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ABSTRACT

The existing liquid low level waste (LLLW) system at the Oak Ridge National
Laboratory is used to collect, neutralize, concentrate, and store the radioactive and toxic
waste from various sources at the Laboratory. The waste solutions are discharged from
source facilities to individual collection tanks, transferred by underground piping to an
evaporator facility for concentration, and pumped through the underground piping to storage
in underground tanks. The existing LLLW system was installed in the 1950s with several
system additions up to the present.

The worst-case accident postulated is an earthquake of sufficient magnitude to
rupture the tanks and/or piping so as to damage the containment integrity to the surrounding
soil and environment. The objective of an analysis of the system is to provide a level of
confidence in the seismic resistance of the LLLW system to withstand the postulated
earthquake.

INTRODUCTION V*J&&>*>* v'*•"" ;

Fifty years ago last February ground was broken at the X-10 site, a part of the Manhattan
Project in what is now Oak Ridge, Tennessee. Starting just two months after the first self-sustaining
chain reaction, an air-cooled, graphite-moderated reactor was built along with a pilot chemical
separation plant and support facilities. The reactor went critical on November 4, 1943, and plutonium
was produced by the end of that month. Currently, the reactor is a National Historical Landmark
surrounded by the Oak Ridge National Laboratory[l]. As the Laboratory grew out of the reactor site,
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the existing liquid low level waste system grew out of the radiochemical waste stream and retention
facility first provided. This existing LLLW system was recently evaluated for resistance to earthquakes.

A variety of tanks and piping is vital to the safety of the system. A seemingly larger variety of
analysis and evaluation methods were chosen to evaluate the safety of the components efficiently and
in accord with requirements. A description of selected methods and general results are presented.

The LLLW system begins with 23 collection tanks, each located near major sources of
waste[2]. Several miles of pipe connect the collection tanks at each generator facility to an evaporator
facility and from the concentrated side of the evaporators to storage tanks. The collection tanks are
typically stainless steel, built in accord with Section VIII of the ASME Boiler and Pressure Vessel
Code, and buried underground. Seismic design was not required at the time the tanks were installed.
The piping, which is all stainless steel, is buried in the ground. Some of the piping is doubly-contained.
Two evaporator vessels, evaporator service tanks, and the main storage tanks are all located in
underground vaults with shielded concrete covers.

ANALYSIS CRITERIA

The seismic analysis of the LLLW system is a part of a formal safety analysis of the LLLW
system. The United States Department of Energy (DOE) requires a demonstration that existing,
hazardous facilities meet the requirements for the design of new facilities. If not, the incremental risk
of operating the existing facility is determined. New facility designs comply with the DOE General
Design Criteria (GDC)[3]. This criteria document provides general worker safety by deferring to
pertinent national consensus safety codes such as building codes or ASME pressure vessel and piping
codes. Special considerations and more detail are provided for non-reactor nuclear facilities.

A graded approach is defined with the severity of requirements for design and analysis
correlated with the quantity and dispersability of hazardous material. The most vital elements in
preventing a major loss of confinement are further identified as Safety Class Items and are given the
most stringent requirements.

This graded approach is applied to seismic analysis by the Lawrence Livermore National
Laboratory report UCRL-15910[4]. Except for office buildings and other general-use facilities the
grades are: low, medium, and high hazard use. UCRL-15910 defines a risk goal for each of the hazard
levels. The risk goal is met by prescribing a calibrated analysis method, one for which the general
margin of safety on failure is known, then picking the appropriate natural hazard level from a curve of
hazard level versus probability of exceedance.

The analysis methods are conventional, linear elastic ones which are familiar to seismic analysts.
For example moderate and high hazard facilities can be evaluated by the methods in ASCE 4-86[5].
This approach avoids the difficulties of calculating points of failure; and, if a component in an existing
structure does not meet the design criterion after using the prescribed analysis method, it is easy to
calculate the added risk.

Seismic analysis began before the appropriate hazard level of the LLLW system was determined.
Either moderate or high hazard were possible so high hazard was chosen to reduce rework. From
UCRL-15910, the design seismic level for high hazard facilities in Oak Ridge is 0.32 instrument-peak,
zero-period, free-field, ground acceleration. This acceleration corresponds to a 2 x 10"4 annual
probability of exceedance.

The seismic analyses of the LLLW components were divided into four categories: piping, buried
collection tanks, tanks in vaults, and concrete plugs covering the vaults. Each category posed distinct
analysis problems.



