many
times greater than the cost of revising design
specifications or drawings.

HWVP APPROACH

STARTING
The interaction analysis begins after the locations

and routing of Safety Class 1 and 2 items are known
(including controls and power). This stage of design
development coincides with the design contractor's in-
house design review. The interaction analysis is
completed at the same time as the design review, so that
necessary changes can be incorporated in the design sent
for client review. At the time of the analysis, safety
classifications of major structural elements have been
determined, as well as fire ratings of walls and ceilings.

For the post-earthquake internal Hood condition, the
maximum liquid depth has heen calculated.

The analysis looks at one room or area at a time.
Several procurement or construction hid packages may

he associated with a single room. The room analysis is
updated for each package issue. Where practical,
conservative assumptions are made in the analyses for
early packages to allow some flexibility for change.

LEVEL OF DETAIL
The design engineering contractor for HWVP had

previously evaluated the effort required to prepare an
item-to-item analysis of a building at another facility
containing a mixture of Safety Class 1 and 3 items. For
each specific ' at condition, the interaction analysis
determined wl d\ items posed a threat or propagated a
threat to other items. For interactions caused by
earthquake or lire, the analysis was time-consuming and
difficult to check. The results had a large degree of
uncertainty because of the randomness in propagation of
impact. Furthermore, each time an item was relocated
or significantly revised, the entire analysis had to he
redone. From this evaluation, it was found that the cost
of the item-to-item analysis was much greater than the
cost of upgrading the seismic requirements of all of the
Safety Class 3 items in the building, including fire
protection.

The general approach at HWVP is to assume that
all items in a room are exposed to any threat in that
room and can transfer the threat, unless upgraded. This
means that in general, we design conservatively so that
we can simplify the analysis. The result is a more
rugged design at lower total cost. Outside of the
huildings, an item-by-item evaluation is made. However,
the outside analysis is simple because there are few items
and little potential for interaction. Inside buildings,
item-by-item evaluations are made if the design team
decides it would be cost-effective. If there had been
many item-by-item evaluations, the design schedule
would have been seriously affected (even more than the
budget).

Safety Class 3 and 4 items are listed and analyzed
together as much as possible. For example, floor-
mounted fans might he considered together, rather than
each one individually. Safety Class 3 and 4 items are
analyzed together if they have the same potential effect
on Safety Class 1 or 2 items, and if the same design
solutions apply.

HAZARDS ADDRESSED
The analysis considers the following NPH threats:
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earthquake, extreme outdoor temperatures, snow and ice
accumulation, wind and associated wind-driven missiles,
and ashfall (from Mount St. Helens or other volcanoes in
the Cascade Range). Tornadoes, outdoor Hooding, and
hrush fire are not threats to this facility.

The analysis considers the following additional
threats: fire (heat, smoke, and fumes), mobile
equipment impact, liquid splashing, suhmergence (due to
internal Hooding), pipe whip and gas impingement from
broken gas piping, impact from a broken high-pressure
gas cylinder, and missiles from high-speed rotating
equipment.

Nuclear criticality is not a concern hecause fissile
material is very dilute in the facility feed. The feed
composition will he tested before processing to ensure
criticality safety. Explosion was not considered in the
interaction analysis; instead, there were separate accident
analyses for explosions. Mobile equipment is listed in
each room to which it can move. Only the mobile
equipment included in the design is considered;
construction equipment and special maintenance
equipment are not coasidered. Aircraft impact and a
train accident on the spur line coming into the facility
were considered in separate accident analyses. Liquid
splashing can cause short-circuiting, corrosion, or
sudden temperature change. Liquid nitrogen is carted
into the laboratory in Dewar containers. Liquid loading
on structures during internal Hooding was evaluated in
a separate accident analysis. The only source for pipe
whip is from 150 psig steam and air lines. All of these
additional threats could result from an earthquake, and
some could occur at any time.

Several mechanisms for the propagation of impact
(domino effects) were considered:

• Collapse of walls, ceilings, (lours and other
structures not rated for the NPH or accident
condition (earthquake, lire. Hooding, missile, etc.)

• Collapse, tipping, or sliding of floor-mounted items
put designed for the NPH or accident condition

• Pendulum motion of wall- or ceiling-mounted items
with anchors not designed to limit swing during a
design basis earthquake (DBE).

Items designed for a DBE are expected not to fail, but
could defied far enough to cause impact with Safety
Class I or 2 items. These deflections have been taken
into account hefore the interaction analysis, in the
seismic design of structures, piping, and equipment.

UPGRADED ITEMS
Before the interaction analysis, the design

requirements on an item are tentatively determined
according to the safety classification. All Safety Class 1
and 2 structural items are designed to maintain building
environmental control or confinement after the
appropriate DBE, design hasis wind, and extreme
weather conditions. Safety Class 1 structures are
designed for the design basis ashfall. Also, Safety
Class I and 2 structures are protected against the design
hasis fire and other conditions determined by accident
analyses. Nonstructural items are designed only for the
NPli and accident conditions that threaten necessary
safety functions. For example, the Safety Class I safety
valves on the steam boiler do not have (o function during
or after a DBE because there are Safety Class I
interlocks that stop the boiler in the event of a DBE.

When the interaction analysis identifies an
interaction that could interfere with a safety function,
one design option is to upgrade the requirements for the
item causing the interaction. In agreement with DOE-
STD-1021-92, Section 2.5(c), upgraded design
requirements only apply lo those features of the items
that are sufficient to prevent the interaction of concern,
not necessarily to the entire item. The feature upgrades
are designed for the specific NPH or accident conditions
that ptise a threat. The upgraded item need not continue
to perform its normal function, hut it must he designed
not to fail in a way that prevents the Safety Class I or 2
item from performing necessary safety functions during
the Safety Class 1 or 2 NPH or accident conditions. The
Safety Class I and 2 level of quality assurance applies to
the upgraded features.

The upgrading of the Canister Storage Building
operating area structure is described briefly in the
example near the end of this paper.

DESIGN PREPARATION
Analysis effort is reduced hy thoughtful planning

during the design process. In the first stage of
equipment layout. Safely Class 1 and 2 equipment is
consolidated into as few rooms as possible, within the
redundancy and separation requirements.

Upgraded design details are used as standards
wherever practical. For a small increase in material
cost, all compressed gas bottle racks are designed for the
Safety Class 1 DBE, whether the bottle would pose a
threat to Safety Class 1 items. All Safety Class 1 and 2
items will be of splash-proof design, on the assumption
that splashing is possible in virtually all rooms and
outdoor areas.
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Before the analysis begins, several layout guidelines
are followed: avoid placing Safety Class 3 or 4 items
above Safety Class 1 or 2 items, maintain as much
distance as possible between Safety Class 1 or 2 items
and others, and locate obvious sources of hazard as far
as possihle from Safety Class I and 2 items. Where
items of different Safety Class are mixed, because of
spate limitations, additional guidelines are followed to
minimize later analysis and revision.

ANALYSIS LOGIC
In each room or area, the need for analysis is

reviewed. For each bid package, the project engineer
prepares a list of all rooms and areas in the package.
An interaction analysis is performed for each room or
area with Safety Class 1 or 2 items. Even if the package
has no Safety Class 1 or 2 items, an interaction analysis
will be performed, hased tin the information available, to
avoid interactions with items from other packages in the
same room. The analysis for a room will he updated for
each package affecting it.

The lo^ic for the analysis is shown on the block
diagram in Figure I.

For each Safety Class 1 or 2 item in the room, the
NPH and other threats listed under "Hazards Addressed"
are considered separately. There is no interaction
problem if there is no safety function required under
those particular conditions, or if there is no possibility of
that particular threat in the room.

In some cases, the design specialist responsible for
an item will determine that an interaction will occur, but
it is obvious that the damage will not he sufficient to
affect the ability to perform safety functions. For
example, ceiling-mounted lighting can he allowed to fail
when there will be no problem to rugged equipment or
structures helow. In these cases, the design engineer
documents that normal design is sufficient.

When there is the potential for an interaction
problem, there are several design options to consider:

• Relocating either the affected or affecting items

• Adding the design requirement that the Safety
Class 1 or 2 item be designed to function as
required in the event of the adverse
interaction(s)

• Using system redundancy and appropriate
isolation to ensure that localized accidents will
not affect the system safety function

• Upgraded features lor the items posing a threat.
The features are upgraded to meet Safety Class
1 or 2 requirements as appropriate to prevent
interaction.

Where practical, prevention of an interaction is
preferred over damage reduction. However, prevention
of splashing or impact by small items is not considered
practical at HWVP.

Safety Class 1 uonstructural items are fully
redundant. Redundancy and isolation can protect
against threats that are unlikely to occur in more than
one room. There are sources of splashing in nearly
every room with Safety Class 1 or 2 items, so it seems
likely that splashing will occur many places after a DBE.
On the other hand, the rooms with Safety Class I or 2
items have little potential for a fire, even after a DBE.
There is little comhuslihle material in (he facility, other
than wiring insulation and maintenance materials. The
few' existing combustible process materials, such as diescl
fuel and concentrated formic acid, are localized and
isolated by Safety Class 1 barriers.

Where relocation or protection by redundancy and
isolation is not practical, the preferred option is to
upgrade the items that pose a threat. The upgrading
applies only to certain features of the item, as discussed
under "Upgraded Items." Other options are considered
by the design team only if suggested by one of the
responsible design specialists. Any differences in
approach are settled in the engineering review meeting
for the analysis.

Documentation of the completed analysis is
accomplished by tabulating the potential for interaction
problems and design options chosen. One-letter
abbreviations are used to indicate the disposition of each
potential threat to each Safety Class 1 or 2 item:

Key to ahhreviatioas used in tabulation:

No Safety Problem
c The indicated Safety Class 2, 3, and 4 items

cannot pose this threat to Safety Class 1 or 2
items.

F There is no required safety function to he
performed under this threat.

Design Solutions
R There are Redundant Safety Class I or 2 items.

The redundant items are isolated so that the
system is protected against a single occurrence of
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FIGURE 1

INTERACTION ANALYSIS LOGIC

For Each
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Review

Can Interactions Adversely
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Yes

Upgrade
Interacting

Items
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Isolation

Documentation
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this local condition.
D Safety Class 1 and 2 items must be Desimied to

perform all safety functions under conditions
caused by this threat.

B A Barrier protects safety Class 1 or 2 items
against damage affecting safety functions caused
hy this threat.

U Safety Class 2, 3, or 4 items have Upgraded
features (portions designed for specific Safety
Class 1 or 2 requirements) to prevent failure
caused hy this threat from affecting the safety
functions of Safety Class 1 or 2 items.

N No special features or protective harriers are
provided for internal accidents because all other
items which could fail under this threat have:
• been Upgraded to prevent failure, or
• had an engineering evaluation to verify that

the safety functions of Safety Class 1 and 2
items will not he prevented hy failure of other
items.

SUPPORTING CALCULATIONS
After the interaction analysis, additional calculations

may be required to be performed hy the design
engineers, or culled for in specifications. Where there
are additional design requirements on u Safety Class 1 or
2 item, calculations (or vendor testing) must show that
the enhunceditem will withstand the interactions. Where
there are upgraded requirements on Safety Class 2, 3 or
4 items, calculations (or testing) must show that the
upgraded item will not cause adverse interactions.
Sometimes, the calculations will verify that the normal
design is satisfactory.

INTERFACES
Interactions that cross a room boundary must he

coasidered in both rooms. Sometimes, this will require
followup in the analyses for future bid packages.

Failures caused hy NPH or accident conditions in
one room can affect items in other rooms if the room
boundaries are not designed for the NPH, accident
conditions, and resulting interaction failure effects. The
structural engineer involved in the analysis notes any
failure effect that could caase a breach in structural
elements forming the room boundaries.

At the hottom of the analysis tabulation, rows are
added to include items in other rooms that could be
affected. These threats to the other rooms must be
included in the other analyses. When the other rooms
are in other bid packages, this requires that the threat
conditions be noted on a followup list.

When interactions from an interfacing room in a
different package can affect the room being analyzed, an
analysis is performed for the interfacing room and is
included with the package being analyzed.

FINAL WALKDOWN
The walkdown hecomes the final verification that

interaction effects were not overlooked. Analysis
documentation and supporting design media are retained
for the purpose of answering any concerns of the
walkdown team. The walkdown team will consist of
experts not affiliated with the design or construction
contractors.

EXAMPLE

The Canister Storage Building operating area
structure is located over the underground storage vault
where canisters of vitrified waste are stored. The
reinforced concrete vault is Safety Class 1. The
operating area structure is Safety Class 3, based on its
confinement function. A conservative evaluation
determined that the operating area structure could
damage the vault underneath if it were to collapse.

The tabulation of the analysis for the vault can he
seen in Figure 2. Although the tabulation is convenient
to work with, it is difficult to read directly. Because of
this difficulty, the results of the analysis are taken from
the tabulation and presented in a report. The tabulation
is in the form of a matrix with structures, systems, and
components in the rows. The NPH and accident
conditions are indicated in the columns. The matrix
addresses each item under each condition. The "Key to
Abbreviations" explains the notation.

In this case, the operating area walls and ceiling
have been upgraded (U) not to collapse during the Safety
Class 1 DBE, design basis fire, design basis ashfall, and
Safety Class 1 weather extremes (ice buildup or design
basis wind with wind-blown missiles). The walls are
protected by barricades (B) to prevent the shielded
canister transporter vehicle from collapsing the wall hy
impact. The steel framework of the building and the
barricades, but not the covering, are upgraded to Safety
Class 1. All Basic and Supplementary requirements of
ASME NQA-1-1989 [10] apply to the framework,
barricades, and calculations which ensure that the
structure will not collapse.

The shielded canister transporter has been
upgraded not to tip over onto the vault during a Safety
Class 1 DBE. During a fire, the rubber tires could be
consumed, increasing the stress applied to the storage
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tubes and plugs. The transporter has no special features
(N) to solve this potential problem. Instead, the lubes
and plugs will be designed (D) for this condition, as well
as misop'jrution of the transporter.

A D for any Safety Class 1 item indicates that it is
designed for the failure of all Safety Class 3 items that
have an N under that condition. The plugs on top of the
tuhes are designed for impact by the transporter. Other
items in the "mobile equipment impact" column are not
mohile; therefore c is indicated. The canisters and
impact absorbers have c indicated where they are
protected from the NPH or condition.

The transporter has a propane fuel tank which
could hecome a missile in the event of failure. Although
the transporter should be designed to prevent this,
transporter design (in another package) had barely
begun when the hid package for the building was
completed. The canister storage tuhes and plugs
happened to he adequate for this missile impact, hut the
D under "gus cylinder impact" indicated that this had to
be verified hy calculation.

The initials of the responsible design engineer
indicate that the engineer agrees to the indicated
upgrade, barrier, or enhanced design requirements for
the item. The engineer is responsible for including the
indicated design requirement in specifications and
drawings.

SUMMARY

As stated in recent DOE criteria, interaction
analysis is a necessary step in the determination of
performance categories or safety classification.
Interaction analysis is an important part of the graded
approach to safety, public health, and environmental
protection.

More progress is needed to develop effective
approaches to meeting criteria requirements. The two
approaches mentioned in DOE-STD-1021-92 have
drawbacks: item-by-item analysis of complex chain-of-
events is cost-effective only in special cases.
Identification of problems by a facility walkdown misses
opportunities for an earlier, more convenient fix.

The general approach at HVVVP is to assume that
all items in a room will be exposed to interactions and
propagate interactions, unless the items are designed for
the NPH or accident conditions. It is believed that this
approach can be improved and adapted to other
facilities.
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MODAL COMBINATION IN RESPONSE SPECTRUM MODAL DYNAMIC ANALYSIS

C. R. Hammond and M. K. Singhal
Technical Programs and Services
Oak Ridge National Laboratory*

Martin Marietta Energy Systems, Inc.
Post Office Box 2008

Oak Ridge, TN 37831-6332

ABSTRACT

UCRL-15910 does not give explicit requirements for combining the
values of the response of individual modes in a response spectrum modal
dynamic analysis. Since UCRL-15910 references ASCE 4-86, modal
combination methods given in ASCE 4-86 are described in this paper.
Efficient use of typical dynamic analysis computer programs while complying
with ASCE 4-86 is also described.

INTRODUCTION

Common finite element structural analysis
programs can be used for response spectrum
seismic analysis in accord with ASCE 4-86 [1].
The allowable methods for combining modes in
ASCE 4-86 differ from both the Structural
Engineers Association of California (SEAOC) [2]
and the Nuclear Regulatory Commission (NRC) [3]
methods. This is true particularly in dealing with
amplified response of modes with frequencies
above the highly-amplified frequency region.
Acceptable methods for different programs that
provide the least conservative seismic results are
described. Some complexities with code checking
are also described, along with a method of
simplifying the check for steel beams.

RESPONSE SPECTRA

Figure I shows the Newmark-Hall median
response spectrum [4]. The highly-amplified region
covers from roughly 2 to 8 Hz. No amplification
occurs above the rigid response frequency, fr, here,
33 Hz. Between 8 and 33 Hz, the frequency
content of earthquakes vanishes. A straight line on
a log-log plot covers this transition. ASCE 4-86
recognizes that structural modal responses at
frequencies higher than the earthquake frequency
content are all in phase with each other.
ASCE 4-86 divides the frequency range into three
domains and requires a combination of results from
each domain.

