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ABSTRACT 

Underground High Level Waste Storage Tanks are subjected to strigent seismic requirements. 
At some DOE sites, many existing waste storage tanks are of the double-shell tank design. 
In this configuration, the concrete outer structure acts as the vault and provides secondary 
confinement for the primary steel waste storage tank. To ensure the safety of the design and 
a good understanding of the seismic response of the concrete confinement structure, seismic 
analysis, including the effects of Soil-Structure Interaction (SSI), is generally performed with 
special purpose SSI computer analysis programs. Generally, the seismic SSI response due to 
vertical excitation is considered to be secondary to those of the horizontal excitation. In this 
paper, a detailed evaluation of the SSI response due to vertical excitation is presented and 
is shown to merit equal consideration relative to the horizontal excitation. The geometry and 
relative dimensions (i.e. flexibility) of the structure can have significant influence on the 
vertical seismic SSI response in local region(s) of the concrete structure. 

This work was performed under the auspices of the U.S. Department of Energy by WHC 
under Contract DE-AC06-87RL10930 and ICF Kaiser Hanford under Subcontract 380393. 



INTRODUCTION between the centerlines of the tanks. The tanks will 
have a minimum soil cover of about 7 feet at the apex. 

Waste storage tanks are commonly used at DOE 
sites to provide interim safe storage of high level liquid 
waste until permanent stprage is available. One of the 
common designs is a double-shell tank consisting of an 
inner primary steel tank and an outer secondary 
reinforced-concrete tank. Double-shell tanks are 
currently being used at some DOE sites. For the Multi-
Function Waste Tank Facility (MWTF) Project at 
Hanford, the proposed new waste storage tanks are of 
double-shell design and are completely embedded in 
soil. Figure 1 shows a typical cross section of the tank. 
In order to obtain the seismic response of the concrete 
confinement tank for structural design and to provide 
seismic inputs for the seismic analysis of the primary 
tank and its associated components, it is necessary to 
perform seismic Soil-Structure Interaction (SSI) 
analysis of the tank-soil system. Complete seismic SSI 
analysis of the concrete tank had been performed. 
However, for the purpose of this paper only highlights 
of the response due to vertical earthquake excitations 
are presented here. Contrary to common belief that SSI 
response due to vertical excitation is insignificant, the 
results indicate that significant response is possible in 
some local regions. The findings presented here can 
provide some insight and may be useful for seismic 
evaluations and upgrade of existing double-shell tanks 
at other DOE sites. 

FACILITY DESCRIPTION 

At the Hanford site, the Multi-Function Waste 
Tank Facility Project will provide an underground high 
level waste storage facility for the safe storage of liquid 
and suspended solid radioactive waste materials. The 
MWTF project consists of six l-million-gallon nominal 
capacity, double-shell, underground storage tanks. 
Four of the tanks will be located in the 200-East Area 
of the Hanford Site and two of the tanks will be 
located in the 200-West Area of the Hanford Site. The 
underground tanks will consist of two concentric 
cylindrical structures: an inner primary steel tank and 
an outer reinforced concrete tank with a secondary 
steel liner. The two concentric tanks are separated by 
a concrete supporting pad between the bottoms of the 
tanks and by an air annulus space between the walls. 
The primary tank is connected directly to the concrete 
tank in the dome. The four tanks in the 200-East Area 
will be arranged in a square array. The two tanks in 
the 200-West Area will be arranged side by side. At 
both locations the tanks will be spaced 120 feet 

CRITERIA 

PROJECT DESIGN CRITERIA 

The analysis of the waste storage tank was 
performed according to the MWTF Project Design 
Criteria which consist of References: DOE Order 
6430.1A[1], UCRL-15910[2], MWTF Hanford Plant 
Standard SDC-4.1[3], MWTF Functional Design 
Criteria FDC-001[4], and Structural Design 
Requirements Synthesis for the MWTF Waste 
Tanks[5]. In addition, other relevant criteria documents 
and standards such as ASCE 4-86[6], and Seismic 
Design and Evaluation Guidelines for the Department 
of Energy High-Level Waste Storage Tanks and 
Appertenances[7] were also used as guidelines. 