PIPING

The predominant seismic loads on buried piping are described in ASCE 4-86. These loads are
caused by strain incompatibility between the pipe and the soil deformed by a seismic wave travelling
in the soil. Three different seismic waves are considered: a compression wave, a shear wave, and a
Rayleigh or surface wave. Basically, the pipe is assumed fixed and the maximum displacement of the
soil is imposed on the pipe. For a compression wave the displacement imposed grows from zero for
zero-length pipe to a maximum of twice the wave amplitude for pipe one-half wave length long. The
soil motion is transverse to the length of a pipe for a shear or Raleigh wave travelling along the pipe
and these waves induce curvature in the pipe. Stresses are greatest for a compressive wave traveling
with a pipe except when the limit of friction between the soil and pipe is exceeded. The most difficult
cases are where the pipe is anchored by a bend or a branch at a tee connection since soil can apply
pressure to the offset leg or branch which is more effective than friction. Then the branch is treated as
a beam on an elastic foundation as described by Goodling[6].

The standard chosen for evaluating stresses in pipe was Subsection ND: Cbss 3 Components
of the Boiler Code[7]. This Code does not directly address requirements for buried pipe, but the
stresses induced by soil motion can be considered anchor loads. The high hazard design earthquake is
equivalent to the safe-shutdown earthquake (SSE) of the commercial nuclear industry and is compared
to the Level D service limit in the Boiler Code. Subsection ND allows ignoring anchor loads for Level
D service limits. However, the soil loads were treated like seismic inertia forces, and stresses were
compared with a service limit of 3Sh, three times the material allowable stress at temperature.
Subsection ND explicitly defines seismic load as half the range of the seismic load.

Great simplification of the pipe evaluation task was possible by grouping the pipe components
and evaluating each group. First, all doubly-contained pipe was excluded since soil could not load the
inner pipe and only one redundant barrier need be considered according to the GDC. Stresses in the
remaining straight pipe are less than stresses at bends or tees. If the bends or tees for each size of pipe
meet requirements, then the straight pipe will also meet new design requirements.

The three generic cases where a pipe is anchored by a bend or branch are shown in Fig. 1.
Goodling's equations were coded, representative soil properties were obtained from testing done over
many years, and the various pipe sizes and combination of pipe sizes were checked. In following the
Code stress equation, intensification factors were used which were obtained from fatigue tests and
adapted by the ASME. In part because of these conservative intensifications, very large stresses were
calculated for tees with smaller branch sizes than run size of pipe. For a 2-in. (nominal) branch from
a 4-in. line, a stress of 173,000 psi was calculated (assuming elastic behavior) compared with an
allowable stress of 47,100 psi. The few tees with different run and branch sizes failed the Code
requirement.

Short runs of some of the piping are located in shielded valve boxes. These sections of pipe
were considered generically by calculating the stresses produced by the earthquake according to the
Code equation. For each size of pipe, the longest span for the valve boxed was assumed and a valve
was located at the center of the span. The peak acceleration from the response spectrum was multiplied
by 1.5 (per ASCE 4-86) to account for possible closely spaced modes. This bounding acceleration was
multiplied by the mass of the pipe span and valve. Moments were combined from two horizontal and
the vertical direction (taken to be two-thirds of the horizontal load) by root-mean-square. Calculated
stresses were acceptable.

DISCLAIMER
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Fig. 1. Buried Piping Anchored by Bends or Tees

BURIED COLLECTION TANKS

The features of the buried collection tanks can be seen in Fig. 2. A vertical tank is shown but
eight of the tanks are horizontal. In either case, all penetrations of the vessels are through the top so
the tanks cannot be drained inadvertently. The contents must be pumped out of the tanks. The buried
tanks are supported on a concrete saucer with a sump at its low point and a well which extends up to
the ground surface to allow sampling to detect any leak from the tank. Crushed stone is packed around
the tank up to its top. Each tank has a level detector and a high-level sensor which are monitored. The
tanks are vented, either to the hot offgas system or through a high efficiency filter.

The seismic loads on buried tanks were expected to be minor compared to the steady overburden
load. Perhaps for this reason, there is little guidance for completely buried structures available among
the seismic design codes. The criterion used to select steel culverts for placement underground was
chosen because it is conservative for relatively short, cylindrical tanks, and it is based on broad practical
experience.

Testing the buried tanks to confirm quality and lack of corrosion is very difficult and could not
be accommodated for this analysis. However, the general corrosion resistance of the stainless steel
makes it very unlikely that seismic resistance is affected by the time-in-service of the tanks.

For the geometries of the tanks under consideration, elastic buckling governed. The buckling
stress equation for culverts is

f. = 12E/OCD/X)2,



where fc is the buckling stress, E is the elastic modulus of the tank material, D is the tank diameter,
r is the radius of gyration of the tank wall, and K is an empirical factor depending on soil and
compaction quality[8]. K was chosen to be 0.27 which is near excellent quality based on the
advantage of the gravel and of the support provided by the ends of the tanks. The stress produced in
each tank was calculated by dividing the product of soil density, depth, seismic amplification, and
diameter by twice the tank wall thickness. The stress produced by the soil on all of the tanks was less
than the tank wall buckling stress. The tanks were also checked for axial elastic and plastic buckling
and for buckling of their heads.