The two regimes of dynamic amplification
are shown in Figs. 2 and 3. The low frequency

"Oak Ridge National Laboratory is managed by Martin Marietta Energy Systems, Inc., for the U.S.
Department of Energy under Contract No. DE-AC05-84OR21400.

The submitted manuscript has > en authored by a contractor of the U.S. Government under contract
No. DE-AC05-84OR21400. Accordingly, the U.S. Government retains a nonexclusive, royalty-free license
to publish or reproduce the published form of this contribution, or allow others to do so, for U.S.
Government purposes.
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region extends from below all structural frequencies
to one-half of the rigid response frequency, that is
1/2 fr. The second region covers frequencies from
1/2 fr to fr. All frequencies above f, respond
rigidly and are most efficiently handled as static
load cases. Structure modes are represented by the
vertical bars on Figures 1 through 3. The analyst
should try to create the simplest model that
(1) includes all modes below the rigid cutoff
frequency, fr, and (2) calculates internal forces and
moments at all points of interest. ASCE 4-86
allows using enough modes to represent 90% of the
mass in each coordinate direction. However, that
goal is rarely achieved in the vertical direction and
is difficult for complex structures in horizontal
directions. A penalty is imposed if the highest
frequency found is short of the cutoff frequency.
That penalty may be severe if only 90% of the
mass is included.

The low frequency spectrum can be input to
most programs as the complete spectrum with a
cutoff on modes to exclude those above 112 fr. For
the example in Fig. 1, the entire spectrum shown
would be input with the instruction to include only
the first three modes in the calculation. Some
programs allow identifying the individual modes to
be included in an analysis. Then, to represent the
intermediate frequency spectrum the complete
spectrum could be used with a list of all modes
between 1/2 fr and fr. In Fig. 1. mode four would
be specified. However, this intermediate frequency
spectrum may need to be input as zero value up to
1/2 fr with a modal cutoff at the frequency fr.

The rigid response is calculated with three
static loads, equal to the proper zero period ground
acceleration (ZPGA) applied in each coordinate
direction. These static seismic loads are
independent of frequency and so are counted twice
in the dynamic responses of modes below fr. The
double counting can be eliminated by subtracting
the modal responses to uniform spectra with
magnitudes equal to the ZPGA. These spectra are
shown in Fig. 4. Preferably, just lower the
amplified spectrum by the value of the ZPGA but
only when there is no structural frequency so low

that the acceleration at that frequency is less than
zero.

MODAL COMBINATIONS

In the low frequency range, the problem is
dealing with closely spaced modes. ASCE 4-86
allows using any of the following established
methods.

GROUPING METHOD

R=.

m,n
N

R

R R

mq nq\
for m*n

= number of the mode where a
group starts

= number of the mode where a
group ends

= mUl and nUl modes in a group
= significant number of modes

considered in the modal response
combination

= number of groups of closely
spaced modes excluding
individual separated modes.
Closely spaced modes are
divided into groups that include
all modes having frequencies
lying between the lowest
frequency in the group and a
frequency 10% higher.

= total response; R is determined
by (1) absolutely adding the
modal response of all modes
within a closely spaced group
(q"1) and then (2) taking square
root of the sum of squares of all
group responses along with the
response of those modes that are
not closely spaced.

= are modal responses Rm and Rn

within the q* group, respectively
= peak value of the response of the

element due to k"1 the mode
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TEN PERCENT METHOD

= \ E fOT

i and j are modes whose frequencies are
closely spaced. Modes are considered to be closely
spaced, when

(fj - fi)/fj < 0.1

1 < i < j < N

DOUBLE SUM METHOD

R =
N N

=i n=i

peak value of the response of the
element due to m* and n"1 mode

I =

m

fm
td

= damping ratio in the m* mode
= frequency of the m"1 mode
= dura t ion of the ear thquake

The absolute values signs shown appear in
the N R C Regulatory G u i d e 1.92 but not in
A S C E 4-86 for the doub le sum method.

Some advantage may come using
p rog rams that keep s igns of modal displacements in
calculations using the doub le sum method.
A S C E 4-86 allows keep ing signs, although phase-
relat ions between modes are lost by the response
spec t rum method in t he amplified region. Th i s is
not an upper bound. If structural frequencies are

widely spaced , all the mode combina t ion methods
converge to the same answer .

C O M B I N A T I O N O F S E I S M I C R E S U L T S

For a three-dimensional mode l , the
earthquake load will be specified a long each
coordinate direction. Unfortunately, the
combination of directions comes after the
combination of modal results. Consequently, three
separate seismic cases must be run - for each
frequency region. For each coordinate direction,
the'modes associated with frequencies below 1/2 fr
are combined by the program, following a rule for
dealing with closely spaced modes.

The modes with intermediate frequencies
between 1/2 fr and fr are added algebraically. That
is, the signs are kept of both the modal
displacements and participation factors. For the
double sum method a correlation coefficient, e,
equal to one would be applied. A grouping
parameter of 50% or more, rather than the default
10%, will force programs using the 10% method to
add modes.

The absolute value of the static seismic
result is added to the absolute value of the
intermediate results in the same coordinate direction.
(Note that the absolute values are necessary to get
an upper bound but are not required to find the
expected value.) This sum is squared and added to
the square of the low frequency result for the same
direction. The same combination is carried out for
the other two coordinate directions. The squares of
the three direction results are added and the square
root of the final sum yields the unsigned seismic
response.

COMBINATION OF LOADS

The seismic load must be combined with
operating loads on the building including the gravity
load. The gravity load produces signed forces snd
moments while the earthquake loads are unsigned.
In a beam element each component of force and
moment produced by the earthquake can have either
sign independently. For beams, two cases may be
evaluated rather than the all 26 possibilities.
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Combine the axial force from the gravity load case
with plus and minus the axial seismic force.
Combine the absolute values of shear forces,
torsion, and moments from the gravity load and the
corresponding absolute values from the seismic
load. These two cases are the most severe axial
compressive load and the most severe axial tensile
load each in combination with upper bound of all
other forces or moments.

This method for evaluating steel beams
can be generalized to concrete beams and to other
structural elements. The simplest criteria for
allowable stresses in steel beams is Chant;. N in
the AISC Allowable Stress Design manual |51 or
the r-les in Technical Manual - Seismic Design
Guidelines for Essential Buildings [6]. Chapter N
is more conservative for weak axis bending.
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OPTIMIZATION OF MATHEMATICALMODELS
FOR SOIL STRUCTURE INTERACTION

Jose M. (Pepe) Vallenas, Chun K. Wong
Cygna Energy Services
1800 Harrison Street
Oakland, CA 94612

and

David L. Wong
ICF Kaiser Engineers, Inc.

1800 Harrison Street
Oakland, CA 94612

ABSTRACT

Accounting for soil-structure interaction in the design and analysis of major structures
for DOE facilities can involve significant costs in terms of modeling and computer
time. Using computer programs like SASSI for modeling major structures, especially
buried structures, requires the use of models with a large number of soil-structure
interaction nodes. The computer time requirements (and costs) increase as a function
of the number of interaction nodes to the third power. The added computer and
labor cost for data manipulation and post-processing can further increase the total
cost.

This paper provides a methodology to significantly reduce the number of interaction
nodes. This is achieved by selectively increasing the thickness of soil layers modeled
based on the need for die mathematical model to capture as input only those
frequencies that can actually be transmitted by the soil media. We have rarely found
that a model needs to capture frequencies as high as 33 Hz. Typically coarser meshes
(and a lesser number of interaction nodes) are adequate.

This work was performed under the auspices of the U.S. Department of Energy by
WINCO under Contract DE-AC07-84E) 12435 and ICF Kaiser Engineers under
Subcontract 218014.

Fourth DOE Natural Phenomena Hazards Mitigation Conference - 1993

811



INTRODUCTION FACILITYDESCRIPTION

Department of Energy regulations for
seismic analysis of massive stiff structures
founded on or embedded in soil media
recommend that the effect ot ?oil-structure
interaction (SSI) be considered.

The computer cost involved in the soil-structure
interaction analyses of large embedded
structures, such as buried waste storage tanks
and vaults, utilizing computer programs such as
SASSI can be extremely expensive. The high
cost of such analyses is related to the highly
computation-intensive nature of the solution
methodology. The computer solution time is a
function of the number of soil-structure
interaction nodes in the SSI model. The
solution time increases as a function of the
number of interaction nodes to the third power.
One effective method for minimizing the
computer time, and thus the cost of analyses, is
to reduce the number of soil-structure
interaction nodes in the model while maintaining
the desired degree of accuracy. Such an
approach requires increasing the thickness of the
soil layers in the soil-structure-interaction model.
The coarser mesh leads to a reduction in the
maximum frequency of response that can be
captured by such model.

In our experience, the reduction in the maximum
frequency of response (cut-off frequency), if
judiciously selected, does not introduce
significant errors into the overall structural
response of the system. This is due to the fact
that the computer or mathematical model can
capture as input only those frequencies that can
effectively be transmitted by the soil media. This
paper provides a procedure that can be used to
optimize the layer thickness in the soil-structure-
interaction models in a manner that does not
compromise the adequacy of the models. This
paper shows that optimized models with coarse
meshes, with much fewer soil-structure
interaction nodes than those with finer meshes
(typically used when selecting 33 Hz as the cut-
off frequency), are adequate for capturing all
relevant structural response.

The High Level Waste Tank Farm
Replacement (HLWTFR) Project at the Idaho
National Engineering Laboratory (INEL)
includes the design of an underground concrete
vault to house four 500,000-gallon waste storage
tanks.

The new tanks are intended for storage of high-
level radioactive waste generated by the fuel
dissolution and separation processes at the Idaho
Chemical Processing Plant (ICPP).

The vault dimensions are 165 feet by 186 feet by
51 feet deep. The concrete vault has five foot
thick walls and a four foot six inch thick roof
slab. The tanks are free standing structures 60
feet in diameter with 24-foot-high walls, and 7
foot high domes. The roof s'.ab of the vault
serves as the floor for the weather enclosure
building (Figures 1, 2, and 3).

Under the project criteria the vault is classified
as a high hazard facility use category structure
when considering seismic loading. This requires
that soil-structure interaction effects be
considered when performing the dynamic
analysis of the vault.

CRITERIA

The HLWTFR Project Design Criteria
for the High Level Waste Tank Replacement
Project (PDC, Reference 1), invokes References
2,3 and UCRL-15910 (Reference 4) for seismic
design requirements. The Project Design
Criteria stipulates that analysis procedures and
acceptance criteria shall be in accordance with
UCRL-15910 (Reference 4) and that the effects
of soil-structure interaction be considered. The
Design Basis Earthquake is defined by a
USNRC Regulatory Guide 1.60 horizontal
spectra (Reference 5) with a zero period
acceleration (ZPA) of 0.24g horizontally, and
0.16gZPA vertically at a rock outcrop.

The Soil-structure interaction analysis
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requirements as stipulated in the NRC Standard
Review Plan (NUREG-800, Reference 6) are
followed. Three sets of soil properties, namely,
best estimate of low strain shear modulus, upper
bound (2.0 the best estimate values), and lower
bound (0.5 the best estimate values) properties,
are included in the final detailed SSI analysis of
the vault.

The ICPP site is relatively flat (at approximately
elevation 4912 feet) and arid. Permanent
ground water is 400 to 500 feet below the
ground surface.

There is a deposit of dense and uniform
sand/gravel mixtures (alluvium) approximately 35
feet thick. The alluvium is under-laid by a hard
volcanic deposit of Basalt Bedrock. The surface
of the bedrock varies in places with a slope of
up to 12%. The best estimates of the shear
wave velocities for the alluvium and the basalt
bedrock are 1,250 ft/sec and 3,800 ft/sec
respectively. Table 1 provides a summary of the
soil properties used in the optimization study
(Reference 7).

ANALYTICALMODELS AND
METHODOLOGY

The methodology for soil layer thickness
optimization can be summarized as follows:

1) Obtain iterated soil properties.
2) Use simplified methods to

estimate frequencies of interest.
3) Develop 2-D simplified models

with fine mesh and coarse mesh
consistent witu expected,
significant response frequencies.

4) Verify on a sampling basis that
transfer functions, simplified
response spectra, and member
forces are adequately captured
by the coarse mesh model.

The computer programs "SHAKE" (Reference
8) and "SASSF (Reference 9, 10) are used to
perform the evaluations.

The SHAKE analysis is used to generate the
iterated strain-compatible soil properties values
(i.e. shear modulus and soil damping) for input
into the SASSI soil-structure interaction analysis
model.

The design basis earthquake is applied at the
basalt bedrock level in the SHAKE analysis.
The resulting convoluted time history output at
free-field from SHAKE is used as the free field
control motion input in the SASSI analysis.

While three sets of soil properties are required
for the soil-structure interaction analysis of the
vault, for the optimization study, crJy the lower
bound soil properties need to be considered.
The lower bound soil properties are die ones
that limit die maximum permissible thickness of
soil layer modeled.

In order to provide a preliminary assessment of
the significant response frequencies for die soil-
structure interaction analyses, the first three
frequencies of die free field soil layer and die
significant frequencies of die vault structure
(assuming a fixed base structure at grade) are
estimated. It is expected diat diese frequencies
will bound die significant soil-structure system
response frequencies.

The dominant frequency of die free-field soil
layer can be estimated as

f1= Ys
4H

where
Vs= shear wave velocity z. 400 ft/sec from die

SHAKE analyses
H = diickness of soil deposit z. 34.5 ft

resulting in ft = 2.89 Hz.

Alternatively, using a uniform shear beam
approach to estimate the higher frequencies:

(Reference 11)

f j_ Xi
2nL

1/2 i = 1.2,3
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where:

A.i = (2i - 1) n
2

/t = soil mass density

K = 10 (1 + v) = shear coefficient for
12 + 11 v rectangular sections

v =0.39 Poisson's Ratio

G - 637 kips/ft2 (from SHAKE analysis)

L = soil column depth

resulting in

t\ = 2.67 Hz

U = 8.02 Hz

The frequencies for the fixed base structure on
grade (Figure 4) were obtained using a 3-D
finite element model. The first and dominant
mode is 15 Hz.

On the basis of these preliminary results, it is
expected that modeling a soil layer thickness
capable of transmitting frequencies of IS Hz or
less would be adequate.

Two 2-D SASSI models are used in the
optimization study. Models with soil layer
thicknesses (i.e.,vertical mesh sizes) determined
on the basis of a maximum frequency of analysis
equal to 10 Hz and 33 Hz (associated with lower
bound soil properties) are defined as models No.
1 and No. 2. Model No. 2, with the finest mesh
size is used as a baseline for comparisons (Figure
5).

The SASSI models are 2-D frame models of the
vault comprised of beam elements and 2-D
plane-strain elements which simulate the soil.
The dimensions and section properties of the
beam elements are such that the fundamental
frequency of the frame (analyzed as a fixed base
structure on grade) is approximately 15 Hz. This
approximates the dominant mode of the

concrete vault structure modeled as a 3-D fixed
base structure on grade. The SASSI models are
half models with a plane of anti-symmetry when
subjected to horizontal ground motion loading.
Models 1 and 2 are shown in figure? 5 and 6.

Table 2 shows the computed frequency points
specified for both models. In order to reduce
the cost of the parametric study, the number of
frequency points specified for the 10 Hz model
is limited on the basis of information gathered
from previous analyses. The results from this
model are sufficient to identify trends in the
comparison and evaluations.

The structural response resulting from each
model is compared to evaluate the acceptability
of the coarser mesh. Evaluation of the
structural response includes comparison of
transfer functions, member forces, and
acceleration response spectra at selected nodes.

As a first step in determining if a coarse mesh
model is adequate for engineering design and
analysis, the ability of the mesh to provide
adequate transfer functions has to be verified.

If a coarse mesh provides transfer functions
identical to the fine mesh, the coarse mesh is
unquestionably adequate.

If a coarse mesh provides transfer functions
different from those obtained using the fine
mesh, but the difference is found only in the
high frequency region, a sampling of amplified
response spectra and member forces should be
compared. It can be found that a coarse mesh
generated transfer function, although not fully
matching the fine mesh transfer function, is
capable of providing adequate engineering
results once the site specific seismic input is
factored into the process. The reason is that
significant structural response in a given
frequency range is obtained only when the input
motion and the transfer function are both
significant in that specific frequency range.
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COMPARISON OF RESULTS

Comparison of Calculated Transfer Functions

Transfer functions were developed for three
key locations in the model: Node 0 at the
finished grade level, Node F at a depth of 37.45
ft below grade (the soil-bedrock interface), and
Node E at a depth of 13.55 ft below the soil-
bedrock interface (the bottom of the concrete
vault).

The resulting transfer functions are provided in
Figures 7 through 9. The Figures show excellent
agreement for Nodes E and F. For Node O, the
10 Hz model, at a frequency of 6.5 Hz shows an
amplification approximately 26 percent higher
than that of the baseline model. However, since
the soil column frequency is estimated to be
about 2.9 Hz, the structural response at 6.5 Hz
is expected to be minor. This expectation has to
be confirmed by comparing amplified response
spectra and member forces.