For the MWTF Project, extensive geotechnical 
investigations and laboratory tests were performed .by 
Shannon and Wilson, Inc. (S&W) to obtain site specific 
dynamic soil properties. In the seismic SSI analysis, 
three (3) sets of soil properties, namely, Best Estimate, 
Lower Bound (Best Estimate divided by 1.5), and 
Upper Bound (1.5 times the Best Estimate shear 
modulus values) properties were considered. 

The effects of relevant parameters that would affect 
the seismic SSI response of the structure were also 
considered. One of the parameters that has an 
important impact is the fluid level of the waste content 
in the steel tank. For the vertical earthquake response 
evaluation, both the empty tank and full tank 
conditions, simulating the effect of impulsive fluid 
mass, were analyzed to identify the critical responses. 
However, the convective portion of the hydrodynamic 
effect is assumed to be decoupled from the SSI 
response since the sloshing frequency is generally very 
low relative to the frequencies of the structural 
response. The effect of the fluid sloshing load on the 
primary steel tank was evaluated separately as part of 
the overall structural analysis of the primary tank. 

SEISMIC CONTROL MOTION 

For the MWTF Project, the Design Basis 
Earthquake (DBE) is defined as one for non-reactor 
Safety Class nuclear structures (as per DOE Order 
6430.1A[1]). The seismic analysis of the waste storage 
tank was based on a set of generated site specific 



Synthetic Time-Histories. These time-histories were 
developed, following the procedures and requirements 
for a design basis earthquake in Reference [8], to 
match the site specific design spectra shapes provided 
in Reference[9]. For generation of the vertical input 
time-history, the design spectra shape was modified as 
follows; the spectral acceleration for the vertical 
direction was 2/3 times the horizontal value for 
frequencies at and below 2.0 Hz., for frequencies equal 
to or higher than 3.3 Hz. the same value as the 
horizontal spectral acceleration was used[9]. Between 
2.0 Hz. and 3.3 Hz. a straight line was used to connect 
the two points. For SSI analysis, the acceleration 
time-histories were scaled linearly to a Peak Ground 
Acceleration (PGA) value of 0.371g as specified by the 
project criteria. The control ground motion was input 
at the top soil layer of the SSI model. The input time-
history contains 1024 time steps of 0.01 seconds each. 
Figure 2 shows the shape of the vertical time-history 
used in the analysis. For the complete SSI analysis, 
two directions of seismic excitations (one horizontal 
and one vertical) were considered. 

SITE SPECIFIC SOIL PROPERTIES 

SITE CONDITIONS 

The Hanford sites are underlain by stiff to very stiff 
alluvial soils overlying the Columbia River basalts. 
Depth to basalt varies in the range of 200 to 600 ft. 
The alluvial soils consist of Holocene and Pleistocene 
loess, sands and gravels underlain by dense silty sands 
to clayey to sandy gravel. The alluvial soil also shows 
a certain degree of cementation. For the MWTF 
Project sites, ground water is anticipated at a depth of 
250 feet or more below the ground surface, so ground 
water effects will be insignificant. 

GEOTECHNICAL INVESTIGATIONS AND 
DYNAMIC SOIL PROPERTIES 

To perform proper seismic SSI analysis, it is 
. necessary to utilize realistic dynamic soil properties in 
the model. Extensive geotechnical investigation and 
tests were performed by Shannon & Wilson, Inc. to 
obtain MWTF site-specific soil profile data for both 
the 200-East and 200-West Area sites[10, 11]. Site 
specific dynamic soil properties are shown in Table 1. 
Strain dependent soil shear modulus and damping 
degradation curves for the 200-West Area are shown in 
Figures 3 and 4 respectively. 

