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ABSTRACT

Several Hanford Site buildings were analyzed using simplified
models to gain insight as to what extent the free field motion of a small-
magnitude earthquake is transmitted into building structures as a result of
soil-structure interaction effects. Building selection included the
Plutonium Processing Plant, B-Plant and the Fast Flux Test Facility
containment which represented a variety of stiffnesses, weights, and embedments.
An artificial time history for the free field has a peak response at 13 Hz.
This motion represents a median for magnitude 4 and 4.5 earthquakes,
respectively.

Floor response spectra were compared with results from analyses
to design basis ground motions using the same structural models.
Considerable attenuation of the small-magnitude free-field motion was
found in the case of stiff, deeply embedded structures. This attenuation is
attributed to kinematic interaction in addition to attenuation with depth in
the free field. Even with such attenuation, there are exceptions where
small magnitude responses exceed design basis responses. They are
generally associated with 10 to 20 Hz modes with vertical motion.

INTRODUCTION
Generally, magnitude 4 to 5 earthquakes

are believed to cause little, if any, damage to
competent structures. In regions near the
epicenter, such small-magnitude events typically
have substantial maximum accelerations, high
frequency content, durations less than 2.5 s, and
few cycles of excitation. The effect on active
equipment having high frequency response
components such as electrical relays may be of
concern. Responses to the free field motion of a
small-magnitude earthquake may be higher at
relatively high frequencies than a design basis,
free field spectrum. Thus, relay chatter or
equipment operability is not immediately
precluded by analysis performed to the design
basis requirements. The purpose of this effort is
to analyze a few typical buildings to gain insight
as to what extent the free field motion is
transmitted into building structures. Soil-
structure interaction effects are the basis of the
analysis. Building selection includes the

Plutonium Processing Plant, B-Plant and the Fast
Flux Test Facility (FFTF) containment. These
buildings represent a variety of stiffnesses,
weights, and embedments.

Earthquake Motions
A small-magnitude earthquake ground

motion is defined in terms of response spectra
for horizontal motion. Based on a median
spectral shape for M-4 motions [1], the peak
amplification is 3.3 occurring at 12 to 15 Hz.
The maximum acceleration is 0.20g in the 200
Area and 0.15g for the 400 Area [2]. Artificial
time histories were generated with 2-s durations.
Figure 1 shows the 200 Area response spectra.
Vertical motion is 60% of the horizontal motion.
The design basis earthquake (DBE) spectrum,
also shown in Figure 1, consists of a Newmark-
Hall median spectrum with a 0.20g ZPA. The
400 Area FFTF design basis motion shown in
Figure 2 has a 0,25g ZPA, and the vertical
component is two-thirds of the horizontal. All
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analyses used surface control motions, i.e., the
spectra of Figures 1 and 2 are to be found at the
surface in the free field solutions,

Buildings Descriptions
Emphasis is placed on buildings in the

200 Area, Only the FFTF containment is in the
400 Area. Building models are approximate,
emphasizing known fixed-base fundamental
frequencies and mass distributions. The intent
was not to duplicate any existing analyses or use
the results for qualifying equipment. Instead,
small-magnitude and design basis solutions were
sought for similar models in order to compare
floor responses at all frequencies. Structural
damping values were generally at 7% for design
basis motions and at 4% for the small-magnitude
earthquake motions. Exceptions are discussed
below. The FLUSH computer program [3] was
used in all analyses.

FFTF Containment
The FFTF containment is a stiff

structure with an 80-ft embedment which is
expected to attenuate the free field motion by
kinematic interaction with the nearly rigid
foundation. The basement, steel containment
structure, crane support and reactor are modeled
with quad elements.

Iteration for strain compatible soil
properties with the small-magnitude motion
produces very large bedrock accelerations which
were associated with strains at about the 150 ft
depth. Thus, bedrock was set at the 140 ft
depth leaving 60 ft of flexible soil between the
basemat and bedrock. The design basis solutions
used a 200-ft flexible soil column.

B-Plant
B-Plant is a narrow, heavy building with

moderate embedment of 22 ft. Some attenuation
with depth is expected. Basement excitation
should be less than the free field, and upper
ievels should appear somewhat isolated. The area
below the deck level was modeled with quads
using shear area rules. Concrete beams were used
in the roof structure of the North-South (NS)
and vertical models. Symmetry was assumed in
all cases. The East-West (EW) direction is so
long that only a one-eighth endpiece of the
building was modeled using constraints to
prevent rotation.