Note that the reason for the un-smoothed shape
(line segments rather than smoothed curves) of
the transfer function curves is that only the
actual computed values for selected frequencies
are plotted, interpolated values for frequency
points between computed frequency points are
not used in this study. The transfer function
curves will be much smoother when interpolated
values were also included as is commonly done
in the final analysis.

Comparison of Member Forces

Table 3 shows the comparison of member
forces obtained with both models. Forces at the
critical locations are compared. Nodes A
through E are located at the bottom slab of the
model(s) with E being at the intersection with
the vertical wall. Node F is located at the soil-
basalt rock interface at the vertical wall. Nodes
G through J are along the vertical wall at
different elevations and interface with the
adjacent soil. Nodes K through 0 are along the

top surface of the structure. Node O is at the
intersection with the vertical wall and interfaces
with the adjacent soil.

As can be seen, for nodes G through O the
results between the 10 Hz model and the 33 Hz
model compare favorably at all nodes with the
exception of node K. However, magnitudes of
the forces at node K are very small and will not
impact the design of the structure. At nodes E
and F, the comparison shows larger
discrepancies. This is mainly due to the fact that
the 10 Hz model is not adequate to capture
higher frequencies. Since these two nodes are
embedded in the basalt base rock, which is
capable of transmitting higher frequency
responses (beyond 10 Hz), a discrepancy is
found. This discrepancy does not invalidate the
10 Hz mesh because the higher responses in this
region will be captured by the upper bound soil
properties model and will be enveloped in the
final complete analysis results.

Comparison of Acceleration Response Spectra

The structural response of the models is
evaluated at three locations: at the top of soil
deposit (Node O), at soil-base rock interface
(Node F), and at bottom of the structure (Node
E). The acceleration response spectra at these
locations are shown in Figures 10 through 12.
Comparison of the results for model nos. 1 and
2 indicates that there is excellent agreement
between the two in the frequency range of
interest (from 0.1 Hz to 10 Hz).

As shown in the preliminary assessment of
significant response of frequencies using shear
beam theory, the first mode with the lower
bound iterated soil properties, is approximately
2.9 Hz. This indicates that the significant
response of a structure buried in this deposit can
be expected to be in the lower frequency range
(<10 Hz). The soil media will filter out high
frequency excitations from the input. The
acceleration response spectra at Node O shows
that the Coarse Mesh (10 Hz) results compare
very well with that of the Fine Mesh (33 Hz),
even at the high frequency range (10 to 33 Hz).
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This confirms that the high frequency excitation
is negligible for the lower bound soil properties.

The acceleration response spectra at Nodes F
(soil-rock interface) and E (base of vault at
13.55' below interface) also show excellent
agreement between the Coarse and Fine Mesh
models in the lower frequency range, with
significant discrepancies for frequencies above
approximately 9.5 Hz. This is due to the fact
that the basalt base rock has a much higher
shear wave velocity than the overlying soil
deposit with the lower bound alluvium
properties. Rock layers are able to transmit high
frequency excitations which cannot be captured
with the coarser mesh. However, this does not
invalidate the use of a coarse mesh in the final
analysis, because these discrepancies occur only
in the high frequency region. In the final
analysis results from the three sets of soil
properties (lower bound, best estimate, and
upper bound) will be enveloped. The structural
response contribution from the lower bound
analyses will be controlling only in the low
frequency region because high frequency input
will be filtered by the softer soil system. The
final enveloped values in the high frequency
region, will be controlled by the upper bound
analyses. The mesh size of the coarse mesh
model in conjunction with upper bound soil
properties is capable of capturing responses in
the high frequency range (33 Hz).

Table 4 shows a comparison of die maximum
accelerations between the models at different
node points. The results indicate that values
from the 10 Hz model are in good agreement
with those from the fine mesh (33 Hz) model.

COST COMPARISON BETWEEN COARSE
AND FINE MESH MODELS

The 3-D model of the vault (Figure 4) used
in the final SASSI analysis using a soil layer
thickness consistent with a 10 Hz cut-off
frequency consists of a total 1785 interaction
nodes. Of these interaction nodes, 615 are
interface nodes, 455 are intermediate nodes, and
715 are internal nodes. It has been determined

that the coarse model's mesh dimensions satisfy
the size requirements for 17 Hz and 28 Hz
analyses when best estimate and upper bound
soil properties are respectively used.

Table 5 provides a comparison of number of
nodes and Central Processor (CP) time expected
if the cut-off frequency for the analyses using
lower bound soil properties were to be 10 Hz,
15 Hz or 33 Hz. As the soil model layer
thickness decreases, die number of nodes in the
vertical direction increases. The number of
nodes in the horizontal direction also increases
because of the need to maintain a reasonable
aspect ratio for the elements in the model." It
might be possible to use a less restrictive aspect
ratio than the 1:2 used here, but it would
require additional justification. The CP time is
estimated as per Reference 9.

It should be noted that the total cost ratio might
not be the same as the total CP time ratio
because computer services usually provide
significant volume discounts.

CONCLUSIONS:

For the SSI analysis of the embedded vault
structure at the INEL site, a coarse mesh model
corresponding to a maximum frequency of
analysis of 10 Hz for lower bound soil properties
will provide adequate results. The results from
the coarse mesh are comparable to those
provided by a fine mesh model with a maximum
frequency of analysis of 33 Hz.

In general, for seismic SSI analysis of structures
embedded in soil, significant computer cost
savings can be realized by proper selection of a
coarse mesh model. The optimization approach
suggested in this paper is especially suited for
structures embedded in fairly uniform soil media
with low soil column frequencies.
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TABLE I
SOIL PROPERTIES FOR HLOTFR PROJECT

OPTIMIZATION STUDY

Parameter

1. Average Rock Elevation t ft)

2. Unit Weight (Ib/fr1)
In-Siru Alluvium
Inoicu Rock
Backfill

3. Shear Wave Velocity (Wsec)
.Alluvium
Rock

•». Compression Wave Velocity (Vp) (ft/sec 1
Alluvium
Rock

5. Dynamic POIMOU J Ratio (v)
Alluvium
Rock

6. Dynamic Shear Moduhu ( G ^ (lapwfn
Alluvium (at i «• 20 ft)
Basalt

7. Dynamic Young's Moduiiu (tapufr)
Alluvium (at i - 20 ft)
Rock

Best Estimate

4.871

127
150
134.5

1.250
3.800

3.000
7.500

IU95
0.327

6.200
6.700

17.000
180.000
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TABLE 4

MAXIMUM ACCELERAHONS
TABLE 5

COMPARISON OF MESH SIZES FOR VAULT ANALYSIS

NODE

MAX
MIN

A
B
G
0
E
F
G
H
I
J
K
L
M
N
O

HORIZONTAL TRANSLATION (g)
MODEL 1 MODEL 2

(10 HZ) (33 HZ)
0.39*
0.229
0.229

0.382
0.236
0.236

0.229 0.238
0.229 0.23S
0.229
0.229
0.235

0.237
0.237
0.246

0.259 0.260
0.297 0.293
0.335 0.329
0.367 3.355
0.394 | 0.382
0.393
0.393
0.392
0.391

Q.382
0.381
0.381
0.380

ITEM

INTERFACE NODES

INTERMEDIATE NODES

INTERNAL NODES

TOTAL NODES

TOTAL NO. OF OPERATIONS

CP SECONDS (PER FREQ.)

MESH SIZE FOR VAULT ANALYSIS

COARSE

(10 HZ)

61S

455

715

1,785

3.27x10"

2.300

INTERMEDIATE

(IS HZ)

1,530

1.270

3,680

6.480

5.36x10"

37,720

RATIO TO
COARSE

L5

18

5.1

3.6

16.4

16.4

FINE

(33 HZ)

7442

6.946

55,150

69.638

8.81x10"

4.789.980

RATIO TO
COARSE

12.3

15.3

77.1

39.0

2.082.6

2.082.6
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SEISMIC DESIGN & ANALYSIS CONSIDERATIONS FOR
HIGH LEVEL NUCLEAR WASTE REPOSITORIES

Quazi A. Hossain
Lawrence Livermore National Laboratory

7000 East Avenue
Livermore, CA 94550

ABSTRACT

A high level nuclear waste repository, like the one at Nevada's Yucca Mountain
that is being investigated for site suitability, will have some unique seismic
design and analysis considerations. These arc discussed, and a design
philosophy that can rationally account for the unique performance objectives of
such facilities is presented. A case is made for die use of DOE's performance
goal-based seismic design and evaluation methodology that is based on a hybrid
"deterministic" and "probabilistic" concept. How and to what extent this
methodology should be modified to adopt it for a potential site like Yucca
Mountain is also outlined. Finally, die issue of designing for seismic fault
rupture is discussed briefly, and the desirability of using the proposed seismic-
design philosophy in fault rupture evaluation is described.

INTRODUCTION

For a facility design, an ideal method should
be such that the design acceptance criteria anil codes
are compatible with the facility mission, functional
requirements, and safety goals. The design method
should also recognize the uncertainties associated
with the selection and prediction of internal and
external events (including seismic events) that
determine the magnitude of the design loads, and the
uncertainties in characterizing and predicting
fragilities or capacities of structures, systems, and
components (SSCs) that comprise the facility.

In conventional design methods, basic facility and
SSC configuration are primarily determined by their
mission and functional requirements. Typically,
safety requirements are met in the design by
conforming to the provisions of applicable industry-
accepted design codes and regulatory requirements.
Examples of such codes are Uniform Building Code
(UBC) for building structures and components,
American Concrete Institute (ACI) code for concrete
structures, American Society of Mechanical
Engineers (ASME) Boiler and Pressure Vessel Code
for reactor vessels, steel containments, and piping
components. The term "deterministic" is commonly
used to describe such conventional design methods.
It implies that the maximum anticipated loads or
demands are used to design the SSCs, and that the
effects of the uncertainties in determining the loads
and in the capacities of the SSCs are definitely
accounted for by applying safety factors consistent

with accepted practice. Consequently, the use of a.
"deterministic" design method sometimes gives an
erroneous impression that the design loads are
maximum and that, if the acceptance criteria of the
design codes are satisfied, for all practical purposes,
the SSCs will never fail, because "adequate" safety
factors have been provided in the design codes.

The above-described deterministic design
method has been in use for many decades. The safety
factors that are built into the design codes have
evolved through industry's experience. These factors
were introduced primarily to account for the
uncertainties in the prediction of SSC strengths or
capacities; the uncertainties in the loading itself are
not explicitly accounted for. Thus, for SSCs or
facilities in which the anticipated loads are well
defined, or can be predicted with relatively very little
uncertainty, the long established deterministic design
methods are well suited, except that these methods do
not lend to easy determination of risks associated
with a facility. Also, when deterministic methods are
used, consensus on the actual risk associated with a
design is often difficult to achieve when loading from
rare events, such as earthquakes, must be considered.

Since the late 1970s, because of these two
inadequacies of conventional deterministic design
methods, i.e. the inability to realistically account for
very low probability loads and the inability to
establish direct correlation between safety goals and
design codes, the nuclear industry has been searching
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for new design methods. At first, the search resulted
in the use of load factors and variahle acceptance
criteria to indirectly account for the variation in the
probability of occurrence of the loading events. The
use of probabilistic risk assessment (PRA) also came
into vogue. Load factors and variable acceptance
criteria were used to design the SSCs and also to
evaluate their adequacies, but PRA was used only to
estimate the risks associated with critical facilities
(e.g., nuclear power plants) that were already built or
designed. The use of load factors and variable
acceptance criteria are simple and convenient, but
cannot explicitly account for the variation in the
probability of occurrence of loading events. On the
other hand, the use of PRA in an iterative design
process is not practical, because it requires: (a) the
development of component fragility curves, (b)
probabilistic assessment of facility failure resulting
from a large number of component failure scenarios,
and (c) it requires specialized design and evaluation
experience that the average design engineers do not
possess. So, the search for a more suitable method
continued in the 80's.

1 .'sis search resulted in the development of a
performance goal-based design and evaluation
methodology that has been outlined in two
Department of Energy (DOE) documents, UCRL-
15910 [Reference 1] and the draft DOE-STD-1020-
XX [Reference 2], and in two recent technical papers,
one by Kennedy [Reference 3] and the other by-
Nelson [Reference 4]. This author recommends that
the general philosophical basis of the methodology
presented in these documents be used in the seismic
design and evaluation of a high level nuclear waste
repository (HLNWR).

PERFORMANCE GOAL-BASED SEISMIC
DESIGN & EVALUATION METHOD

The primary advantage of the performance
goal-based design and evaluation methodology
described in the documents referenced above is that it
is capable of utilizing the state-of-the-art probabilistic
or hybrid hazard assessment results and the
deterministic design codes and criteria in the national
consensus standards, thus making the implementation
process suitable for average design engineers. The
other major features of this methodology are as
follows:

a. It is based on setting target performance
goals of SSCs that are expressed as annual
probabilities of failure (defined as
probabilities of exceedance of acceptable
behavior limits or unacceptable
performance) resulting from seismic events.
The performance goal for an SSC is set
based on the effects of its postulated failure

on various factors such as health and safety
of people on or off site, risks lo the
environment, facility mission or production
goal, and repair and replacement costs.
SSCs are grouped into four performance
categories based on these factors, and each
performance category is assigned a
performance goal.

b. The methodology is based on a graded
approach such that the seismic hazard level,
risk reduction ratio, the level of
sophistication of seismic response analyses,
and the stringency of design acceptance
criteria and codes are compatible to the
performance goal of the SSC being designed
or evaluated. (Risk reduction ratio is the
ratio of hazard exceedance probability to
numeric.il performance goal.)

c. The methodology uses the site specific
probabilistic seismic hazard curve, the SSC
performance goal, and the applicable risk
reduction factor to determine the design
basis earthquake. For SSCs with less
stringent performance goals, it permits the
use of seismic zone maps from the UBC (or
equivalent model building codes) to define
design seismic loads.

d. The methodology provides i set of
deterministic seismic design or evaluation
acceptance criteria that are based on national
consensus standards or codes, e. g. ACI-349,
ASCE-4, UBC, etc. One such set of criteria
is specified for each SSC performance
category.

e. The numerical performance goals for
various performance categories are set based
on estimated failure rates of UBC - designed
components (for lowest performance
category SSC) and the seismic PRA results
of nbout 30 nuclear power plants (for highest
performance category SSCs).

Thus, for each SSC performance category, a
general description of mission, safety, and cost
requirements are provided: a numerical target
performance uoal is assigned; and a set of design
acceptance criteria is specified. In general, the
application of the method for seismic design requires
the following basic general steps:

Step 1: Determine the performance cntcgory of the
SSCs in the facility.

Step 2: Perform a site-specific hybrid seismic
hazard assessment to develop the seismic
hazard curve and response spectra shape

Fourth DOE Natural Phenomena Hazards Mitigation Conference - 1993

823



applicable for the site.

Step 3: From Step 1 and Step 2 results, define the
applicable Design Basis Earthquake (DBE)
motion.

Step4: Perform seismic response analyses and
design evaluations using analyses methods
and design acceptance criteria applicable for
the SSC performance category.

APPLICATION OF PERFORMANCE GOAL
BASED METHOD FOR HLNWR DESIGN

The performance goal-based seismic design
and evaluation methodology outlined above is
generic in nature and is applicable to a wide spectrum
of facilities and SSCs ranging from general use
buildings to nuclear facilities. The general
philosophical basis of this methodology can also be
used in the seismic design and evaluation of a
HLNWR. However, since a HLNWR will have
several unique characteristics, and since it is likely to
be subjected to a unique regulatory process, it will be
prudent for the facility owner (i.e. the DOE) to
develop a performance goal based seismic design
criteria and methodology document that would
address the seismic design related issues unique to a
HLNWR. A list of such issues together with a brief
discussion and recommendations on each issue is
provided below.

Compatibility between Seismic Performance
Goals and Design Criteria

In the performance goal-based method
presented in references 1 through 4, the target seismic
performance goals, the seismic hazard levels, and the
seismic design criteria are set such that these are
compatible with each other. To achieve this, it was
necessary to estimate the approximate seismic failure
rates of SSCs when these are designed in accordance
with the specific seismic criteria. For example, the
failure rate for PC-1 (i.e. Performance Category 1)
SSCs was estimated from UBC-designed component
performance, and that for PC-4 SSCs was estimated
from the results of PRA and seismic margin studies
of nuclear power plants. Following a graded
approach, the performance goals for PC-2 and PC-3
SSCs were selected in between those for PC-1 and
PC-4 SSCs.

The seismic performance goal value selected
for PC-1 represents the probabilistic failure rate of
UBC-designed (or equivalent) conventional structural
components whose failures are defined in terms of
stresses, strains, forces, or displacements. This is
appropriate for facilities whose seismic performance
is defined primarily by the structural adequacy of

typical building components such as beams, columns,
slabs, etc. But, in a HLNWR facility, especially in
the underground part of the facility, there will be
some SSCs whose mission, safety, and cost
significance may be equivalent to PC-1, but their
design may not be covered by UBC (or equivalent)
type of design criteria, and hence may not be
compatible with PC-1 numerical performance goal.