METHODOLOGY ANDANALYTICALMODEL 

In order to capture realistic and sufficiently 
detailed seismic response of the buried secondary 
concrete confinement tank, it was determined that a 
three-dimensional (3-D) computer analysis of the 
concrete tank including the surrounding soil would be 
necessary. To achieve this, the Soil Structure 
Interaction analysis computer program SASSI[12] was 
used. 

To partly account for the non-linear properties of 
the soil, the computer program SHAKE[13] was used 
to generate strain-compatible iterated soil properties. 
These iterated soil properties were then used as input 
in the SASSI analysis model. 

SASSI SSI MODEL 

The basic SASSI SSI model consisted mainly of the 
concrete tank, represented by shell elements, and 
surrounding soil represented by solid elements. The 
simulation of the free-field soil and soil half-space were 
generated internally by the program. The overall 
dimensions of the tank are shown in Figure 1. The 
concrete wall is 18 inches thick whereas the dome roof 
is 15 inches thick and has a thickened haunch region at 
the dome-wall interface. Soil layer thicknesses in the 
SASSI model are approximately 5.4 feet above the 
tank, 8.2 feet beside the tank and 10 feet below the 
tank (see Figures 5 and 6). The bottom concrete slab 
is 2'-8" thick. 

In order to minimize computation time (i.e. costs) 
and at the same time obtain reasonably accurate 
results, a coarse shell quarter tank model was used to 
represent the concrete tank. This model was optimized 
to capture responses of up to 20 Hz. for horizontal 
excitation and about 40 Hz. for vertical excitation (see 
Ref.[14]) with lower bound soil properties. 

In the horizontal analysis, the coarse shell quarter 
tank model had one plane of symmetry and one plane 
of anti-symmetry. For the vertical SSI analysis, the 
boundary conditions of this quarter model were 
modified to have two planes of symmetry to match the 
condition when the tank was subjected to vertical 
earthquake excitation only. Figure 5 shows a plot of 
the quarter tank model with node numbering and 
Figure 6 shows the corresponding element numbering. 
Figure 7 is a plot of the soil backfill elements 
surrounding the concrete tank. 

»• 



The impulsive mass of the waste fluid content in 
the steel tank was simulated by lumped masses at the 
nodes of the bottom slab distributed acccording to 
tributary area, since the weight of the steel tank and its 
waste content is supported by the base slab of the 
concrete tank. One hundred percent of the fluid mass 
was conservatively modeled for the full tank condition. 

ANALYTICAL APPROACH 

In addition to the configuration and geometry of 
the structure, other key parameters which were 
addressed in the SSI analysis were: 1) variation in soil 
properties (i.e. Lower Bound, Best Estimate & Upper 
Bound soil properties) and 2) the influence of the 
waste fluid content in the tank (i.e. Empty or Full 
tank). This determination was based on past 
experience, some simplified parametric evaluations, as 
well as to meet project criteria requirements. To 
account for these effects, five (5) models were analyzed 
and evaluated for the vertical analysis. They are 
identified as follows: 

* Model LUE - Empty tank with Lower 
Bound soil properties. 

• * Model LUF - Full tank with Lower 
Bound soil properties. 

* Model BUE - Empty tank with Best 
Estimate soil properties. 

* Model UUE - Empty tank with Upper 
Bound soil properties. 

* Model UUF - Full tank with Upper 
Bound soil properties. 

SEISMIC RESPONSE AND 
INTERPRETATION OF RESULTS 

To highlight the effects of vertical excitation, the 
results of the SSI analysis presented here are mainly 
those due to vertical earthquake ground motion. 
Analytical evaluation for horizontal earthquake ground 
motions was also performed. Only selected results of 
the horizontal analysis were included here for the 
purpose of comparison as appropriate. 

