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ABSTRACT 

Impedance functions are computed using the computer program SASSI for a 95 ft. diameter rigid 
cylindrical concrete tank surrounded by an earthen embankment on the surface of a layered half-space. 
These impedance functions are compared to impedance functions for a surface and a fully embedded 
structure. The embankment impedance functions can be used with simplified discrete lumped parameter 
models to evaluate tank responses that include the effect of the embankment 

INTRODUCTION 

The Department of Energy (DOE) operates many tanks 
which are used to store radioactive waste material. The 
original design of the tanks was often based on criteria 
which did not meet current seismic codes. As a result 
DOE is undertaking a comprehensive review of the 
adequacy of these structures to meet current seismic 
standards. This comprehensive review includes an 
evaluation of soil-structure interaction. 

One method available for performing soil structure 
interaction analyses of structures couples a discrete 
model of the structure to a lumped parameter model of 
the soil. This method requires the knowledge of the 
expected dynamic stiffness and damping functions of the 
rigid, massless structure resting on the soil. These are 
commonly referred to as the impedance functions. 
Lumped parameter analysis is cost effective for the 
surface and embedded structure cases where impedance 
functions are available in the literature. For a complex 
case with die structure located on the surface surrounded 
by an embankment the impedance functions must be 
established prior to using a lumped parameter model 
approach. 

The present paper describes the development of 
horizontal impedance functions for the structure 
surrounded by an embankment which are developed 
using a finite element approach as implemented by 
SASSI [1]. Impedance functions for vertical, torsional, 
and rocking degrees of freedom can be developed in a 
similar manner. These functions are easily incorporated 
into simple models which provide conceptual and 
physical insight to the response of structures. These 
models provide both a check of more sophisticated 
methods, and, due to their simplicity, permit assessment 

of a wide range of site and structural parameters mat 
may affect the dynamic response of structural systems. 

FACILITY DESCRIPTION 

The High Level Waste Storage Facility at Savannah 
River Site includes a number of 1.3 million gallon waste 
tanks. Each waste tank consists of a primary steel tank 
which is surrounded by a lined, reinforced concrete vault 
as shown in Figure 1. The waste tanks were built on the 
surface and an earthen hill was constructed around 
groups of tanks. Figure 2 shows a typical cross section. 
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Figure 1 Waste Tank Cross Section 

Each primary steel tank is 85 feet in diameter, 33 feet 
high, and constructed from steel plate ranging in 
thickness from 1/2 inch to 7/8 inches thick. The primary 
steel tank is contained in a lined concrete vault. The 
concrete vault is five feet larger in diameter than the 
primary tank providing an annulus between the steel tank 
and the lined concrete vault. The cylindrical reinforced 
concrete vault has a 30 inch thick wall, and a roof uiat is 
nominally 60 inches thick. The vault basemat slab is 43 
inches thick that steps to 16 inches thick in the center. 
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Figure 2 Cross Section Through Waste Tanks 

SYSTEM AND METHOD OF ANALYSIS 

One method available for performing soil structure 
interaction analyses of structures couples a discrete 
model of the structure to the soil dynamic stiffness. 

The soil dynamic stiffness, also called an impedance 
function, consists of a stiffness term and a damping term 
both of which may be frequency dependent This soil 
dynamic stiffness is expressed in the form[2]: 

S(f) = K[k(f) + iQ)c(fj\ (1) 

where K is the static stiffness of the rigid structure 
on the soil, 
k(f) is a coefficient that describes the 
frequency dependence of stiffness, 
c(f) represents the soil radiation damping, and 
co is the frequency, f, in radians per second. 

The spring coefficient k(f) governs the force which is 
proportional to the displacement and the damping 
coefficient describes the force which is 90° out of phase 
with the displacement or proportional to the velocity. 
The dynamic stiffness coefficient, S(f), can be 
interpreted as a spring with frequency dependent 
coefficient k(f), and a dashpot in parallel with the 
frequency dependent coefficient coc(f), as shown in 
Figure 3. 
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Figure 3 Dynamic Stiffness Schematic 

Applying a displacement to the foundation with 
amplitude Uo(f). the corresponding force amplitude, P(f), 
can be represented as: 

P(f) = S(f)u0(f) (2) 

When a harmonic forcing function, P0(f), at 
frequency, f, is applied to the structure, the complex 
response is 

uCf^SCO^PoO) (3) 

which has real, Reu(f), and imaginary, Imu(f), 
components of displacements, 

u(f) = Reu(f) + ilmu(f), 

and the corresponding magnitude 

VRe«2(/) + W ( / ) , 

(4) 

(5) 

For complex systems these responses may be computed 
using a finite element, substructuring, approach such as 
that implemented by SASSI. This program computes the 
frequency dependent complex displacement given a suite 
of harmonic forcing functions. The dynamic stiffness 
may be recovered from SASSI results by 

S(f) = u(f) (6) 

Po(f) is defined as a unit load, and the coefficients 
k(f) and c(f) can be computed at each harmonic 
excitation using equations 7 and 8. 
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NUMERICAL RESULTS 

The investigation of the structural system shown in 
Figures 1 and 2 are idealized in three stages to quantify 
the dynamic characteristics of the system [3]. These 
idealizations are a structure located on the surface of the 
layered half space (Figure 4), a structure embedded in 
the layered half space (Figure 5), and a structure 
surrounded by an embankment on the surface of the 
layered half space (Figure 6). 

Foundation flexibility is assessed using a soil-
structure interaction analysis of the tank supported on the 
surface of the layered half space. The stiffening and 
damping effect of embedding the structure below the 
natural ground surface is quantified. Finally, the earth 
embankment is included with the structure using a finite 
element representation of the embankment soils. 