The seismic performance goal value selected for PC-
4 represents an overall or average probabilistic failure
rate of various types of safety-related SSCs in a
typical nuclear power plant that contribute to the
overall risk of core meltdown or containment breach.
The design criteria and failure modes of these SSCs
vary widi their types. For example: (a) building
components and oilier major structural systems arc
designed by American Concrete Institute (AC1),
American Institute of Steel Construction (AISC), or
American Society of Civil Engineers (ASCE) codes
and standards; (b) Piping and other mechanical
components are designed by American Society of
Mechanical Engineers (ASME) codes, and (c)
Electrical and control equipment are cjsigncd by
Institute of Electrical and Electronic Engineers
(IEEE) codes. Failure modes of uYise various types
of components may be different. It is likely that the
probabilistic failure rates of these of SSCs designed
by various industry codes and criteria are also
different. So, even though the general design criteria
used in the design of safety-related SSCs in a nuclear
power plant is compatible with PC-4 numerical
performance goal, the same may not be true for SSCs
in a HLNWR, whose mission, safety, and cost
significance may be equivalent to PC-3 or PC-2.
This equivalency needs to be studied and consensus
has to be reached, especially for those SSCs whose
failures are not primarily dependent on conventional
structural adequacy. Their design criteria may need
to be modified, if necessary, to make these
compatible with numerical performance goal values
applicable for the seismic performance category.
This recommendation applies also to SSCs whose
failures are primarily defined by their structural
adequacy, but whose configuration and failure modes
are different from conventional structural
components. Examples of such components in a
HLNWR will be concrete tunnel lining, rock bolts, or
an unlined tunnel (which may fracture and become
unstable during a seismic event).

Performance Categorization of Safety-Related
SSCs in a HLNWR

In the performance-goal based design
method of reference 1 through 4, the performance
category of a safety-related SSC is determined based
on the hazard category of the facility. Since the
hazard category of a nuclear facility depends
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primarily on its inventory of radioactive materials, all
safety-related SSCs in a facility with a large
inventory of radioactive material may be placed into
Performance Category 4, irrespective of the failure
consequences of the SSC being categorized. For
small facilities, this categorization method leads to a
simple and conservative design process. But, for a
HLNWR this may result in excessive and
unnecessary conservatism. This may be especially
significant for the SSCs in the underground facility.
If an inventory-based SSC categorization method is
used, many of these SSCs will be placed into PC-4
category, even though the failure of these SSCs may
have very little adverse radiological consequences.
As such, it is recommended that the facility owner
develop a procedure for categorizing SSCs in a
HLNWR using a graded approach such that the
numerical performance goal of an SSC is
approximately proportional to the risk associated with
its failure. Thus, if the failure of an SSC can
potentially result in a large offsite dose or a large
leakage to the ground water, the SSC would belong to
a higher performance category requiring (lie use of an
appropriately lower probability design seismic event.
On the other hand, if the SSC failure results in a very
small or insignificant release or the probability of the
release is very low, it should be permissible to place
the SSC in a lower performance category, even
though the facility may have a large inventory of
radioactive materials.

Implementation of such a procedure need
not be very rigorous and time consuming. The
principle can be applied on a system level first,
instead of at a component level, and all the
components of the system can be conservatively
placed in a performance category commensurate with
the consequence of its failure. However, if designing
some components to the applicable system
performance category is found not to be cost-
effective, these components can be placed into lower
performance category if a system analysis indicates
that their failures have less severe consequences.
Thus, a dose-based criteria would provide the
flexibility necessary for a cost-effective seismic
evaluation program. Even an approximate (but
conservative) estimation of the failure consequences
of a system or a component for the purpose of
gradation and performance categorization will be
enormously useful.

Desipninp Facilities for Seismic Fault Ruptures
A seismic event causes vibratory ground

motions over a large area, and the facilities located
within the affected area are designed to withstand the
loads associated with such vibratory motions. The
performance-goal based design method of references
1 through 4 addresses SSC and facility design for

such seismic vibratory motions.

A seismic event may also cause ground
rupture (differential offset) in the immediate vicinity
of a facility or through a facility. It is a customary
and prudent practice to locate Nuclear Power Plant
type facilities sufficiently away from existing fault
lines or from areas where the potential for ground
rupture at existing fault lines is significant. However,
for certain sites with large facilities, like DOE's
Yucca Mountain Site, for the reasons stated below, it
may not be cost-effective or may not be technically
prudent to try to locate al! facilities and SSCs away
from all potential fault lines:

(i) The failure mode and consequences of
failure of a HLNWR resulting from a fault
rupture are significantly different from those
of a nuclear power plant. For a nuclear
power plant, a fault rupture can potentially
damage the reactor resulting in a core
meltdown, containment breach, and sudden
release of large amounts of radioactivity in
the area surrounding the plant. For an
underground repository, a fault rupture,
unless mitigated through engineered design,
can potentially cause failure of waste
canisters resulting in the spilling of the
radioactive materials into the drifts.
Keeping the potential low for these
radioactive materials to reach the ground
water is the primary mission of a repository
project. Thus, if this mission can be
satisfied by appropriately considering in the
design the consequences of a fault rupture,
this should be permitted. For surface
facilities also, the consequences of a fault
rupture (say, from the structural failure of a
hot cell), can be kept limited to localize!
spillage and the potential risks can be kept
within permissible range through engineered

n.

(ii) The long term objective of isolating the
waste from reaching the environment will be
achieved primarily through geologic
barriers. Thus, the geologic and
hydrological characteristics of a site are of
utmost importance. Potential seismic events
are likely to be small contributors to the
overall risk, or risks from them can be kept
within permissible limits by engineered
barrier systems. Hence, a geologically and
hydrologically desirable site should not be
rejected because of seismic concerns.

Thus, instead of summarily rejecting a
potential site because of nearby faults, following a
"graded approach" philosophy, a design should

Fourth DOE Natural Phenomena Hazards Mitigation Conference- 1993

825



properly weigh the probability of ground rupture, the
relative vulnerabilities of SSCs subjected to the
forces that may result from the rupture, and the
consequences of failures resulting from the rupture.
If the ground rupture probability is insignificant, or if
the combination of (i) SSC design robustness, (ii)
SSC failure consequences, and (iii) the probability of
ground rupture is such that the potential risk is
insignificant, the SSC can be located on or near
potential fault lines.

The design method of references
1 through 4, even though based on the same "graded
approach" philosophy, does not explicitly address
SSC and facility design for seismic fault rupture. It is
recommended that the HLNWR facility owner
develop a criteria document addressing the design
issues associated with fault rupture. Specifically, the
document should address the following issues:

(a) Assessment of site specific hazards
associated with seismic fault ruptures.

(b) The effects of fault rupture induced forces or
displacements on the functionality and
failure modes of safety-related SSCs.

(c) Design acceptance criteria for SSCs when
subjected to fault rupture induced forces or
displacements.

CONCLUSION

A HLNWR project will consist of facilities
ranging from surface facilities with conventional
design life of 50 to 100 years to some sub-surface
facilities or components with unconventional
performance requirements for up lo 10,000 years.
The performance goal-based seismic design
methodology outlined above will be especially
suitable for use in designing such facilities for the
reasons listed below:

(a) This method permits determination of
seismic hazard level, analysis and evaluation
requirements, and design acceptance criteria
that are consistent with the overall safety
goal. In such design methods, the linkage
with the safety goal, even though
approximate, is distinct, traceable, and
rationally established. Since the method is
based on a graded approach, it has the
potential to render the design and
construction cost of a facility consistent with
the societal risk resulting from its postulated
failure. A purely deterministic and
conventional seismic design method, by
comparison, is either unable to rationally

account for relative mission and safety
significance of facilities and unconventional
performance requirements, or at best
accounts for these in an indirect and
arbitrary way.

(b) Some of the SSCs in the subsurface facilities
of a HLNWR that constitute the engineered
barrier system (BBS) may have 10,000 year
performance requirements. The design of
such SSCs will require consideration of very
low probability seismic events. Bui, if the
selection of the design basis earthquake
(DBE) for such facilities is done without
taking into account the relative magnitude of
societal risk and (he cost effectiveness of
risk reduction through IIBS, the DBE may
be set at an unrealistic and arbitrary value.
The use of performance goal-based design
method would eliminate such a possibility.

(c) A potential HLNWR site may have faults
with a very low, but finite probability of
being active over a span of 100 years of
surface facility life or 10,000 years of
subsurface facility life. Purely deterministic
treatment of such low probability
occurrences in facility design will not be
appropriate. On the other hand, the
performance goal-based method of design is
ideally suited to account for events
associated with such low activity faults.

(d) The use of performance goal-based seismic
design method will permit quantitative
assessment of repository seismic
performance (quantity and frequency of
release) with relative ease, and will facilitate
the overall facility performance assessment.
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ABSTRACT

A structural load inventory database (LID) has been developed to support
configuration management at the DOE Kansas City Plant (KCP). The
objective of the LID is to record loads supported by the plant structures
and to provide rapid assessments of the impact of future facility
modifications on structural adequacy. Development of the LID was
initiated for the KCP's Main Manufacturing Building. Field walkdowns
were performed to determine all significant loads supported by the
structure, including the weight of piping, service equipment, etc. These
loads were compiled in the LID. Structural analyses for natural
phenomena hazards were performed in accordance with UCRL-15910.
Software to calculate demands on the structural members due to gravity
loads, total demands including both gravity and seismic loads, and
structural member demand-to-capacity ratios were also developed and
integrated into the LID. Operation of the LID is menu-driven. The LID
user has options to review and print existing loads and corresponding
demand-to-capacity ratios, and to update the supported loads and
demand-to-capacity ratios for any future facility modifications.

INTRODUCTION

The Kansas City Plant (KCP) is managed and
operated for the U.S. Department of Energy
(DOE) by AlliedSignal Inc under Contract No.
DE-AC04-76-DP00613. In response to current
DOE directives and to support future KCP
operations, AlliedSignal has initiated a structural
evaluation program that encompasses the following
three major objectives:

® Copyright AlliedSignal, Inc., 1993
Reprinted by Permission

(1) To ensure life safety at the KCP. In order
to protect plant personnel, the building
structures must have sufficient capacity to
withstand applied loadings. Structural
evaluation, particularly for natural
phenomena hazards, is important since most
buildings at the KCP were constructed well
before the advent of current criteria. In
addition, the results of previous evaluations
were not always consistent with observed
performance.
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(2) To provide information for plant
construction and modification. The KCP
typically has 350 projects a year in design or
installation to modify and update the facility.
To provide timely support for these projects,
there is a need to quickly assess the effects
of facility modifications on structure
adequacy.

(3) To implement a configuration management
database system. Configuration management
is needed to ensure safety and mission
performance of the plant in its existing state
and throughout its remaining life. The
database system incorporates structural
safety aspects of AlliedSignal's configuration
management program.

To accomplish these objectives, EQE
International is developing a structural load
inventory database (LID) of the KCP for
AlliedSignal, starting with a segment of the Main
Manufacturing Building. This database records
existing structural loads, and includes software to
rapid ly genera te s t ructura l member
demand-to-capacity ratios resulting from these loads.
Development of the LID included field walkdowns
and structural evaluations against gravity loads and
natural phenomena hazards. The LID, and activities
performed in its development, are described in this
paper.

MAIN MANUFACTURING BUILDING

The Main Manufacturing Building (MMB)
houses much of the production operations at the
KCP. It was built in 1942 to produce military
aircraft engines for World War II. Over the years,
the MMB's usage and contained commodities (i.e.,
machinery, service equipment, architectural features)
have changed while the original structural
configuration has remained essentially intact.

The MMB is approximately 1,000 feet by 2,000
feet in plan and is divided into different segments by
separation joints. The buiiding segment considered
in the initial phase of this structural evaluation
program is approximately 500 feet square in plan,
with one story above grade and a partial basement.

Above grade, columns are spaced at 40 feet on
centers in both plan directions, creating a series of
nearly identical bays.

The configuration of the above grade structure is
illustrated in Figures 1 to 3. The roof is a concrete
barrel shell that is typically three inches thick. It is
of parabolic cross-section with a total rise of 3'-4".
Its crown is about 26 feet above the floor below.
The meridional axis of the shell is oriented in the
East-West direction. The shell is stiffened by six
inch thick reinforced concrete ribs located at the
column lines and bay third points. The shell and
ribs are supported by reinforced concrete beams and
columns. The columns are founded on spread
footings. In the basement, columns are spaced at 20
feet on centers. The basement ceiling is a twelve
inch thick reinforced concrete slab with drop panels
at the column capitals. Non-structural concrete
block masonry walls are located throughout the
MMB. Some were included in the original building
construction and others have been installed since.

The urgent need for aircraft engines at the start
of World War II was reflected in the structural
design and materials and construction methods.
Because steel was a valuable commodity in wartime
production, the use of concrete was emphasized to
reduce reinforcement needs. Allowable reinforcing
steel stresses were increased to over 24 ksi and 28
ksi by the War Production Board. Individual pours
of the roof concrete covered nearly the entire 1,000
foot width of the building in 80 foot lengths.
Special form work was built for rapid set-up and
removal.

The roof concrete was specified to have a
minimum compressive strength of 2,500 psi. To
permit form removal in 7 days, a relatively rich
concrete mix was used. Limited roof concrete
compressive strength data have been obtained from
more recent core sampling and testing. Values in
the range of about 7,000 psi to 10,000 psi were
obtained. Accounting for the small data set, a
compressive strength having 95% confidence of
exceedance of 6,000 psi was estimated for use in the
structural evaluations. This is an interim value that
is to be validated by additional sampling and testing.
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FIELD WALKDOWN

Basic input to the LID included data on gravity
loads supported by the structure. Field walkdowns
were performed to obtain these data. The scope of
these walkdowns included pipes four inches in
diameter or greater and any other attachments
weighing more than 200 pounds.

Field walkdowns were conducted to identify
loads supported by all structural components,
including the roof shell, ribs, and girders, first floor
slab over basement, and columns. The most
common commodities encountered in the walkdowns
included piping, electrical cable trays and conduit,
service equipment (e.g., HVAC fans, filters, and
ducting), production equipment (e.g., machinery,
test equipment, lab benches), suspended catwalks
and floor-mounted platforms, and architectural
features (e.g., masonry walls, partitions, ceiling
systems).

The walkdown data were recorded on data
sheets. A typical data sheet for a rib is shown in
Figure 4. Data listed included the structural member
identifier, an identification number assigned to each
load, load type (i.e., point load, line load, area
load), a description of the load source, the load
magnitude, and load location relative to a standard
reference point. A sketch was included to provide
a visual record of the loads identified. These data
were subsequently entered into the LID.

In parallel with the load walkdowns,
verifications of the structure as-built and physical
conditions were performed. Differences between the
original design and current configurations were
noted. For example, several openings in the roof
shell have been cut over the years to expand the
HVAC system capabilities. Observed sources of
physical deterioration, such as cracking,
honeycombing, and corrosion, were inspected and
evaluated. The structure is in good physical
condition with respect to its age.

Figure 3. East-West Cross-Section
Through Roof
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Figure 4. Rib Walkdown Data Sheet

EVALUATION CRITERIA

The structural evaluation was performed
following the requirements of DOE Order 6430.1A
[1], UCRL-15910 [2], and the 1991 Uniform
Building Code (UBC) [3]. Applied loads considered
in the evaluations included dead, live, snow,
earthquake, and wind loads. The actual magnitudes
of supported loads identified by the field walkdowns
were used in the evaluations. Live and snow loads
were based on the provisions of ASCE 7-88 [4].

Structural evaluation for earthquake and extreme
wind loads were based on the recommendations of
UCRL-15910. For evaluation against these natural
phenomena hazards (NPH), the MMB was assigned
the Important or Low Hazard category on an interim
basis, due to the potential mission-dependent
significance of its laboratories and production
facilities. This preliminary categorization is
currently being reviewed. For the particular
building segment considered in the initial phase of
this evaluation program, earthquake loads governed
over wind loads.

Load combinations and structural member
capacities were based upon 1991 UBC criteria. The
MMB was built over 50 years ago, and certain
aspects of its construction and detailing are not

consistent with requirements implicit in the current
UBC. Member capacities based upon current
criteria were adjusted to properly account for these
differences.

GRAVITY LOAD EVALUATION

Structural analyses and capacity evaluations of
the gravity load-resisting components, including the
roof shell, ribs, and beams, first floor slab, columns,
and footings, were performed for their inclusion the
LID. Specific, detailed analysis of each unique
structural member of the MMB would be very costly
due to the large number of members and literally
thousands of individual supported loads. Such
analysis would also defy the goal of the LID to
provide a rapid means of assessing the impact of
future facility modifications on structure adequacy.
Accordingly, more efficient analysis methods and
software were implemented in the database to
provide a cost-effective reduction of engineering
effort. Condensation of the MMB structural
evaluation into the LID was based on selective
detailed analyses and approximations. Conservatisms
introduced by approximations can be reduced by
more detailed case-specific evaluation, if desired.