TANKS IN VAULTS

The LLLW system contains several collection and storage tanks each supported on two saddles
in a conventional manner but located in concrete vaults just below the surface of the ground. The tanks
in the vault under the evaporator facility, including the two evaporator vessels, are vertical tanks
supported by structural steel legs. The massive vaults will move with the ground during an earthquake,
and the tanks will respond essentially as though they were mounted at ground level. The specifications
for the newest group of the saddle-supported tanks included a static seismic load of 0.15 times the
acceleration of gravity. However, even for a 0.32 g acceleration, according to UCRL-15910 the only
issue for rigid equipment like the saddle-supported tanks is the capability of the anchorage. The vertical
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Fig. 2. Typical LLLW Collection Tank



tanks did not qualify as rigid since natural frequencies were found low enough to be amplified by
earthquake motion.

The anchorages for the saddle-supported tanks were evaluated by applying the seismic inertia
force through the geometric center of the tank. Bolts, embedded in the concrete base slab pass through
holes in the base of the saddles. The holes are slotted at one end of the tanks to allow unrestrained
thermal growth of the tank. Since only half of the anchor bolts are effective in restraining the tank from
moving in the axial direction, that direction is critical. The frequency of the filled tank in the axial
direction was calculated to be at least 30 Hz. which is higher than the frequency content of earthquakes,
especially distant ones. This makes the tank relatively rigid, and the earthquake force is equal to the
zero-period seismic acceleration times the weight of die filled tank. In this circumstance, the moment
of the seismic force was not sufficient to cause uplift at the anchors. The shear capacity of the anchors
was shown to be able to resist the horizontal earthquake force. Also, the saddle base plate and the
gussets in the saddle were shown to resist the axial seismic force.

Dynamic, seismic analyses were carried out on the vertical tanks, including the evaporator
tanks. Slosh of the fluid can apply impulsive forces during an earthquake and dynamic models of the
fluid effects were included in finite element models of the tanks.

The finite element model of one evaporator vessel is shown in Fig. 3. The tank shell was
modeled by plate elements while the legs were made up of beam elements. The fluid was represented
by masses attached to the structural model by spring elements and rigid elements. Fluid masses were
obtained from a method similar to that in ASCE 4-86, and the connecting springs were tuned to produce
the expected frequencies of fluid motion.

During use, the evaporator is filled to no more than 35% of capacity. With this level of fluid,
the tank wall stresses, moments and forces in the legs, and the shear and tension on anchors were
calculated for three load sets. A response spectrum analysis was used on modes of the system up to 100
Hz. Not all of the system mass was included, so a static earthquake force was applied in proportion to
the mass missing in the modal analysis in each coordinate direction. Finally, the static, gravity load was
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Fig. 3. Finite Element Model of an Evaporator



applied and the loads sets were combined. The joints between the legs and the tank were evaluated by
applying the interface forces calculated from the large scale finite element model to a local finite
element model of the joint.

The seismic stresses calculated in the evaporator met design requirements. However, two of the
evaporator service tanks, which can be nearly filled, were found to not comply.

CONCRETE PLUGS

The reinforced concrete plugs that cover the tank vaults are considered because, if the plugs fail
in an earthquake, they may fall and damage the tank below. Of course, properly designed plugs can
easily withstand an additional seismic inertia force. The real concern is for die plugs over the evaporator
equipment inside the evaporator building. The building has unreinforced 12-in. thick concrete masonry
walls which extend 26 ft over the plugs. If die building fails in an earthquake and the walls fall, the
plug must support the falling wall in addition to the earthquake loads. Although the building may resist
the evaluation earthquake, it was decided to assume that the building failed and to rely on the plugs to
support the falling wall.

The Concrete Nuclear Safety Structures Code, ACI 349, includes special consideration of
impact[9]. Only the energy balance method is mentioned for the impact of missiles no harder than
the concrete. Experimental evidence[10] shows that the energy balance is less accurate and much
more conservative than a momentum balance approach. Momentum balance requires the duration of
impact. There was no simple way to predict impact duration, so additional conservatism in analysis was
introduced.

Figure 4 shows the cross-section of the most critical plug. Free span is 14 ft 6 in. with simple
supports. A section from the highest part of the wall was assumed to fall and cover the plug.
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Fig. 4. Cross Section of Reinforced Concrete Plug

Conservation of energy yields the impact velocity, v,, of the falling wall.



The wall was expected to impact plastically. Just after the impact the velocity of the wall and plug
together is

v 2 = vx(Mv/Mv + Afp),

where Mw is the mass of the wall that covers the plug and Mp is the effective mass of uV plug.
According to Biggs[ll], the effective mass of a simply-supported b'sam is one-half of the total mass
based on a cubic deflection function.