234-5Z
The 234-5Z or Plutonium Finishing Plant

(PFP) is a lightly framed structure on grade.
The flexible NS character of the building is
captured with a simple stick model. Baseplate
and clip flexibilities are modeled with short
flexible beam elements fixed to the column at
one end and restrained against rotation at the
other. Similar considerations were used for the
EW direction, but a shear wall provides a stiff
connection from the ground to the second floor.
Finally, the vertical model consists of a column
with attached oscillators representing floor panel
frequencies of 4, 5 and 6 Hz chosen as typical
of those found in various buildings. The column
is supported on a footing with a soil spring
providing a 15 Hz column mode. A 7%
damping value was used for the baseplates and
clips in the small-magnitude case.

AZ Tank
The AZ tank is a reinforced, concrete

structure with a double-steel liner buried from
-7 to -54 ft. Excitation is expected to be
governed by the free field motion. The tank is
assumed full, but the low sloshing mode
warrants inclusion of only the impulsive mass
which is about half the total in the horizontal
direction. Vertical excitation uses all the fluid
mass. Provision was made for vertical motion of
the overburden which is resisted by arch action
of the roof and circumferential expansion of the
haunch area. A vertical load path was provided
so that the vertical overburden load could be
transmitted down the walls to the basemat at the
outside perimeter.

Any Light Structure
Simple oscillators set to the free field

motions in the 200 or 400 Areas demonstrate
response possibilities to the different motions.

Soil Properties
Soil stiffnesses for the 200 Area were

taken as the upper end of the data for recent
alluvial sands down to 100 ft. Iteration for
strain compatible soil properties was carried out
for the horizontal free field motion, and the
resulting profile was used for both horizontal
and vertical building models without further
iteration. In all cases, a surface control motion
was prescribed.
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SUMMARY OF RESULTS

Embedment Effects
The general character of the small

magnitude and design basis solutions for
embedded structures is illustrated by the FFTF
response spectra shown in Figures 3a and 3b. In
the horizontal direction, the basemat responses to
the small-magnitude excitation are much more
attenuated than the design basis solutions. This
is attributed to kinematic interaction of the rigid
foundation and a small excitation wavelength.
Vertical excitation has a similar attenuation
effect, but not nearly as strong.

Of particular note is the comparison of
responses of a component with its base in both
the small-magnitude and design basis motions.
For example, the FFTF crane support structure
shows a 0.12g response at its base (the operating
deck) in the small-magnitude case and 0.20g in
the design basis case. Yet, the relationship is
reversed at the top of the support structure -
0.84g versus 0.7g - as seen in Figures 4a and 4b.
It appears that the operating deck has more high
frequency content in the small-magnitude case
in spite of showing a lower response, and the
9 Hz crane support structure resting on the
operating deck responds more to the small-
magnitude motion. Thus, conclusions about the
response of a component cannot be drawn
directly from responses at its base.

Maximum Accelerations
Table I summarizes the maximum or

zero period accelerations (ZPA) of resulting
motions at the basemat and surface levels in the
free field and buildings. With horizontal
excitation, there is more attenuation with depth
in the small-magnitude motion. In the FFTF
case, there is a considerable drop from the free
field to the building at the basemat level. These
effects are less pronounced with vertical
excitation.

Exceptions of Greater Small-MagnitudeResponse
By comparing small-magnitude and

design basis floor spectra, a list of exceptions,
where the small-magnitude response exceeds the
design basis response at some frequency, was
generated. There are 21 exceptions out of the
48 locations and directions for the four buildings
studied. All occur at frequencies greater than
5 Hz, and the significant ones involve vertical
motion at frequencies greater than 10 Hz.

From the appearance of these exceptions,
it is concluded that analysis to a design basis
motion does not ensure equipment qualification
in the presence of a small-magnitude motion.
This does not necessarily mean that there are
equipment qualification problems in a building
with equipment analyzed or tested to a design
basis motion. In many cases, Category I
equipment requiring operability during a seismic

Table 1. Summary of Maximum Accelerations (g).