As an example, the development of logic in the
LID for evaluation of the roof ribs is described here.

ROOF SYSTEM BEHAVIOR
The roof structure was originally designed as a

tied arch. In this system, gravity loads induce
compressive membrane stresses in the shell. Lateral
thrusts from the shell are restrained by tie rods
encased in the bottom of the ribs that are continuous
over the length of each building segment. The ribs
were apparently intended to provide a means of
attaching small, nominal amounts of piping and
equipment and perhaps to maintain the shape of the
shell, rather than function as load-resisting members.

Based upon detailed analyses performed by
EQE, the roof shell, ribs, and beams are expected to
actually compose an integral structural system.
Complex behavior of this system is characterized by
coupling between these structural components. Any
specific load on the roof system tends to induce
stresses in the shell, ribs, and beams.
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Because the rise of the barrel roof is relatively
shallow in comparison to its span, significant
resistance against gravity loads is provided by the
ribs. A coupled rib and shell essentially form a
T-beam, with the rib acting as the web and the shell
acting as the flange. The ribs also provide restraint
against horizontal shell deformation since, prior to
significant cracking, the stiffness of the concrete is
relatively high in comparison to that of the tie-rod.

Analyses of the roof system indicate that
tied-arch behavior is unlikely to be developed, and
roof capacity is typically limited by shear at the ends
of the ribs. At the onset of rib shear failure, any
vertical, flexural cracking in the rib is insufficient to
permit the roof system to behave as a tied arch.
Because rib shear failure is relatively brittle, any
stress redistribution leading to tied arch behavior can
probably not be developed. The weights of piping
and equipment that have been attached to the ribs
over the years induce stresses in the ribs, rather than
being carried exclusively by the shell.

FINITE ELEMENT MODEL
Development of a single structural model of the

entire roof is impractical. As a cost-effective
alternative, finite element models of individual bays
were developed and analyzed using
commercially-available Program ALGOR. A typical
bay model is illustrated in Figure 5.

Figure 5. Typical Bay Finite Element Model

Model boundaries were established at the column
lines. The shell was represented by
three-dimensional shell elements and the ribs by
two-dimensional membrane elements. The tie-rods
in the ribs were modeled by one-dimensional truss
elements. The roof beams were represented by
one-dimensional beam elements connected to the
shell elements by rigid links. All concrete members
were assigned uncracked stiffness properties. Any
cracking prior to attainment of the limiting roof
system capacity was found to be relatively limited
and localized.

This basic finite element model was modified to
create models of four different bay types having
different boundary conditions: Interior bay, exterior
bay at north and south building edges, exterior bay
at east and west building edges, and corner bay.

As previously noted, analyses performed indicate
that the ribs behave as T-beams in conjunction with
the shell, and shears at the ends of the ribs limit
gravity load capacity of the roof system. The
cross-section of the rib T-beam was based upon AC1
provisions for effective flange width. Stresses
calculated by the finite element models were
integrated to obtain net axial forces, shears, and
moments acting on the critical locations of the
effective rib T-beam. Ultimate strength capacities
were based on UBC provisions for reinforced
concrete members, including interaction between
axial forces, shears, and moments.

RIB EVALUATION METHODOLOGY
Finite element analysis of each bay of the MMB

for all gravity loads identified in the field walkdowns
would be very time-consuming and expensive.
Furthermore, such analysis is not necessary if the
structure capacity is high in comparison to the
applied loading. Accordingly, detailed analysis
results derived using the roof bay finite element
model were used to develop a simplified rib
evaluation methodology for inclusion in the LID.

Rigorous analyses were performed to obtain
detailed demands due to structure self-weight, roof
live load, and snow load. Because of the broad
variety of loadings from supported components,
approximate rib demands were obtained using an
influence matrix approach. In this approach,
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influence coefficients that relate rib end shears to
unit loads on zones of the root were identified using
the detailed finite element model. Approximate rib
shear demand-to-capacity (D/C) ratios were based on
approximate end shears and approximate shear
capacities, including interaction with concurrent axial
forces and moments.

The approximate rib evaluation methodology was
benchmarked against results for rigorous evaluations
of specific bays and their actual loadings. In some
instances, the approximations introduce some
additional conservatism. This conservatism can be
reduced by specific bay analysis, if desired.

SEISMIC EVALUATION

Seismic evaluation of the overall seismic
load-resisting systems and concrete block masonry
walls were performed following the provisions of
UCRL-15910 and the 1991 UBC. As the KCP was
assigned the Important or Low Hazard category on
an interim basis, seismic forces were based on an
effective ground acceleration coefficient, Z, of 0.15
(UBC Zone 2A) and an importance factor, I, of
1.25.

OVERALL SEISMIC LOAD-RESISTING
SYSTEM

The aboveground structure has two potential
systems for resisting horizontal seismic loads: (1)
Unreinforced masonry shear wall system and (2)
reinforced concrete moment-frame system. Both
systems were considered in the seismic evaluation.
The roof shell serves as a rigid diaphragm that ties
the structure together and distributes seismic forces
to the load-resisting elements. The belowground
portion of the structure has substantially greater
stiffness and strength than the aboveground portion.

The building has numerous masonry partitions
which can function as shear walls. However, they
are relatively weak and brittle since they are
typically unreinforced and ungrouted. Only those
walls for which load transfer through end-bearing
against a concrete column or the arched roof shell
were included in the seismic evaluation. The
in-plane shear strengths of the walls were based

upon UBC allowable stresses for masonry
constructed without special inspection.

In the East-West direction, the building has a
series of moment-frames formed by the roof beams
and columns. Review of the configuration and
spacing of the reinforcing bars indicated that the
frames do not have significant ductility.
Consequently, a reduction coefficient, Rw, of 4, for
an ordinary concrete moment frame was considered
to be appropriate for these frames.

In the North-South direction, moment frame
action is developed by the columns and roof ribs.
However, because the ribs are relatively flexible ana
weak at their connections to the columns, frame
action is provided by the columns acting nearly as
vertical cantilevers. A reduction coefficient of 3,
corresponding to that of an inverted pendulum, was
assigned to this system.

A "pushover" analysis was performed to identify
the actual lateral-force resisting system of the
structure. Lateral forces are incrementally imposed
on the structure, starting with zero force and ending
when the limiting capacity is achieved. As an
example, results for the East-West direction are
illustrated in Figure 6. As shown, initial resistance
is provided by the system of masonry walls. This
resistance degrades as wall shear strengths are
reached, resulting in their failure. Seismic resistance
is then provided by the East-West moment frames.
The structural members begin to reach their force
capacities at the point designated as "Yield" in
Figure 6, which is below the code-required capacity.
Although not permitted by the UBC, accounting for
post-yield behavior would obtain structure resistance
almost equal to code requirements at the point
designated "Fail" in Figure 6.

Detailed seismic analyses were performed to
determine specific seismic demands on the beams
and columns. Resulting values were programmed
into the LID. Routines were developed to enable the
LID to combine seismic forces with those due to
dead and live loads in accordance with applicable
load combinations and calculate corresponding
demand-to-capacity ratios.
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Figure 6. Pushover Analysis Results For the
East-West Direction

MASONRY WALLS
Evaluation of masonry walls against out-of-plane

seismic forces was also performed. Because these
walls are typically unreinforced and ungrouted, their
seismic capacity based on UBC allowable stresses is
extremely low. As a more realistic alternative,
seismic resistance provided by arching action was
considered for masonry walls mortared tightly
against overhead concrete structural members. With
these boundary conditions, the wall spans vertically
as a three-hinged arch. Arching capacity may be
limited by (1) excessive wall slenderness, resulting
in large thrusts in the masonry, (2) failure of
structural components confining the arching wall, (3)
excessive bearing stresses in the wall, and (4)
excessive unreinforced wall openings. Although
arching action is not recognized in the UBC, efforts
are currently in progress to develop evaluation
criteria accounting for this behavior and to obtain
supporting test data.

LOAD INVENTORY DATABASE

The results of the field walkdowns and structural
evaluations described above have been compiled in
the load inventory database (LID). The LID has
been constructed using Program FOXPRO, a general
purpose database program.

LED ORGANIZATION
Organization of the LID and user options are

summarized in Figure 7. The LID consists of two
main databases: (1) Supported loads and (2)
demand-to-capacity (D/C) ratios. Special-purpose
subroutines calculate the D/C ratios for the given
supported loads.

D/C
Database

Figure 7. LID Organization

The supported load database compiles load data
obtained in the field walkdowns. Walkdown data
were processed and entered into the supported load
database. Data stored in this database include bay
and member identification, load identification
number and description, load geographic location
(roof, main floor, basement, ceiling or floor), load
type (point, line, area, dead or live), load
magnitude, load location relative to a standard
reference point, and comments. The supported load
database for the building segment investigated
contains about 7,000 individual loads.

FOXPRO subroutines have been developed to
calculate D/C ratios for structural components of the
MMB given the supported load input. These
subroutines are based upon preparatory structural
evaluations, such as the rib gravity load evaluations
and seismic analysis described above. These
subroutines internally calculate member forces due
to gravity loads, net forces for the design load
combinations, member capacities, and member D/C
ratios.
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Output from the structural evaluation subroutines
are compiled in the D/C ratio database. Individual
sub-databases contain D/C ratios for the ribs, roof
beams, first floor slab, columns, and footings.

LEO OPERATION
The LID is menu-driven. The menu greatly

simplifies operation of the LID, such that it can be
implemented by laymen lacking intimate familiarity
with FOXPRO. The menu also constrains the user
to a limited number of operations, thus reducing the
possibilities of accidental database contamination.

A number of menu options are available for the
supported load database. The Modify option is used
to edit an existing load. The Add and Ignore
options are used to add a new load and delete an
existing load, respectively. These options can be
exercised to reflect future facility modifications.
Any edits introduced by the Modify, Add, and
Ignore options are temporary until they are finalized
by exercising the Merge option. Display of any
subset of data can be obtained by the Filter option.
The Print option provides a hard-copy of all or part
of the supported load database.

Execution of the structural evaluation
subroutines is also performed by a menu. One
option is to execute the entire program sequence.
For the MMB segment considered, this takes about
20 minutes on a 66 MHz 486 personal computer;
that is, the structural evaluation of the entire
building segment has been condensed into a short
amount of time. Alternatively, individual
subroutines to obtain analysis results for specific
structural member groups (i.e., ribs, beams, etc.)
can be executed.

The user can view any of the D/C databases on the
screen. Hard-copies of all or part of any D/C
database can also be printed.

LID APPLICATION
The LID will be used to record the current

building status from a structural perspective, and to
evaluate the structure for revised loads due to future
facility modifications. Additions and removal of
structure loads (i.e., weights of piping, equipment,
etc.) due to planned facility modification projects
will be entered on a temporary basis into the LID.

Revised structural member D/C ratios will be
calculated. Any overstresses will be identified so
that the new equipment can be re-located.

After the facility modifications have been installed,
a walkdown will be performed to verify that the load
data in the LID accurately reflect the as-built
conditions. These load data will then be made
permanent within the LID.

CURRENT ACTIVITIES AND PLANS

Extension of the LfD to other parts of the MMB
is currently underway. Load data have been
recorded in the field walkdowns on pen-top
computers. The load data are being compiled in an
electronic medium, rather than on paper data sheets.
These data can be electronically transferred into the
LID, eliminating the cost and errors associated with
manual data entry. The MMB segments currently
being evaluated have structural configurations
somewhat different than the one described above.
Additional structural analyses are being performed,
and LID subroutines will be developed to
accommodate these new configurations.

AlliedSignal's current plan is to extend the LID
to all buildings at the KCP.
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UPGRADE OF 400,000 GALLON WATER STORAGE TANK AT ARGONNE NATIONAL
LABORATORY - WEST TO UCRL-15910 HIGH HAZARD SEISMIC REQUIREMENTS

Michael J. Griffin
EQE International, Inc.

18101 Von Karman Ave., Irvine, CA 92715

and

Brent G. Harris
Argonne National Laboratory

P.O. Box 2528
Idaho Falls, ID 83403-2528

ABSTRACT

As part of the Integral Fast Reactor (IFR) Project at Argonne National Laboratory -
West (ANL-W), it was necessary to strengthen an existing 400,000 gallon flat-bottom
water storage tank to meet UCRL-15910 (currently formulated as DOE Standard DOE-
STD-1020-92, Draft) high hazard natural phenomena requirements. The tank was
constructed in 1988 and preliminary calculations indicated that the existing base
anchorage was insufficient to prevent buckling and potential failure during a high hazard
seismic event. General design criteria, including ground motion input, load
combinations, etc., were based upon the requirements of UCRL-15910 for high hazard
facilities. The analysis and capacity assessment criteria were based on the Generic
Implementation Procedure developed by the Seismic Qualification Utilities Group
(SQUG). Upgrade modifications, consisting of increasing the size of the foundation and
installing additional anchor bolts and chairs, were necessary to increase the capacity of
the tank anchorage/support system. The construction of the upgrades took place in 1992
while the tank remained in service to allow continued operation of the EBR-II reactor.
The major phases of construction included the installation and testing of 144 1-1/4" x
15", and 366 1" x 16" epoxied concrete anchors, placement of 220 cubic yards of
concrete heavily reinforced, and installation of 24 1-1/2" x 60" tank anchor bolts and
chairs. A follow-up inspection of the tank interior by a diver was conducted to
determine if the interior tank coating had been damaged by the chair welding. The
project was completed on schedule and within budget.

INTRODUCTION

Argonne National Laboratory - West (ANL-W)
is located at the Idaho National Engineering Laboratory
(INEL) near Idaho Falls, Idaho. As part of the facility
modifications at ANL-W to support the Integral Fast
Reactor Project, it was determined that an existing
400,000 gallon flat-bottom water storage tank (TK749)
was potentially inadequate to resist a design basis
earthquake, as defined by UCRL-15910 for a "High
Hazard" facility. This criteria has recently been
published in draft form as Department Of Energy

Standard DOE-STD-1020-92 [1]. A previous study by
Dr. Robert P. Kennedy [2] [3] concluded that
earthquake-induced tank rupture could potentially occur
since the tank was not adequately anchored. Tank
rapture and subsequent flooding could have caused
unacceptable damage to vital components in the Safety
Equipment Building addition to the Fuel Cycle Facility
and the Hot Fuel Examination Facility. The tank was
not originally designed or constructed as a safety class
structure.
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Tank 749 is a 400,000 gallon water storage tank
constructed in 1988. The tank size is 44 feet in diameter
by 37 feet tall. The tank shell is constructed of ASTM
A-283 Grade C steel plate of thickness varying from
0.3810 inches at the base to 5/16 inches at the top. The
roof, and bottom plates are of similar material with
thickness of 1/4 and 5/16 inches, respectively. The tank
shell is supported on a two foot thick by 5 feet 6 inch
tall reinforced concrete ring wall foundation. The
existing tank anchorage consists of eight 1 inch diameter
smooth bar J-anchor bolts located symmetrically around
the circumference.

The objective was to design a conceptual
seismic upgrade to prevent rupture and subsequent loss
of tank fluid contents. The modification design goal was
to satisfy current state-of-the-art design criteria, while
minimizing construction costs and disruption to existing
systems.

In addition, the philosophy adopted in
developing the modification design was to provide
additional conservatism as appropriate, so long as the
incremental construction costs associated with this
additional conservatism would not be excessive. The
objective of including these conservatisms was to ensure
that the tanks will not require any additional
modifications should site seismic design criteria change
in the future, and to eliminate potential controversy in
future independent design reviews.

Functional requirements, general design criteria
[4], and scope-of-work statement [5] for performing a
detailed analysis of the tank and developing methods for
strengthening were prepared by ANL-W. Proposals
were requested from several engineering firms and EQE
International, Inc. was selected to perform the work.

This paper will present the design criteria used
for the tank evaluation, the evaluation and modification
design, and aspects (lessons learned) of the tank
modification construction.

DESIGN CRITERIA

Key areas of the technical approach used for the
seismic evaluation of the tank included the following:

o General design criteria
o Specific tank evaluation

modification design criteria
and

GENERAL DESIGN CRITERIA
The general design basis document used was

DOE-STD-1020-92 [11, "Design and Evaluation
Guidelines for Department of Energy Facilities
Subjected to Natural Phenomena Hazards". The goal of
these guidelines is to assure that DOE facilities can
withstand the effects of natural phenomena. They apply
to both new facilities (design) and existing facilities
(evaluation, modification, and upgrading). The tank
evaluation only included seismic. Wind and Hood were
not included.

The DOE-STD-1020-92 Performance Category
specified for the ANL-W tank is that of PC 4 (High
Hazard per UCRL-15910 definition). A PC4 category is
one where confinement of contents for public and
environment protection are of paramount importance.
This category has an approximate performance goal
annual probability of exceedance of 10 of damage to
the extent that the facility cannot perform its intended
function.