Figure 4 Surface of Layered Half Space 

1 

J 
f rn j 

* 
* 

'. rn / 
». / 

/ 
*»* ^ 

Figure 5 Embedded in Layered Half Space 

Figure 6 Embankment on Surface of Layered Half Space 

A finite element representation of the structure and 
embankment geometry is modeled in the computer code 
SASSI. 

The concrete vault is represented by the finite 
element model shown in Figure 7. This model consists of 
441 nodes, 296 shell elements, a beam element 
representing the center column, and 69 interaction nodes. 

The combined vault and embankment is represented 
by the finite element model shown in Figure 8. A quarter 
model of the tank and embankment is constructed which 
contains 701 nodes and 250 interaction nodes. The 
embankment is modeled with 409 eight node bricks and 
the tank by 74 shell elements. The tank elements are 
given stiffness but no mass in a manner to approximate a 
rigid, massless foundation. 

A series of harmonic loads are applied to the base of 
the structure in the horizontal direction. The impedance 
functions are extracted using equation 6, and is shown in 
Figure 9. The dynamic stiffness for the embedded and 
embankment cases are about twice that for the surface 
foundation. At higher frequencies, where the influence 
of damping dominates the dynamic stiffness of the 
system, the embankment system dynamic stiffness 
approaches that of the embedded system. The 
correspondence of the embedded and embankment 
condition suggest that the embedded case could be used 
for approximate analysis of the soil-structure system of 
the embankment system. There are numerous impedance 
functions available in literature for the fully embedded 
condition. 

Frequencies up to 13 Hz are considered since these 
frequencies correspond to the energy in the design 
earthquake record and dynamic characteristics of the 
structural system. Additional frequencies can be 
considered at additional cost but are not pertinent to the 
current seismic analysis. 

The real and imaginary coefficients in the dynamic 
stiffness are extracted using Equations 7 and 8 and are 
shown in Figures 10 and 11. As indicated, the stiffness 
impedance function for the embedded case is about twice 
that of the surface foundation. The embankment stif mess 
coefficient approaches that of the embedded case at low 
frequencies and exceeds that of the embedded case for 



higher frequencies above 7 Hz. This increase in stiffness 
appears to be associated with reflections off the 
boundaries of the surrounding embankment, however 
additional analysis is in progress to more fully 
characterize this behavior. As shown in Figure 9, at these 
frequencies the dynamic stiffness is dominated by 
damping, and the stiffness term does not significantly 
alter the overall dynamic response. 

The damping coefficient for the embedded case is 
also about twice that for the surface foundation. 
Significantly, the damping for the embankment is 

approximately the same as that for the embedded case. 
At higher frequencies, where the influence of damping 
dominates the dynamic stiffness of the system, the 
embankment system dynamic stiffness approaches that 
of the embedded system. 

Uniform half space stiffness coefficients [2] were 
computed for the embedded and surface cases using 
average soil properties and geometries. These 
coefficients represent the general trends observed in 
Figures 10 and 11. 

Figure 7 Tank Structure Finite Element Discretization 

Figure 8 Embankment/Tank Structure Finite Elanent Discretization - Quarter Model 
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Figure 9 Dynamic Stiffness vs Frequency 
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Figure 10 Stiffness Coefficient vs Frequency 
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Figure 11 Damping Coefficient vs Frequency 

APPLICATION OF IMPEDANCE 
FUNCTIONS 

The impedance functions, developed from SASSI 
analyses in the preceding section, can be used to 
represent the dynamic soil stiffness in subsequent 
analyses without having to re-run the SASSI program. 
This is especially useful when evaluating the effects of 
the following structural parameters on the tank response: 

• Fluid level and density 
• Vault stiffness variations 
• Attached structural mass 
• Alternate structural systems 

A simple structural model of the waste tank shown in 
Figure 5 is shown in Figure 12. The dynamic translation 
and rotational stiffness of the soil are represented by 
S(Otranslation and S(f)rotation- Masses, Mb and Mt 
represent the mass of the vault, lumped at the base and 
top of the vault respectively, while Mf represents the 
impulsive fluid mass in the steel tank. Spring stiffness 
Ks and Kb represent the lateral stiffness of the vault and 
steel tank. The spring stiffnesses, Kl and K2 are chosen 
to ensure that the fluid mass vibrates at the impulsive 
mass frequency and that the proper shear force is 
distributed to the tank top. Dashpots representing the 
structural damping in the vault and the fluid damping, 
not shown in Figure 12, are in parallel with springs Ks, 
Kb, Kl and K2. The soil damping is included in the 
impedance functions S(f)translation and S(f)rotation-
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Figure 12 Lumped Parameter Tank Model 

The dynamic system, shown in Figure 12 is solved in 
the frequency domain. The total dynamic stiffness at 
each frequency is calculated by 

S(f)total= -co 2M + I<oC + K 
+ S(f)translation + S(Grotation (9) 

where M, C and K are the structural mass, damping, 
and stiffness matrices, respectively. Note that 



S(Otranslation and S(f)rotation are added to the 
• appropriate degrees of freedom. 

The displacement in the frequency domain is the 
product of the Fourier transform of the ground 
acceleration, A(f)g and me inverse of the total dynamic 
stiffness. 

X(0 = S(Ototal-1 (-MA(f)g) (10) 

The velocity and acceleration, in the frequency 
domain, are given by 

V(f) = IoV(f) (11) 

A(0 = -ffl2A(f) (12) 

The displacement, velocity and acceleration in the 
time domain are determined by an Inverse Fourier 
Transform of the frequency domain signal. 

CONCLUSIONS 

SASSI was used to analyze a series of waste tank 
geometries at the Savannah River Site. Impedance 
functions are being extracted from the SASSI analyses to 
build a site specific impedance library. This library is 
being developed to perform future analyses in a cost 
effective manner. 
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