STRESSES IN CONCRETE TANK ELEMENTS 

The results of the SASSI SSI analysis indicate that 
the seismic stresses in the secondary concrete 
confinement tank due to vertical earthquake loads are 
typically within the normal design range. Similarly, the 
moment components are also within a reasonable 
design range. Table 2 shows a summary of the 
maximum and minimum enveloped stresses and 
moments for the concrete shell elements. 

For in-plane stress, the maximum stresses occurs in 
the lower portion of the vertical tank wall at the 
wall/bottom slab interface. This is expected, since the 
vertical loads from the roof and the soil above were 
transmitted through the wall to the foundation slab. 
The maximum in-plane stresses for Sxx and Syy are 
about 140 psi and 90 psi respectively. In-plane shear 
stresses are quite small as expected. For moment 
response, the larger values occurred mainly in the 
bottom slab and around the slab/vertical wall interface. 
This is consistent with the fact that the slab supports 
large fluid mass and is flexible relative to the overall 
tank diameter. Near the dome roof haunch area the 
moment magnitudes are moderate relative to the 
overall stress response for the entire tank. 

DYNAMIC RESPONSES 

ARS Response and Amplifications 

To evaluate the response of the concrete tank, 
Amplified Response Spectra (ARS) at selected nodes 
were generated. Table 3 shows a summary of the 
maximum spectral acceleration in the X-direction for 
selected nodes. Results for the five models are 
summarized including the effects of both a full and an 
empty tank. It can be seen that the Sa (spectral 
acceleration) values in the X-direction are generally 
small with the exception of Node 25 at the domeAvall 
interface and the wall immediately below. The Sa value 
of 0.32g is similar in order of magnitude to those due 
to horizontal excitation. 

With respect to acceleration response in the 
vertical direction, however, the results indicate that in 
certain regions of the concrete tank (i.e. roof and 
bottom slab) the response is significant. This is 
evidenced in the high maximum spectral values for 
generated ARS at critical nodes. Table 4 gives a 
summary of the maximum Sa values for selected nodes 
along a radial section of the tank. It can be seen that 
for both the dome roof and the bottom slab, the 



response is high at the center and tapers off quickly 
toward the tank wall. Figure 8 shows a plot of the 
amplification value of spectral acceleration (Sa), for the 
dome roof, as compared to the PGA of the input 
ground motion. The maximum amplification is 8.2 at 
the apex (Node 36) and reduces to 2.7 at the haunch 
area (Node 25) of the wall. This high amplification 
suggests that the vertical response is significant and 
should not be neglected. 

Time-History Response and Amplifications 

Since ARS responses were generated based on 
time-history inputs, it is expected that the PGA value 
of the time-history (T-H) response would be high for 
the corresponding critical regions. Table 5 shows a 
summary of the PGA values for the five models at 
selected nodes. The 0.822g PGA response at node 36 
gives an amplification of 2.2 relative to the input PGA 
of 0.37g. At node 1, center of the slab, the 
amplification is 1.6. 

COMPARISONWITH HORIZONTAL RESPONSE 

To obtain an idea of the relative importance of the 
vertical SSI earthquake response against those due to 
the horizontal earthquake, a sample comparison of 
some critical results is shown in Table 6. It can be seen 
that the forces and moment from the vertical 
earthquake contribute a significant portion of the total 
combined seismic response. Similarly, for spectral 
acceleration response, the vertical earthquake response 
is shown to be much higher than those due to 
horizontal earthquake for some critical regions (nodes 
1, 31, 36) that have large loads/mass input but are 
structurally flexible in configuration. 