The following summarizes the recommended
earthquake design and evaluation guidelines from DOE-
STD-1020-92 for a PC4 category applicable to the tank
evaluation:

o Median amplification response spectra
o Load factor of 1.15 (unity used)
o Minimum specified material strengths
o Structural Capacity based on ultimate

strength levels

Design Basis Earthquake:
The peak horizontal ground surface acceleration

(pga) corresponding to the PC4 category for the Argonne
National Laboratory - West is 0.2lg (Reference [1],
Table A-2). For the tank seismic modification design, a
0.24g pga was conservatively used consistent with other
on-going design activities at ANL-W. Investigations
into seismicity at the INEL are on-going. The use of
0.24g pga provides additional margin to accommodate
any revisions to site design basis ground motion
resulting from these activities.

The median design site response spectrum used
for the tank seismic evaluation and upgrade design was
based on the hazard models developed and presented in:

o "Natural Phenomena Hazards
Modeling Project: Seismic Hazard
Models for Department of Energy
Sites", UCRL-53582, Rev. 1 |6].
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The design response spectrum is defined at the
free ground surface. Vertical ground motion was taken
to be 2/3 of the horizontal.

SPECIFIC TANK EVALUATION AND
MODIFICATION DESIGN CRITERIA

Four candidate design criteria were considered
for use as the specific tank seismic evaluation and
modification design criteria:

1. American Petroleum Institute Standard
650 Appendix E [7]

2. American Water Works Association
Standard for welded steel tanks for
water storage [81

3. EPRI Seismic Margin Guidelines,
Appendix H Flat-bottom vertical
storage tanks [9]

4. Generic Implementation Procedure,
(GIP) Section 7 Tanks and Heat
Exchangers Review [10]

The first two criteria are typically used for new
tank design. They are the most conservative of the four
methods. However, certain aspects of these criteria are
considered too conservative for the seismic modification
design of existing tanks. The EPRI guidelines are
intended for evaluation of commercial nuclear power
plant tanks for beyond design basis earthquakes, and are
the most liberal of the four criteria.

The GIP criteria were selected as the basis for
the modification design. They are intended for the
evaluation of seismic adequacy of tanks and heat
exchangers at operating commercial nuclear power
plants, but follow closely and are slightly more
conservative than the EPRI guidelines.

The GIP has been developed by the Seismic
Qualification Utilities Group (SQUG) in response to the
Nuclear Regulatory Commission's (NRC) Unresolved
Safety Issue, USI A-46, "Seismic Qualification of
Equipment in Operating Plants" [11]. USI A-46
addresses the adequacy of vital equipment in older,
operating commercial nuclear power plants that were
originally qualified to seismic criteria less stringent than
current licensing criteria. The overall approach to
SQUG's resolution of USI A-46 has been reviewed and
adopted by the USNRC [12] and the Senior Seismic
Review and Advisory Panel (SSRAP) [13].

GIP Guidelines:
The GIP tank guidelines were developed

specifically for large, flat-bottom, cylindrical, vertical,
storage tanks. The guidelines are based on past
analytical evaluations and actual seismic performance
that has identified certain features of tanks which are
more vulnerable to seismic loadings. The specific
features identified and addressed in the guidelines are:

o Buckling of the tank shell
o Anchor bolt strength and embedments
o Anchorage connection between the

anchor bolts and the tank shell (e.g.,
anchor bolt chair, weldments)

o Flexibility of attached piping

The GIP guidelines are consistent with the
philosophy of DOE-STD-1020-92 for PC4 performance
categories. The methodology premise is to insure ductile
response to earthquake ground motion to prevent
collapse or breach of tank pressure boundary integrity
(shell buckling causing tank rupture). Function of the
tank must be maintained.

EVALUATION AND MODIFICATION
DESIGN

This section summarizes the seismic evaluation
and design of the upgrade modification for the ANL-W
tank addressing seismic response, capacity assessment,
and modification design.

TANK EVALUATION
Seismic Response:

The seismic response is expressed in terms of
the base shear, V, and the base overturning moment, M.
The resulting horizontal impulsive modal frequency, Ff,
computed for tank TK749 is:

Ff = 7.36 Hz.

The resulting frequency range to consider for
determining Sa, the horizontal spectral acceleration, is:

0.8 Ff < F < 1.2 F f

5.9 Hz. to 8.8 Hz.

The peak of the design ground response
spectrum ends at approximately 6.2 Hz. This frequency
range encompasses the peak of the design response
spectrum. The resulting horizontal peak spectral
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acceleration, Sa, computed in determining the base shear
and overturning moment is:

Sa = 0.60 g

The tank seismic base shear, V, and base
overturning moment, M computed are:

V = 1455 kips

M = 308.01 x 103 kip-in

Capacity Assessment:
The areas of tank capacity evaluated included

overturning moment, sliding, fluid sloshing, foundation
capacity, and the capacity of attached piping and
nozzles.

Overturning Moment Capacity
The tank overturning capacity is dependent

upon the tank shell buckling stress and the tensile hold-
down forces in the anchor bolts. The two compressive
buckling mode ("elephant-foot" and diamond-shape")
capacities for the tank shell were computed as,
respectively:

(jpe = 12.18 ksi

ffDd = 16.83 ksi

The allowable tank shell buckling stress, <JC, is
computed as 0.72 times the minimum of Ope or ap(j.
The resulting ac is:

ac = 8.77 ksi

The tensile hold-down capacity assumes ductile
behavior of the anchor bolts. A typical anchor bolt size
of 1-1/2 in diameter was selected with reasonable anchor
bolt lengths and shell compression zones to determine
the required number of anchor bolts to resist the demand
overturning moment. The resultant computation
determined that (24) 1-1/2 in. diameter A-307 anchor
bolts would be required to provide an overturning
moment capacity, Mcap, greater than the demand
overturning moment, M. The resultant overturning
moment capacity computed is:

Mcap = 292.1 x 103 kip-iin

The overturning moment capacity reported
above is for a slightly unsymmetrical anchor bolt
configuration yielding a unity check of 1.05. Two
anchor bolts in the pump house region had to be off-set
from a symmetrical placement to accommodate the
discharge piping locations. Additionally, the capacity of
the eight existing 1" diameter smooth bar J-bolts were
conservatively neglected. The ductile response of
smooth bar J-bolts is questionable based on Reference
[10], Section 4 and Appendix C.

The anchor bolt chairs were designed to achieve
the desired ductile behavior of the tank anchor bolls.
The design for the top plate, stiffener side plates, and
weld to the tank shell is straight forward and well
documented. The anchor bolt tie or embedment into the
foundation is discussed more fully below.

Tank Sliding Capacity
The computed resultant base shear capacity,

Vcap, or resistance to sliding of the tank is:

Vcap = 1641 kips

The computed Vcap exceeds the demand level
base shear, V, of 1455 kips using a coefficient of friction
of 0.55 between the tank bottom and foundation. Thus,
the tank will not slide.

Fluid Slosh Height
The convective slosh height. hs, computed is:

hs = 24.8 inches

The resultant freeboard height, hf, is computed
as the height of the tank shell, minus the height of the
maximum tank fluid level, and equal to:

hf = 12 inches

The maximum tank fluid level was based on the
tank level taken at the top of the overflow pipe. Field
data showed that the maximum tank level consistently
recorded varies between 35 and 36 feet yielding a
freeboard height of 24 to 12 inches, respectively. If an
average is used, the freeboard height is 18 inches.

Even though the liquid level surface location
seems to be somewhat variable, the latter estimate of
freeboard height of 18 inches was used. If the freeboard
height is less than 24.8 inches, limited roof damage in
the form of local deformation would be expected;
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however, this was judged to not be of concern with
regard to the objective of preventing tank rupture and
subsequent loss of tank contents.

Foundation Capacity
The existing foundation was checked to verify:

• Net uplift capacity to resist the
expected demand level forces from the
new anchor bolts - stability check.

• Soil bearing pressure under the footing
due to the maximum expected
compressive forces.

• Capacity of the ring wall to resist the
horizontal pressure as hoop tension.

Uplift Capacity.
The foundation was originally designed as a

bearing foundation with little if any regard to horizontal
earthquake forces.

The computed net uplift per unit length of
foundation, Pu p , was found to be:

P u p = 2.87 Kip/ft net uplift

This evaluation suggests that the foundation will
uplift. Even though some uplift may occur, this will
likely not result in tank failure as suggested by
application of the seismic loads in a static manner.
Structure seismic response is a dynamic phenomenon
accompanied by load direction reversals which will tend
to reduce uplift displacements. In addition, the attached
piping can accommodate a certain degree of uplift
displacement without failure. Past earthquake
performance data has not indicated tank failure resulting
solely from foundation uplift.

Further, it may have been possible to perform a
nonlinear analysis to demonstrate that tank failure does
not occur due to foundation uplift. However, following
the conservative philosophy described in the
Introduction, the modification design provides a
hardware solution in lieu of an analytical one. An
additional section of concrete with sufficient mass to
resist the net uplift was designed. The new concrete
section was attached to the existing foundation with
doweled in epoxy anchors.

Soil Bearing Pressure.
The soii bearing pressure was determined using

the additional new concrete section to arrive at the worst

case soil bearing pressure,
pressure, an, is:

The resulting soil bearing

an = 7.2 ksf

The allowable soil bearing pressure originally
specified for this analysis was a conservative 3 ksf.
Although the source of this value is unknown, the 3 ksf
allowable pressure may have been specified such that
settlements under long duration loadings would be
minimized. A subsequent geotechnical investigation
[14] determined a minimum acceptable ultimate soil
bearing pressure of 10 ksf. Depending on the nature of
the subgrade material, the study suggested the ultimate
soil bearing pressure could be as high as 16.5 ksf. The
minimum value yields a factor of safety against soil
bearing failure of 1.4.

Ring Wall Capacity.
The existing ring wall reinforcing steel was

assumed to resist the entire horizontal wall pressure.
The resultant horizontal pressure, Fw a | | , computed on
the existing ring wall foundation is:

Fwall = 6.99 kips/ft

The hoop tension to be resisted by the
reinforcing steel is:

^hoop = ^wall R

= 154 kips

The existing ring wall foundation steel, using
unity load factors was found to be adequate to resist the
hoop tension.

Capacity of Attached Piping and Nozzles
The attached piping for tank TK749 includes the

four main discharge lines located in the pump house and
a drain line located on the north side of the tank. A
walkdown review found the discharge piping to be
supported by typical pipe stanchions adjacent to the tank
such that the attachment to the tank shell does not resist
a significant tributary length of piping. Sufficient
flexibility of the piping was found such that
displacements as a result of possible tank inelastic base
anchorage behavior could be accommodated by the
connected piping. The connected piping has numerous
victaulic couplings which allow limited amounts of pipe
flexibility.
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The overflow line on the north side of the tank
exits the tank, bends and dumps into a catch basin.
Sufficient flexibility in this detail was found to resist
possible displacements as a result of inelastic behavior of
the tank anchors.

MODIFICATION DESIGN
The following summarizes the areas of the tank

capacity evaluation that required strengthening to
demonstrate adequacy to the stated criteria.

o Design and attachment of the tank
anchor bolts to the tank shell and
existing ring wall foundation .

o Design of the new foundation section
to consider:
- Net uplift forces
- Tie to existing foundation

Figure 1 shows a plan view of the tank
modification design and bolt placement.

MEW 24- ! 14 "0
A a (A-307) s

12--O

The anchor bolt embedment detail was designed
to transfer the anchor bolt force into the existing
concrete section. The design of the embedment insured
ductile behavior of the tank anchor bolts. Per the
provisions of ACI 349 [15], Appendix B, the demand
level force on the embedment was based on the anchor
bolt ultimate tensile capacity times the tensile stress area
of the anchor bolt. For a 1-1/2" diameter A-307 anchor
bolt, the demand level force computed is 84.6 kips.

The connection of the A-307 anchor bolts to the
tank shell was through a standard anchor chair detail.
The attachment of the tank anchor bolts to the existing
ring wall foundation used an inverted anchor chair detail
anchored to the existing foundation through an anchor
plate using (6) 1-1/4" dia. HILTI KVA epoxy anchors.
The width of the existing foundation is 24 inches, which
was sufficient to install the six anchors necessary to
resist the anchor bolt demand level forces. Figure 2
shows a section through the foundation illustrating the
method used for installing the new anchor bolts.

— 2O A.B SPACFS
15' ON B.C-

-EDGE OF
TANK SHELL

EDGE OF
EX/ST. FDA/.

•IO"0 EX/ST. P/PE

-EXIST. PUMP HOUSE WALL

Figure 1
Plan view at tank base showing modification design.

6'-O

Fourth DOE Natural Phenomena Hazards Mitigation Conference - 1993

843



The concrete added to the existing foundation
was sized so that its weight balances the net uplift acting
on the existing foundation. Minimum reinforcing steel
in the added mass was required to achieve ductile
response. The new section was 3'-6" wide by 5'-6" with
20 #10 circumferential bars.

The connection tie of the new ring wall
foundation section to the existing ring wall foundation
was through a series of three 1" diameter threaded rods
on 14 in centers located around the tank foundation.
The rods were epoxy grouted into the existing
foundation. The tributary bearing pressure acting on the
new ring wall foundation was used to design the rods.

CONSTRUCTION ASPECTS

ANL-W prepared construction drawings [16|
and specifications [17] based on the sketches and
recommendations received from EQE [18]. The project
was advertised and five bids were received from local
contractors. The low bid was $109,530. This was well
below the engineering estimate. Construction took place
in the Spring of 1992. The main phases of construction
were:

o Excavation to expose the existing
foundation

EXIST.
SHELL

SEE NOTE /

r'4'0 HOLES
FOR 7"0 THRD.
RODS

/•• CMP OUT EX/ST. R/NG FOUNDATION AS SHOWN.
DO NOT EXCEED MAX. D/MENS/ONS SHOWN. /A/STALL ANCHOR
PLATE F/RST, THEN CAST NEW FOUNDAT/ON SHOW /N
F/C. 4-5 AROUND ANCHOR AND ANCHOR PLATE.
NOTE 2: EX/ST CONC. RE/NF SHALL NOT BE CUT.
CUTT/NG OF CONC. W/TH A D/AMOND-T/PPED TOOL /S
PROH/B/TED, USE IMPACT TYPE TOOLS ONL K

Figure 2
Section through tank base showing modification design.
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o
o

o

Installation of the lower anchor bolt
plates and anchor bolts
Installation of dowels into the existing
foundation
Placement of reinforcement bars for
new ringwall
Placement of concrete for new ringwall
Welding of anchor bolt chairs to tank
wall
Painting

EXCAVATION TO EXPOSE THE
EXISTING FOUNDATION

Exterior excavation was done with a backhoe;
however, excavation inside the pumphouse was done by
hand once the floor slab had been removed. This was
somewhat difficult because of the interference of piping
connected to the tank and confined space of the
pumphouse.

INSTALLATION OF LOWER ANCHOR
BOLT PLATES AND ANCHOR BOLTS

Each of the 46" x 26" x 1-1/4" lower anchor
bolt plates was anchored to the existing foundation with
six 1-1/4" diameter Hilti HVA epoxy anchor bolts. The
location of some of the bolts had to be adjusted slightly
due to rebar interference. Placement of the two chairs
located inside the pumphouse was more difficult because
of space restrictions. The epoxy anchor bolts were load
tested by Hilti personnel to a minimum load of 51,540
lbs, twice the allowable design load. Of the 144 bolts
installed, the first ten bolts and 50% of the others were
tested. Every bolt tested successfully passed the test.

In order to install the 1-1/2" diameter by 5 ft.
long anchor bolts, they required modification. The
heads were removed and the ends threaded. A nut was
welded to the bottom anchor chair prior to insertion in to
the existing ring wall foundation. The anchor bolts were
then installed from the top threading them thru the
existing rebar down to the bottom anchor chair.

11,440 lbs, twice the design allowable load. No failures
occurred.

PLACEMENT OF REINFORCING BARS
FOR NEW RINGWALL

The reinforcement consisted of twenty #
circumferential bars with #5 ties spaced at 12 inches on-
center. The #10 bars were bent to the proper radius;
however, problems were encountered where the bars
passed through the existing pumphouse foundation wall.
Some of the bars had to be routed over the footing and
around an existing pilaster column. A lap splice also
occurred in this area.

PLACEMENT OF CONCRETE FOR NEW
RINGWALL

Approximately 220 cubic yards of concrete
were placed for the new ring wall foundation. A pumper
truck was used to place the portion of the ringwall inside
the pumphouse. Backfill was completed once the
concrete was sufficiently cured.

WELDING OF THE ANCHOR BOLT
CHAIRS TO THE TANK WALL

A concern for chair to tank weldments was
damage to the tank interior coating. Mockup welding
tests were conducted to determine if the welding would
damage the paint on the interior of the tank shell. These
tests indicated that paint damage would occur. After
construction was complete, a diver was used to inspect
the interior of the tank. This inspection confirmed that
the paint was blistered.

PAINTING
Areas of the tank exterior, mainly where

welding of the anchor bolt chairs occurred, were
repainted. The tank interior paint was blistered, but not
flaking. It was decided to use as is and repair and paint
the tank interior at the next scheduled outage.