The energy after impact is absorbed in the strain energy of the deforming plug. Elastic
deformation of the plug with insignificant crushing of the impacting wall was assumed. Roark and
Young[12] provide an approximate relationship between the vertical deflection of the plug, dj, and
stress, <J;, produced by vertical impact of a body falling a distance h compared with the deflection, d,
and stress, a, produced by the static weight of the same body, That is

djd = VJQ = 1 + Jl + 2h/d.

Since v2 = 2gh,
dj/d = at/a = 1 + Jl + v2/gd.

The velocity after the impact, v2, was used to account for the significant added mass of the falling wall.
The static deflection of the plug was calculated using the mean of the gross and cracked linear-

strain moments of inertia of the section. Dynamic strengths of the concrete and reinforcement from ACI
349 were used. The bending capacity at midspan was calculated based on cracked properties with
ultimate strength of the concrete and steel at yield. The bending capacity was reduced by the factor 0.8S
per ACI 349.

Several ductility requirements are imposed by ACI 349 before this capacity is valid. The shear
capacity must exceed the bending capacity by 20% or the shear is critical. First, the bending capacity,
Mu, was restated in terms of a uniform load, R,,, using

Mu = Rul/8.

Although ACI 349 usually allows checking shear capacity inboard of the supports, because of the abrupt
change of depth at the support, the shear capacity was checked at the support. The factors from ACI
34^ were used to find the dynamic shear capacities of the concrete and the steel at the support cross
section. The demand/capacity ratio including seismic, gravity, and impact loads was 2.52, whereas ACI
only allows 1.60. Hence, this plug fails the shear criterion.

Now the seismic capacity of the building wall and supporting frame has to be determined.
Therefore, the risk of collapse of the critical plug is the same as the risk of failure of the top of the
wall.

SUMMARY

A variety of structural analysis methods was used to evaluate the seismic resistance of a complex
system used to store, convey, and process hazardous material. The system was compared with
requirements developed after the components were designed and installed. A few of the components
failed to meet the current requirements for new design based on the chosen analysis methods. The
analysis methods may contain unnecessary conservatism but justification was not available for more
accurate procedures.



ACKNOWLEDGEMENTS

The technical contacts for this work were M. A. Green and J. H. Platfoot of System Safety
Engineering and J. S. Baldwin and J. J. Maddox of the Office of Waste Management and Remedial Ac-
tion Division. We appreciate their confidence.

REFERENCES

1. F.G. Gosling. The Manhattan Project: Science in the Second World War. Washington,
D.C.:DOE/MA-0417P, U. S. Department of Energy, August 1990.

2. F.T. Binford and S.D. Orfi. "The Intermediate-Level Liquid Waste System at the Oak Ridge
National Laboratory, Description and Safety Analysis," ORNL/TM-6959. Oak Ridge
National Laboratory, 1979.

3. "United States Department of Energy General Design. Criteria," DOE 6430.1 A, United
States Department of Energy, 1989.

4. R.P. Kennedy et al. "Design and Evaluation Guidelines for Department of Energy Facilities
Subjected to Natural Phenomena Hazards," UCRL-15910. Lawrence Livermore National
Laboratory, 1990.

5. Seismic Analysis of Safety-Related Nuclear Structures and Commentary on Standard for
Seismic Analysis of Safety Related Nuclear Structures, ASCE 4-86. New York, New
York:American Society of Civil Engineers, 1987.

6. E.C. Goodling. "Simplified Analysis of Restrained Underground Piping," Pacific
Conference on Earthquake Engineering, New Zealand, 1991.

7. ASME Boiler and Pressure Vessel Code, Section III, Rules for Construction of Nuclear
Power Plant Components, Division 1, Subsection ND: Class 3 Components. New York,
New York:The American Society of Mechanical Engineers, 1989.

8. F.S. Merritt. Standard Handbook for Civil Engineers, Second Edition. New York, New
York:McGraw-Hill (1968) p. 10-25.

9. Code Requirements for Nuclear Safety Related Concrete Structures (ACI349-85) and
Commentary—ACI349R-85. Detroit, Michigan:American Concrete Institute (1986) pp. 349-
86, 349-89.

10. A.E. Stephenson. "Full-Scale Tornado-Missile Impact Tests," EPRI NP-440. Electric Power
Research Institute (1977) p. 5-13.

11. J.M. Biggs. Introduction to Structural Dynamics. New York, New York:McGraw-Hill Book
Company (1964) pp. 199-230.



12. RJ . Roark and W.C. Young. Formulas for Stress and Strain, Fifth Edition. New York,
New York:McGraw-Hill Book Company (1975) p. 575.