CONCLUSIONS 

The high amplification of spectral acceleration in 
ARS response and similarly high amplification in the 
PGA value in the time-history response for certain 
regions of a double-shell buried concrete tank structure 
suggests that the SSI effect of vertical earthquake on a 
buried structure can be significant. This is contrary to 
common belief (assumption) that seismic SSI effects 
due to vertical excitation are generally insignificant as 
compared to horizontal excitation. In this paper, it is 
shown that depending on the configuration, dimensions 
and relative geometry (i.e. flexibility) of the structure 
as well as • high mass/loads input distribution, 
significant seismic SSI response may occur in certain 

region(s) of a buried structure under consideration. 
This finding has important implications for location of 
critical equipment and mechanical components in the 
design stage. Identification of high amplication 
region(s) and judicious location of equipment/ critical 
components can minimize potential seismic design and 
equipment support concerns and reduce construction 
costs at the same time. Furthermore, awareness of the 
potential significance of seismic SSI response due to 
the vertical component of an earthquake and the 
identification of potential weak spots in a structure 
may provide useful guidance for the seismic upgrade of 
existing tanks/structures. One example is to relocate 
heavy loads/equipment or critical pipe supports from 
potential weak regions to avoid high seismic 
amplification. This is especially relevant in light of 
data from recent earthquake (e.g. Northridge 
earthquake in California) and the awareness of 
significant vertical acceleration due to near fault and 
blind fault earthquakes. 

As a final comment, it should be noted that the 
responses demonstrated here are those due to vertical 
excitation only and are used to highlight the potential 
significance of the vertical component of an 
earthquake. However, the total response of the 
structure should include the corresponding response 
from the horizontal earthquake excitation. 
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TABLE 1 Dynamic Soil Properties, MWTF Site 
Parameter Best Estimate 
1 . Unit Weight (Ib/c.f.) 

In-situ Soil 113 
In-situ Basalt 140 
Backfill 130 

2. Shear Wave Velocity. Vs (ft/sec) 
Sand with Gravel 1.300 
Sand 1.600 to 2.500 
Basalt 4.000 
Backfill 1,000 

3. Compression Wave Velocity, Vp (ft/sec) 
Sand with Gravel 2.300 
Sand 2.900 to 4.500 
Basalt 7.400 
Backfill 1,900 

4. Poisson's Ratio -
In-situ Soil 0.27 
Basalt 0.27 
Backfill 0.3 

5. Ground Water Level Below Grade (ft) 250 to 300 (Approx) 
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FIGURE 7 - Plot of Soil Backfill around Tank 

TABLE 2 Summary of Max. and Mln. Stresses In Cone. Tank Shell Bern. 
MODEL 

I.D. 
MAX. or 

MIN. 
Sxx 

Ik/ft" 2) 
Syy 

Ck/ff2) 
Sxy 

Ik/ft* 2) 
Mxx 

(k-ft/ft) 
Myy 

(k-ft/ft) 
Mxy 

(k-ft/ft) 
LUE MAX. 1B.760 13.180 0.273 2B.900 19.010 1.18B 

MIN. -18.3E0 -12.740 -1.023 -26.410 -0.926 -0.944 

LOF MAX. 2.893 8.874 0.38B 22.390 17.820 1.298 
MIN. •15.290 -12.3B0 -1.32B -28.220 -17.130 -2.221 

BUE MAX. 13.430 8.342 0.106 22.940 11.920 0.6E8 
MIN. -19.320 -11.210 -0.967 -B.0B8 -1.188 -0.341 

UUE MAX. 11.230 E.802 0.1 BB 13.0E0 B.386 0.311 
MIN. •20.280 -8.112 -0.91 B -3.BB4 -0.820 -0.646 

UUF MAX. -1.362 2.E80 0.911 10.3B0 4.328 0.E91 
MIN. -17.720 -8.187 -0.173 -2.78B -4.B62 -0.886 

MAXIMUM 1B.760 13.180 0.911 2B.900 19.010 1.298 
MINIMUM -20.280 -12.740 -1.32B -28.220 -17.130 -2.221 



TABLE 3 Summary of Maximum Spectral Acceleration (Sa) in X- Dir. (5% Damping) 
1 MODEL 