INSTALLATION OF DOWELS INTO THE
EXISTING FOUNDATION

Three rows of 1" diameter Hilti HVA threaded
dowel rods, spaced at 14" o.c, were installed in the
existing foundation. They had a 12" embedment and
projected 15". Construction was normal except where
existing rebar required adjusting the location of several
dowel holes. A total of 366 dowels were installed.
These dowels were also tested by Hilti to a load of

SUMMARY OF CONSTRUCTION
Overall, the construction phase of the project

went very well. The tank remained in service during
construction. The contractor was conscientious and
changes were minimal. Change orders totaled $7562 or
approximately 7% of the bid price. The project was
completed on schedule.
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SUMMARY/CONCLUSIONS

Using GIP criteria specific to vertical storage
tanks, the ANL-W 400,000 gallon water storage tank
was analyzed and strengthened to meet UCRL-15910
High Hazard natural phsriumena requirements for
seismic loading. Modifications included:

o Installation of 24 new anchor bolts to
provide adequate anchorage to resist
the overturing moment

o Increasing the size of the ringwall to
resist uplift forces

The construction phase of the project went
smoothly and the cost to complete the modifications was
considered reasonable compared to the cost of
constructing a new tank. It was not necessary to take the
tank out of service during construction.
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SEISMIC UPGRADE OF THE NOVA CAPACITOR BANK

G. L. Tietbohl
Lawrence Livermore National Laboratory

Livermore, CA 94550

C. S. Patel
Kaiser Engineering, Inc.

Oakland, CA

ABSTRACT

The main capacitor bank for the Nova laser system at Lawrence Livennore National
Laboratory was found to be seismically unsafe after the 1989 Loin a Prieta earthquake.
We developed a method of strengthening the bank which satisfied the current .seismic-
design criteria and minimized the downtime of the laser system during installation.
Before implementation, the design was analyzed by finite element methods and the build-
ing was checked for load capacity. The bank is now upgraded to current seismic standards.

BACKGROUND

The Nova laser system is housed in Building 391 of
Lawrence Livermore National Laboratory and consists of a
100 terawatt neodymium glass laser that can be directed
into two target chambers for inertial confinement fusion
experiments. A large, 60 MJ capacitor bank in the
basement of the laser bay is used to energize the main
stages of amplifiers (see Figure 1). The capacitor bank
consists of 17 rows of steel shelving, approximately 12
feet high and 54 feet long. Each rack has seven shelves per
side that support the capacitors. The capacitors sit on the
shelves freely, and vary in number for each row depending
on the number of cans in a particular circuit (three to eleven
cans per circuit). Each row holds up to 150,000 pounds of
capacitors and the total bank weighs about 1,750,000
pounds. See Figure 2 for a sketch of the bank layout.

Figure 1. Location of Nova capacitor bank in
Building 391

N capantarbank (below)

Figure 2. Layout of Nova Capacitor Bank

Y

•17 rows @ 149,000 lb
each (max)

The racks are constructed of formed and welded sheet-
metal structural shapes, from 0.062 to 0.188 inch thickness
(see Figure 3). The rack columns are hollow, rectangular
tubes (4 x 14 x . 188"), the shelf arms are of U-shape (~3 x
3" x .125"), and the shelves are hollow (1 x 12 x .062").
There are nine columns every 80 inches in a row with shelf
arms attached to opposite sides of each column. The
shelves run from arm to arm. A set of double channels
welded to the bottom of each rack column form an upside
down T-shaped base. Each row has four sets of X-bracing
in each row, consisting of 0.5 inch diameter rods.

laser bay fciove)
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Figure 4:
Typical aisle between
capacitor bank rows.

Figure 3:
End view of capacitor bank row
(capacitors missing from bottom shelf).
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The capacitor shelving was designed by its
manufacturer in 1981 [1] to withstand a seismic load of
0.5W, the seismic design standard in effec' at that time.
This standard required that the structure withstand a
horizontal seismic load of one-half its weight. Current
seismic guidelines require 0.6g loading, which will be
explained below. The rack manufacturer assumed that two,
5/8 inch diameter anchor bolts would be used in each base
pad to connect the racks to the floor. However, in or about
late 1983, LLNL personnel installed the shelving
inadequately. This was not discovered until after the 1989
Loma Prieta earthquake, when we noticed that capacitors on
upper shelves had moved toward the shelf edges. Upon
closer inspection of the bank, we found that the bases were
connected to the floor with only 3/8 inch diameter shot-in
anchors. The peak ground acceleration at LLNL for this
earthquake was about 0. lg. which was about the failure
limit 1'cr this anchor. Upon closer inspection, we
determined that a small fraction of these anchors were
damaged and structurally unsound.

INTERIM ACTION

We performed a preliminary structural analysis [2,3]
of the bank to quickly determine hazard levels. We found
that even in a relatively small earthquake, some of the rows
could topple over and possibly crush someone working in
an aisle. Every other row has four building columns hidden
in the middle of it (but not connected to it). These
columns would prevent a complete domino failure of the
whole bank. However, the other half of the rows contain
no building columns and could fall over onto the rows with
coiuiiins. The impact loads on the building columns would
be significant and could cause damage to the laser bay floor
above. Furthermore, since the capacitors are not connected
to the shelves, they could also fall off the shelves and
injure personnel working within the bank rows.

At the time of this discovery, the $176 million laser
system was being used regularly in a two-shift operation.
A number of steps were then taken to address the bank
problem without completely shutting down the system.
• ersonnel access within the bank rows was immediately
restricted and design of a structural system to upgrade the
bank to current seismic standards was initiated [4]. Other
measures were implemented to reduce the hazard level in the
bank before final repairs could be made [5]. A P-Wave
device for early earthquake detection was purchased and
installed in the bank. This was intended to give personnel
sufficient warning time to evacuate a bank row before the
damaging surface wave occurred. A wheeled, protective
enclave was also designed and constructed for use within the
bank rows. This was intended to provide a safe haven for
workers as well as to prevent row toppling in the bank
occupied area.

Assuming personne1 access was limited to one hour
per week, we then evaluated the hazard level in the bank

with the temporary measures installed. Further structural
analysis determined that personnel could potentially be
killed within the capacitor bank rows in a seismic event of
about 0.2g peak ground acceleration. Assuming that the
permanent seismic upgrade to the bank could be done in
about 6 months, we then made a risk assessment of the
probability of personnel death in the bank due to a seismic
event and compared this to the incidence of highway deaths
[6|. We calculated that the bank death risk was about the
same as the death hazard one faces when driving an
automobile. This seemed to be a reasonable hazard level
such that maintenance work was allowed to continue in the
bank on a limited basis while Ihe permanent seismic
upgrade was being designed.

CONSTRAINTS TO UPGRADING THE BANK

The simplest solution of reholting the bases was not
acceptable because of reasons which will be explained
below. We determined that the best approach to
seismically strengthening the bank lay in restraining the
rack tops to prevent row toppling. However, the limited
space between the top of the racks and the ceiling presented
a major obstacle to implementation of this concept. The
space between the top of the racks and the ceiling is
restricted (3 to 5 feet clearance), depending on whether a
ceiling support beam (18 to 30 inches deep) lies above.
Furthermore, the high voltage cables that connect the
capacitors to the laser amplifiers run upwards through the
center of a row and collect in a large bundle at the top.
They are then routed in various directions to holes in the
ceiling above. Also in this space are electrical conduits,
cable trays, sprinkler piping, and lights that were installed
after the capacitor racks. Since the seismic loads for
restraining the racks are large and require sizable members,
an overhead structural frame was not easily accommodated
in the limited space above.

There were also a number of operational constraints
that affected the design of the bank stiffening. Of primary
concern was the need to minimize shutting down the Nova
laser system to upgrade the bank. Leaving the capacitors in
place on the shelves was desirable because of the large
number of them (about 10,000 capacitors in 1800 circuits).
Similarly, because the coaxial cables required such a large
effort on initial installation for hi-potting, we wanted to
maintain the wiring connections to the capacitors if
possible. Also, the aisle widths needed to be maintained
for fork lift clearance and not reduced by installation of any
structural members (see Figure 4). Any welding or drilling
in the bank needed to be minimized to reduce the chance of
metal particle distribution which could cause shorting
paths. And most importantly, the rows of capacitor racks
had to be electrically isolated from the building and from
each other to 20 kilovolts.
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SEISMIC DESIGN METHOD

After a seismic analysis of the original row, we
developed the design of the seismic stiffening in a series of
iterations. A potential design concept was conceived, a
preliminary static analysis was performed, a series of static
and dynamic finite element analyses (FEAs) were
performed, and then the design was revised as necessary
until all the constraints were satisfied. A description of the
FEA method is included in the Appendix. The Structural
Design Group in LLNL's Plant Engineering Division then
reviewed the building for these seismic loads to verify its
load capacity. The Environmental Group wrote a
categorical exclusion to cover NEPA requirements since no
change in operation of the facility was expected. The Nova
ME Group was responsible for installation of the final
design.

ORIGINAL ROW ANALYSIS

Current seismic design standards for the LLNL site
are addressed in the LLNL Mechanical Engineering Design
Safety Standards (DSS). Since the DSS was under revision
when this analysis began, the seismic design criteria
recommended in an interim ESED memo [7] were used in
the capacitor bank seismic analyses. These guidelines
require a structure in a low or medium hazard facility to
withstand a 0.6g seismic loading, which is the maximum
ground acceleration expected at this site in a once per 1000
year earthquake. If a structure is sufficiently stiff (above 33
Hz fundamental frequency), the seismic design load is then
0.6 times the structure's weight. This is close to the
original capacitor rack design calculations of 0.5W.
However, the seismic load can be much higher than 0.6W
depending on the structure's fundamental frequency of
vibration. This is a result of amplification of the ground
acceleration within the structure due to structural
vibrational resonance with the seismic excitation
frequencies.

Figure 5. Geomatrix response spectra curve of
the LLNL site
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A response spectrum (RS) curve gives structural
acceleration as a function of natural frequency of vibration

(see Figure 5), for a given site-specific seismic excitation.
The Geomatrix RS curve I8| was used for the capacitor
bank analyses, and is valid for ground level seismic
excitations at the LLNL site. Since the capacitor bank is
mounted to the floor of the basement, this RS curve was
used directly to estimate maximum seismic acceleration of
a bank row once the fundamental frequency was calculated.
The zero period acceleration (ZPA) is ().6g, but the peak
acceleration is higher and varies with the structure's
damping. As can be seen on the curve, the peak value of
l.09g occurs from about 2 to 7 Hz for the 10% damping
case. The 10% damping curve was used in all analyses
since the capacitor bank is a bolted assembly, the row
columns would be significantly stressed, and sliding of the
capacitors on the shelves would dissipate energy. This is
consistent with the damping guidelines in the seismic
section of the DSS.

To check the option of rebolting the bases, an FEA
was done to a model of a single unmodified row to
determine its fundamental frequency of vibration. We
calculated that the design seismic loading should be closer
to I .()9g because the fundamental frequency was only about
2.5 Hz. After performing a complete RS analysis (see
Appendix), we found that the base ticdown arrangement was
severely inadequate and should be replaced. If the structure
could be rebolted to the floor securely, the resulting stresses
in the rack structure would then be excessively high. Some
of the members would likely buckle due their noncompact
design (thin walls, large cross-section) before these stresses
would be achieved. And, the stresses in the 8 inch thick
concrete floor would also be excessive due to the large
point loads at the base supports. This would cause floor
cracking and possible failure of the new hold-down bolts.
This data is presented in Figure 6. It should be noted that
the original floor bolts were only rated to a few hundred
pounds each (shear and tension).

Figure 6. Results of original row finite
element analysis with seismic load
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DESIGN OF SEISMIC STIFFENING

A number of seismic upgrade concepts were then
considered for restraining the bank rows. These included:
overhead gridwork connected to the building columns,
overhead cable restraint system, and bracing at the ends of
and between rows. None of these options were viable due
to the stringent design constraints. A design was
eventually developed that fit into the available space and
constrained the tops of the rows. New restraints were added
to the bottoms of the racks to provide sufficient base shear
resistance. Additional FEAs were performed with the new
stiffening to verify allowable stresses in all members.

The main concept of restraining the tops consists of
a six or eight inch square hollow aluminum tube added to
the top of each row. The tubes run in the north/south
direction, as shown in an overall plan layout of the bank in
Figure 7. Aluminum (6061-T6) was chosen for weight
reasons to make installation easier in the limited space, as
we needed to minimize damage to the coaxial cables.
Hoisting heavier steel members into the limited space
would more likely result ir: scraping of the cable
insulation, potentially causing short circuits. The square
tubing restricts motion of the top of the rows, and was
chosen to withstand bending due to east/west forces,
compression due to north/south forces, and a small
torsional load from the offset cap connection to the rack
tops. The presence or absence of building columns in a
row determined the method with which the top square
tubing is connected to the building.

Figure 7. Plan view of capacitor bank rows
with seismic bracing
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In the rows that have building columns hidden in the
middle, the square tubing is connected to short aluminum
weldments hung from the ceiling support beams (see
Figure 8). Connecting the top tubing directly to the
building columns in the middle of a row would have
resulted in excessively high column stresses. East/west
seismic excitations would have imparted moments on the

columns in the weak direction to the neutral axis. Instead,
the hangers are sufficiently strong in the east/west direction
to withstand these loads and transfer them to the ceiling
beams above as a couple with shear. The hangers do have
point contact with the columns to transmit north/south
seismic loads. This imparts bending moments on the
building columns in the strong direction, which results in a
small additional stress to the columns. The tubing is
connected directly to the building columns at the extreme
north and south ends since the loads here are sufficiently
low for the size of these columns.

Figure 8. Seismic bracing of capacitor bank
rows that have building columns
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In the rows without building columns, the square
tubing is similarly hung from the ceiling beams by short
aluminum weldments as shown in Figure 9. These hangers
also resist the east/west seismic forces and transfer the loads
to the floor above. The majority of the north/south loads
from these rows are carried by the short vertical trusses
(also aluminum) at the north ends of the rows. The truss
diagonals direct the north/south loads upward into the
building support beams. The concrete floor above together
with the support beams effectively forms a composite beam
which is sufficiently suong to carry these loads. A small
portion of the north/south loads from these rows is carried
by the rows with building columns. These loads are trans-
mitted through the steel horizontal truss running east/west
at the south end of the bank as shown in Figure 7.

The connection between the top of the racks and the
overhead square tubing had to be electrically insulating as
well as sufficiently strong to transfer the seismic loads. A
phenolic material was chosen as an insulator and designed
to fit inside the top of each rack column (see Figure 10 for
this concept). A stee! plate bolts to the top of the phenolic
plate and the overhead structure bolts to the steel plate.
The phenolic plate must withstand shear forces in two
horizontal directions. There is no upward vertical shear
resistance due to the slip fit, but the cap is restrained from
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upward movement by the overhead square tubing. The
racks are also sufficiently stiff such that the vertical seismic
acceleration is about 0.84g. Therefore, they will not tend
to jump off the ground during an earthquake and cause
upward forces on the insulators. The phenolic insulators
were tested in a tensile test machine to verify their shear
resistance. They surpassed 67.000 pounds shear [9], which
is over twice the maximum expected load.

Figure 9. Seismic bracing of capacitor bank
rows without building columns
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The bottom base restraints consist of U-shaped
brackets that fit around the ends of the rack base beams (see
Figure 11). Between the bracket and the base beam is a U-
shaped fiberglass insulator to isolate the rack from ground
voltage. The bracket is connected to the concrete floor by
two 3/4 inch diameter epoxy-embedded concrete anchors.
These anchors were installed at an angle, as shown in
Figure 11, since the capacitors hang off the front edges of
the shelves and block vertical access to the bases. Angling

Figure 10. Capacitor storage rack top insulator
connection

the anchor bolts allowed adequate clearance for drilling the
6I2 floor holes without removing the capacitors from the
shelves. The base restraints only resist horizontal shear and
do not resist vertical tension like the original base anchor
bolts. This is because the concrete floor is only eight
inches thick and is not able to carry much vertical load.
Paste epoxy was also added between the fiberglass insulator
and the rack base to fill in voids and act as i\ compression
medium.

Figure 11. New seismic restraint at each end of
rack base
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ANALYSIS OF SEISMIC STIFFENING

A finite element model was created of two of the
capacitor bank rows - one with building columns and one
without. This is shown in Figure 12 with the new
overhead stiffening. Only two of the rows were modeled to
simplify the analysis. This method still yields valid results
since there is little coupling of the rows to one another,
except at the south end. The primary modes of vibration
are east/west and north/south oscillations of a row, making
a model of the entire bank unnecessary.

The behavior of the capacitor bank row oscillation is
actually non-linear, since the boundary conditions between
the base and the floor will change with seismic load. This
is due to the design of the base restraints which resist
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horizontal shear only. With a row sitting statically on the
floor, the bulk of the dead load is on the central support of
each base and little load is on the two outside supports. At
a certain horizontal and vertical seismic load, the outside
support will become unweighted and the two remaining
supports will carry the vertical reactions. With additional
seismic load, the central support will become unweighted
and the entire vertical reaction will be carried by a single
outside support. Since the computer system used in the
FEA was limited to linear theory, several boundary
condition cases were made to approximate the nonlinear
behavior.