Small-Magnitude Design Basis

Building

FFTF

234

B

AZ

Embed

80 ft

0 ft

22 ft

56 ft

Dir

HRZL
VERT

NS
EW
VERT

NS
EW
VERT

HRZL
VERT

Free
Surf
ZPA

.153

.089

.201

.201

.115

.201

.201

.116

.197

.115

Field
Bsmat
ZPA

.066

.037

.201

.201

.115

.087

.087

.084

.083

.094

Building
Surf Bsmat
ZPA ZPA

.051

.047

.202

.204

.104

.071

.076

.072

.112

.079

.033

.039

.202

.204

.104

.068

.072

.069

.092

.070

Free
Surf
ZPA

.252

.167

.197

.197

.120

.194

.194

.118

.194

.118

Field
Bsmat
ZPA

.150

.153

.197

.197

.120

.142

.142

.112

.148

.114

Building
Surf Bsm
ZPA ZVA

.201

.164

.199

.212

.112

.151

.156

.109

.165

.117

.155

.161

.199

.212

.112

.143

.155

.105

.139

.089
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event has been qualified to rather high response
accelerations. Required response spectra for
equipment testing sometimes are found up to 10
to 20g in the 2 to 8 Hz range, especially if
motion at the equipment base is determined by
cascaded analyses. The corresponding test
response spectra, which must envelope the
required response spectra peaks, usually do not
drop off much at higher frequencies. Finally,
response spectra associated with the above
exceptions are typically narrow- banded and
unidirectional. It is suggested [4] that such
spectra be reduced by a 0.5 factor before
comparing with equipment ruggedness spectra
based on broadband and multiaxial testing.

Peak Response Envelopes
Figures 5 and 6 show the power spectral

densities (PSD) based on the free field motions
used in this study. Strong motion durations (Td)
are typically three-quarters of the total
durations. There is more small-magnitude energy
in the 10 to 20 Hz range compared to the design
basis motions. Response of simple oscillators of
various natural frequencies to the small
magnitude motion at Ig ZPA is obtained, and
the envelope of the response peaks is shown in
Figure 7 along with the corresponding 200 Area
design basis results at the appropriate maximum
accelerations. Similar results for the 400 Area
are in Figure 8. These figures look more like
the power spectral density comparisons than the
response spectra comparisons. The peak response
envelopes could be used to estimate peak floor
responses given modal parameters of a building
with insignificant soil-structure interaction.
Based on the general nature of the results for
embedded structures, it is expected that the
comparison of small-magnitude and design basis
peak response envelopes will give the most
pessimistic exceptions of small-magnitude
response exceeding design basis response.

Structural Integrity
No specific analytical effort was made

herein to investigate structural integrity with
small-magnitude earthquake motions. Instead,
the intent was to provide an idea of how small-
magnitude earthquake motions can be
transmitted into typical Site buildings.
However, discussions are provided, e.g., [5],
which support a rational engineering basis for
neglecting earthquakes with magnitudes below
S.O for nuclear power plants.

Typical fundamental building frequencies
at the Hanford Site are 3 to 6 Hz involving
horizontal motion. Compared to a design basis
motion, it has been shown that a smaller fraction
of the small-magnitude motion studied herein
will get into an embedded structure like the
FFTF containment. Therefore, it is considered
unlikely that the 12 Hz small-magnitude motion
will have a greater damaging effect in the
horizontal direction than the DBE motion having
peak responses in the 2 to 8 Hz range.

Turning to the vertical direction,
frequencies of modes with vertical motion are
generally much higher than those involving
horizontal motion. The engineering
characterisation study of [6] is based on
ductility, and damage tolerance is expressed in
terms of demand-capacity ratios. The highest
natural frequency appearing in [6] is 8.S Hz, and
the demand-capacity ratios for this frequency do
not appear to decrease with decreasing
magnitude as they do for lower natural
frequencies. One might then argue that small-
magnitude earthquakes are important in the
vertical direction. With the possible exception
of floor panels having lower frequencies,
building structures are generally quite strong in
this direction, thanks to dead and live load
design criteria together with the associated load
factors. Thus, it is considered unlikely that
small-magnitude motions will result in damage
to typical site structures.
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