•D. 
NODE 

2 

NODE 

10 

NODE 

19 

NODE 

25 

NODE 

31 

NODE 

9 2 

NODE I 

94 | 

LUE O.OOS 0.019 0.171 0.240 0.0S9 0.009 0.012 

LUF 0.011 0.025 0.165 0.128 0.101 0.012 0.017 

BUE P.010 0 .020 0.176 0.296 0.099 0.011 0.014 

UUE 0.019 0.028 0.202 0.324 0.052 0.022 0.025 

1 UUF 0.036 0.080 0.174 0.246 0.068 0.043 0.057 

| MAX. Sa 0.036 0.080 0.202 0.324 0.101 0.043 0.057 

TABLE 4 Summary of Maxl num Spectral 

NODE 

2 

Accelerrtion (Sa) in Z- Dir. (5% Damping) 

MODEL 

ID. 

LUE 

NODE 

1 

num Spectral 

NODE 

2 

NODE 

4 

NODE 

7 

NODE 

10 

NODE 

25 

0 .920 

NODE 

31 

NODE 

34 

1.884 

NODE 

36 

2.347 

MODEL 

ID. 

LUE 2.138 2.008 1.577 0.648 0.871 

NODE 

25 

0 .920 1.360 

NODE 

34 

1.884 

NODE 

36 

2.347 

LUF 2.116 1.959 1.438 0.727 0.882 0.925 1.206 1.350 1.743 

BUE 1.540 1.468 1.191 0.769 0.911 1.019 1.476 2.190 2.643 

UUE 1.126 1.005 0.861 0.901 0.963 1.000 1.860 2.711 3.039 

UUF 1.494 1.416 

2.008 

1.208 0.945 0.983 1.020 1.748 2.410 2.785 

MAX. Sa 2.138 

1.416 

2.008 1.577 0.945 0.983 1.020 1.860 2.711 3.039 

TABLE 5 Summary of Max. T-H Accel. Response (q) in Z - Dir. 
MODEL 

ID. 
NODE 

1 
NODE 

2 
NODE 

25 
NODE 

9 2 
NODE 
100 

NODE 
111 

NODE 
34 

NODE 
36 

LUE 0.474 0.454 0.259 0.390 0.238 0.398 0.494 0.640 

LUF 0.575 0.496 0.260 0.402 0.243 0.372 0.454 0.525 

BUE 0.423 0.411 0.286 0.367 0.268 0.443 0.585 0.724 

UUE 0.388 0.364 0.341 0.314 0.307 0.474 0.651 0.813 

UUF 0.403 0.364 0.327 0.340 0.303 0.426 0.592 0.822 

MAXq 0.575 0.496 0.341 0.402 0.307 0 .474 0.651 0.822 

T A B L E 6 C o m p a r i s o n o f Cr i t ical Resul ts - V e r t . E Q vs Hor iz . E Q 
Component of Result of Combined V / V & H 
Response Elem. No. Vert. EQ H & V. EQ Ratio Remarks 
Max. Stress Sxx (ksf) E11 20.28 21.40 0.95 Note - V&H results are SRSS 
Max. Stress Syy (ksf) El 5 12.72 17.22 0.74 combined result of V and H 
Max. Moment Mxx (k-ft) E7 25.89 41.69 0.62 

Component of Result of Result of V / H 
Response Node No. Vert. EQ Horiz. EQ Ratio 
Max. Horiz. Spectral 
Acceleration, Sa (g) N25 0.32 0.94 0.34 Haunch area 

Max. Vert.. Spectral 
Acceleration, Sa (gl N1 2.14 0.77 2.78 Center of bottom slab 
Max. Vert.. Spectral 
Acceleration, Sa (g) N31 1.75 0.36 4.86 UUF Case, Dome @ 1/4 Span 
Max. Vert.. Spectral 
Acceleration, Sa (g) N36 3.04 0.96 3.17 Apex of dome 