Figure 12. Finite element model of stiffened
bank using two rows

row w/o building
columns

row w/building
columns

Three different base boundary conditions were
analyzed as shown in Figure 13 to bound the problem.
One boundary condition was used for the dynamic analysis
and two were used for static analyses. The boundary
condition for the dynamic case was chosen to give a lower
bound on structural frequencies and hence an upper bound
on seismic accelerations. For this case, the center of each
base was Fixed in translation vertically but allowed to
rotate, and the ends of each base were restrained in
horizontal translation only (Figure 13a). This boundary
condition assumes that the central base supports carry all
the vertical load and is similar to a simply supported beam.
The fundamental frequency of a simply supported beam is
lower than for a beam with a fixed end condition.
Therefore, the fundamental frequency calculated with this
boundary condition is conservative in that it will result in a
higher g-value than should occur. In reality, however, the
dynamic case boundary condition will not occur since one
end of the base beam cannot pass into the floor, an effect of
base beam rotation.

An RS analysis was done based on this boundary
condition to calculate frequencies of vibration and dynamic
seismic stresses in the structure (see the Appendix). The

following fundamental modes of vibration for each direction
resulted from the frequency analysis:

•E/Wabout4Hz(l.09W)
•N/Sabout6Hz(1.09W)
• Up/Down about 13 Hz (0.84W)

The numbers in parentheses are the loads that were
then used in the static analyses and were taken from the
0.6g ZPA RS curve. This assumes that 100% of the modal
mass is active in the funiLiTiental mode of vibration for
each direction, which is a conservative estimate of the
stresses for the static analyses.

The second boundary condition case was then
modeled to check the static stresses in the structure with
one end of the base fixed in translation vertically and
horizontally, and the center fixed in translation vertically
(Figure 13b). The structure was loaded with the horizontal
and vertical static loads as described above, which should be
an upper bound on the seismic loading. However, we
found that the load on the central support goes to zero at
0.34g ZPA input, where the dead weight is equal to the
uplift. This seismic loading is then the limit for calculating
the stresses in the structure with this boundary condition.
Above 0.34g ZPA, a third boundary condition case applies
where all vertical load is taken by one end of each base (see
Figure 13c). The 0.6g ZPA equivalent static loads were
again applied to the structure with this boundary condition
to calculate the resultant stresses.

Table 1. Stress and load results from the
dynamic and static analyses for
the three boundary conditions:

Base beams:
Bank column:
Bank diagonals:
Top beam (6"or 8"sq):
Ceiling hangers:
Top diagonals:

Base bolt shear:
Top insulator shear:

Maximum
Double

Dynamic Base
16
16
14
30
26
23

7
26

25
9
7

13
11

8

Maximum
8

13

strcssc;
Single
Base
37
16
16
25
22
19

;* (ksi)

Allowable**
36
32
36
35
35
35

loads (kip)
14
25

15
>67***

* M/S(max) + P/A
** yield stress (lower w/buckling) or load limit
*** actual failure load in shear test

The allowable stress for the stiffened bank members
is the material yield stress for bending and tension cases.
The allowable stress for compression loading is lower due
to buckling considerations, and was checked separately.
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ABSTRACT

The ANL-W WIPP Waste Facility Enhancement Project required
substantial remodeling and upgrades to the Hot Fuels Examination Facility
(HFEF) building, including the Hot and Suspect Repair Area (HSRA).

The HSRA is an enclosed single-storied area inside the HFEF. It is
separated into several compartments, some of which are used for handling
radioactive materials. The HSRA roof consists of 18 GA steel Robertson
Q decking with 1.5 in. concrete topping, and is utilized for storage.
Braced steel frames support the HSRA roof, except at the north side,
where the steel beams are connected to the HFEF columns. The HSRA
has hollow block masonry perimeter and interior walls.

Seismic evaluations concluded that the HSRA did not have a competent
seismic force resisting system. The structure was upgraded by decoupling
it from the HFEF framing for N/S motions, modifying two existing braced
frames, adding a new braced frame that can be removed temporarily during
maintenance and strengthening the roof diaphragm by a unique
modification consisting of special epoxy grout and steel plates installed
over the existing concrete roof.
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INTRODUCTION

Argonne National Laboratory - West (ANL-W)
is located at the DOE Idaho National
Engineering Laboratory near Idaho Falls, Idaho.
In preparation for the WIPP Waste Facility
Enhancement Project, AN-W engaged Advanced
Engineering Consultants (AEC) to support the
effort for substantial remodeling and upgrades to
the Hot Fuels Examination Facility (HFEF)
building, including the Hot and Suspect Repair
Area (HSRA). The HFEF, which houses the
HSRA, consists of a 112 ft x 154 ft x 46 ft high
concrete structure. The top floor of the HFEF
supports a 62 ft x 154 ft x 53 ft high braced
frame steel High Bay, and the HSRA. The
HFEF is founded on spread footings on rock,
and the concrete portion is substantially stiffer
than the steel High Bay.

The HSRA is an enclosed single-storied area
Iccated inside the HFEF High Bay, (Fig. 1, 2 &
3). It is approximately 44 ft x 65 ft in plan and
21 ft high, and is separated into several
compartments, some of which are used to handle
radioactive materials. The HSRA roof is
utilized for storage, and is posted for a
maximum load of 100 psf.

The HSRA roof consists of 18 GA Robertson Q
steel decking with a 1.5 in. concrete topping.
The roof is supported by X-braced steel frames
(Fig. 3) supported on the top floor of the HFEF,
except at the north side, where the steel beams
are connected to the High Bay columns. The
HSRA has 6 in. hollow block masonry perimeter
and interior walls reinforced by #4 vertical bars
spaceu <u 32 in. The masonry walls have
nominal horizontal reinforcing mesh in the
mortar joints at 16 in. intervals.

Horizontal seismic inertial loads of the HSRA
roof and walls will first be resisted by in-plane
shear in the block masonry walls because they
are much stiffer than the braced steel frames.
Shear capacity of the walls is controlled by the

mortar strength between the masonry units. The
moment capacity is that of a single grout filled
masonry chamber containing one #4 bar, and
spanning 20.5 ft between the roof and floor of
the HSRA. Capacity calculations show the
walls to be overstressed in out-of-plane moments
by large margins for seismic loads. The walls
are expected to fail at low seismic levels leaving
the steel frames to carry the lateral seismic
loads.

SEISMIC ANALYSES OF
EXISTING STRUCTURE

A 3-Dimensional finite element model of the
HFEF building, including the HSRA area, was
developed to obtain gravity and seismic forces.
The metal deck roof of the HSRA was modeled
as 4-node, quadrilateral plane stress elements.
Steel beams and columns were modeled by 3-D
beam elements. Cross-bracing were modeled as
truss elements. The stiffness of the concrete
block masonry walls was not included in the
model. However, the weight of these walls was
included as lumped masses at the relevant nodes
on a tributary area basis. The self weight of
different HSRA structural elements, including
100 psf load on the roof, was lumped at nodes
on a tributary area basis. The HSRA roof model
was coupled to that of the HFEF High Bay
along the north side of the HSRA.

The effects of the supporting soil/rock medium
were considered in the SSI analyses by
incorporating frequency-dependent lumped
impedance functions of the rock. The
impedance functions were calculated assuming
the basalt rock to be an elastic, uniform half-
space, and the basemat to be a rigid disk of
equivalent area, glued to the basalt rock.

Three components of soil/rock interface time-
histories for the seismic analyses, were obtained
from free-field deconvolution analysis of rock
outcrop motions. Three sets of acceleration time
histories, corresponding to the best estimate,
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upper and lower bound soil profiles, were
developed. The envelope of the spectra from
the three soil cases envelops the 60% design
spectrum, satisfying USNRC Standard Review
Plan recommendations [1].

SSI analysis was performed for each soil profile
using the corresponding 3-component soil/rock
interface motions applied simultaneously. The
results obtained from the SSI analyses were the
maximum forces and moments in each structural
element of the HSRA.

STRUCTURAL EVALUATION
OF EXISTING STRUCTURE

Seismic structural evaluation of the HSRA was
performed per UCRL-15910 [2] load
combinations. Structural capacities of HSRA
steel members were calculated in accordance
with the AISC manual, and of the R/C roof
diaphragm per ACI 349 [4]. Demand/capacity
ratios (D/C) for different structural members
were computed. The acceptance criterion was
that the D/C for each member should be equal
to 1.0 or less for maximum demand from gravity
plus seismic loads.

This evaluation concluded that the existing
HSRA lateral load resisting system did not meet
the acceptance criteria for the combination of
gravity and seismic loads. The braces in N/S
direction frames had D/C of as high as 2.67,
while braces in E/W direction frames had D/C
of less than one. Anchor bolts for all the HSRA
braced frames had D/C larger than 1.0. The
roof has many openings and was found to be
overstressed for in-plane shear. The connections
of the roof to the braced steel frames were
inadequate to transfer roof lateral forces to the
frames.

SEISMIC RETROFIT CONCEPTS

Seismic response of the HSRA from the SSI
analyses was studied for guidance in developing

seismic upgrade schemes. This evaluation
showed that HSRA natural frequencies of
vibration are well separated from those of the
concrete and steel frame portions of the HFEF.
Thus, HSRA seismic upgrades are not expected
to modify the seismic behavior of the HFEF.

The existing HSRA structure seismic response is
characterized by significant torsion. The
principal cause of this torsional response is the
asymmetry of the N/S and E/W lateral force
resisting system. The HSRA E/W lateral forces
are resisted by the steel frame of the HFEF
supporting the north edge of the roof, and the
more flexible B-l and B-2 frames supporting the
east edge of the roof (Fig. 3). N/S lateral forces
are resisted by three frames, two of which (B-4
and B-S) are located on the east side of the
HSRA. The evaluation also showed that the
HSRA was transferring significant lateral N/S
forces to the High Bay columns, which were
causing overstresses in the column anchor bolts.

Discussions with ANL-W staff identified that
access for performing upgrades was not
practicable in much of the west wing of the
HSRA due to contamination. Upgrades that
would puncture the shielding perimeter in these
areas, and/or cause contaminants to be set loose
and become airborne, also had to be kept to a
minimum. Assessment of the upgrade options
led to the following conceptual upgrade scheme:

1. Strengthen the HSRA roof and positively
connect it to the frames such that it will
act as a diaphragm to carry the roof
inertial forces to the lateral force
resisting system at the edges of the
HSRA structure.

2. Add a new N/S braced frame (Rl, in
Fig. 4) at the southwest corner of the
HSRA that is clear of the existing pipes
and conduits on the masonry block wall,
and connect that frame to the roof. The
frame will be detailed such that it can be
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disassembled, as necessary for
maintenance of attachments on the block
wall, and then reassembled.

3. Strengthen, as necessary, braced frames
R2 and RF at the southeast corner of the
HSRA (Fig. 4), connect them positively
to the roof diaphragm and add sufficient
anchor bolts to resist uplift.

4. Decouple the roof from the main High
Bay columns for N/S motions at columns
B-3 and B-4.

This upgrade concept ensured that HSRA
seismic responses would not overstress HFEF
columns, that the HSRA roof would maintain
structural integrity and functionality, and that the
HSRA seismic force resisting system could carry
the roof inertial forces. This concept did not
upgrade the perimeter block walls.

UPGRADE DESIGN

The structural members of the upgrade scheme,
described above, were sized using load estimates
from the seismic analysis results. The upgrade
design is described below:

Roof: Upgrading the roof proved to be the most
challenging task of this project. Traditional
approaches to strengthening a roof diaphragm by
adding reinforcing steel and a new layer of
concrete over the top of the existing roof was
not practicable for this project. This is because
pumping concrete to the roof would have
required penetrating the outside perimeter of the
HFEF building, which utilizes negative pressure
for containment, Furthermore, the pattern of
roof openings (Fig. 4) made it difficult to
reinforce the roof sufficiently to transfer shears
around these openings. These problems were
resolved by a unique strengthening procedure
(Fig. 5), which combined chemical bonding and
mechanical interlock to create a composite

concrete, epoxy grout and steel plate roof
diaphragm.

Initially, the surface of the existing concrete roof
was roughened. Then, 3/8 in. x 3 in. steel ribs
were placed at approximately 8 ft intervals
(creating a grid over the roof), and are attached
to the existing roof concrete by epoxy adhesives
and 1/4 in. HILTI KWIK bolts. Panels of 1/4
in. thick steel plates were then welded to the top
of these steel ribs. Special epoxy cement grouts
were pressure pumped in the gap between the
steel plates and the existing concrete through
holes in the steel plates. Manufacturer specs
confirmed that this compound would bind to the
existing concrete and also to the steel plate.
Steel ribs were also placed around all the
openings in the roof decking and connected to
the steel frames below. The 1/4 in. steel plates
and steel ribs were evaluated for seismic
stresses, and for shear and compression
buckling.

The seismic inertial loads in the existing
concrete roof are transferred to the new grout
layer through interlock over the roughened
surface and chemical bonding. The new grout
layer transfers the in-plane seismic forces
through bearing on the steel ribs and through
chemical bonding to the plate. Calculations
show that either of these mechanisms can
transfer the full seismic load. The steel ribs
transfer the horizontal seismic loads to the plates
across the welds on the edges of the 1/4 in.
plates. The plates transfer the loads to the
braced steel frames through bolted connections.

Decoupling Roof from Main Columns for N/S
Motions: The existing concrete metal roof deck,
in contact with columns B-3 and B-4, was saw-
cut 2 in. clear of the columns. The new 1/4 in.
thick steel roof plates are also 2 in. clear of the
columns. The existing N/S HSRA roof beam
was cut 2 in. from column B-3. Existing angle
bracket and bolts connecting the web of the
beam to the flange of the column were removed.
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A new 1/2 in. thick seat for the beam was
welded to the flange of the column and
connected to the bottom flange of the beam by
two 3/4 in. diameter anchor bolts placed in 1-1/4
in. slotted holes.

Braced Frame Rl: A new N/S braced frame
was designed to be 2 ft away from the existing
masonry block wall in order to clear the piping
and conduits on the wall. The frame has two
bays of 12 ft each and is 20 ft 7 in. high. Each
column is anchored to the floor with four fiush-
mount 1-1/4 in. diameter Maxi bolts. The new
HSRA roof 1/4 in. horizontal plates were
extended beyond the perimeter walls and
connected to frame Rl . Bolted connections
throughout this frame allow it to be
disassembled, and reassembled later as
necessary.

Braced Frames RF & R2: Frames RF and Rl
replaced existing frames B-5 and B-2,
respectively (Fig. 3 & 4). Existing single angle
cross-braces in both frames were removed and
replaced by double angles, base plates were
enlarged and stiffened, and new HELTI HVA
bolts added to resist uplift. Frame R2 was also
extended 5.3 ft and made into a bay frame to
increase its lateral force, and uplift capacity.
The extended bay was braced by a tension-
compression strut.

The stiffness and mass of the upgraded members
were incorporated in the static and dynamic
models. These models were reanalyzed to
obtain new demand seismic and gravity forces.
The new demand loads were combined and the
membv.'j .vcre evaluated to finalize the upgrade
sizes and connection details.

HSRA SEISMIC UPGRADES -
CONSTRUCTION HIGHLIGHTS

After the analyses and upgrade recommendations
prepared by AEC were reviewed and approved
by ANL-W, the upgrade recommendations were

incorporated as part of the construction drawings
and specifications for the WIPP Waste Facility
Enhancement bid package. The construction
contract was awarded to Ovard Construction
who submitted a low bid of approximately
$85OK. Construction began in August 1992 and
was completed in September 1993.

Overall, the construction phase of the project
went well. Following are brief descriptions of
the main problems encountered. Many of these
problems are typical of problems encountered
when an existing facility is modified.

Anchor Bolt Installation: Since the design
called for many new anchor bolts to be installed
in the existing concrete, a rebar locator was used
to help determine where the holes could be
drilled without hitting reinforcing bars. This
was not always successful, and some holes had
to be relocated when rebar was encountered.
Some base plates required modification to fit the
new bolt locations.

Frame Rl: Installation of removable frame Rl
found it necessary to locate the south column 16
in. further north than originally planned, to
prevent blocking a cell access port. This in turn
required modification of the diagonal bracing
members. A small electrical transformer, which
interfered with one of the north diagonal braces,
was also relocated.

Frames R2 & RF: The new tension-compression
diagonal brace in frame R2 was changed from a
double angle to a structural tube, due to a pipe
interference. The connection on the west side of
frame RF, where the diagonal brace connects to
the top of the existing column, was changed
from a bolted connection to a welded connection
since the gusset plate required modification to
prevent interference with an existing cable tray.

Roof Plate Installation: The most significant
construction problems associated with the
seismic upgrades were encountered during
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installation of the roof plate. During
scarification of the concrete, the welded wire
fabric was exposed in some places and [1]
numerous cracks in the concrete were also
discovered. The concrete surface was not level
which made it difficult to use the liquid epoxy [2]
adhesive to bond the 3 in. steel bars to the
concrete. A paste adhesive was used which
worked somewhat better, however, the bond
would brake if too much heat was applied to the
bar during welding. Skip welds were used to [3]
solve that problem. The grout was placed
between the concrete and plate using a pressure
of approximately 10 psi. Additional cutting and [4]
fitting of the plates was required.
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