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ABSTRACT 
This paper presents the results of a parametric study 

performed to investigate the effect of pore water in 
saturated soils on the response of nuclear containment 
structures to seismic motions. The technique employed 
uses frequency domain algorithm which incorporates 
impedances for both dry and saturated soils into an SSI 
model. A frequency domain time history analysis is 
carried out using the computer code CARES for a typical 
PWR containment structure. Structural responses 
presented in terms of floor response spectra indicate that 
considering the presence of the pore water in soils could 
benefa the design of massive nuclear containment 
structures. 

1. INTRODUCTION 
In a recent work (Kassir, 1994), the authors developed 

an analytical formulation for the solution of a circular 
foundation vibrating against a fluid-filled elastic half- 
space. Compared to dry soils, this study has revealed 
some potential influence of the presence of groundwater 
in soils on impedance functions, especially in the rocking 
mode of vibrations. Past studies (Johnson, 1981) have 
indicated that impedance functions have an important 
role in the computation of structural responses to 
earthquake motions and should be properly incorporated 
in the soil-structure interaction (SSI) analyses. For dry 
soils, studies on impedance functions and their effect on 
the SSI analyses, using both analytical solutions and 
finite element analysis, are quite abundant in the 
literature. However, very few studies are available to 
provide information about the physical significance of 
groundwater in saturated soils and its impact on SSI 
analyses due to the complex nature of the two-phase 
material (pore water and soil skeleton). 

This paper presents a parametric study to investigate 
the effect of groundwater in saturated soils on the 
response of nuclear containment structures to seismic 
motions. The technique used employs the frequency 
domain algorithm which solves the problem in two 
stages, Le., the generation of impedances and the 
development of the response of the superstructure to 
seismic motions. The impedance functions of saturated 
soils are taken from a recent work (Kassir, 1994) by the 
authors who developed a closed-form solution for 
impedances of liquid-filled soils based upon the general 
theory for two-phase materials (Biot, 1962). The 
impedance functions are expressed as functions of the 
exciting frequencies and easily converted to equivalent 
springs and dampers representing the stiffness and 
radiation characteristics of soils. These springs and 
dampers can be incorporated into an SSI model which is 
then attached to the superstructure that can be 
approximated as lumped mass beams. The dynamic 
response of the superstructure to seismic motions is then 
carried out via the frequency domain time history SSI 
analysis, using the computer program CARES (Computer 
Analysis for Rapid Evaluation of Structures) developed by 
Brookhaven National Laboratory (Xu, 1993). In Section 2, 
the technique for the generation of impedances of 
saturated soils is briefly discussed. The structural model 
and the SSI model using CARES code are described in 
Section 3. The frequency domain time history SSI 
analysis and the structural responses in terms of the in- 
structure response spectra are presented and compared 
with the solution developed for dry soils in Section 4. 
Discussions and conclusions are given in Section 5. 

2. IMPEDANCES OF SATURATED SOILS 
Integral transform solutions have recently been 

developed to determine the response of saturated soils to 
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harmonically excited circular surface footings (Kassir, 
1994)). The impedance functions, expressed as the 
dynamic forcedisplacement relationships of the footing 
vibrating against the surface of a porous, elastic half- 
space filled with groundwater, are reduced to numerical 
solutions of standard integral equations. This method 
provides a closed form solution of impedances which can 
be digitized as functions of the nondimensional 
frequency and soil permeability, and readily implemented 
into an SSI model. 

The horizontal and rocking components of the 
impedances for the saturated soils are expressed in the 
form of 

where, h, and represent the real and imaginary parts of 
the horizontal component of the impedance; m, and m2 
are the corresponding real and imaginary parts of the 
rocking component of the impedance; o is the exciting 
circular frequency; H and M designate the horizontal and 
rocking components of the applied force; and, 4, and S, 
represent the corresponding components of the 
displacement of the footing. The formulation of the 
impedance functions is based on a twophase theory 
(Biot, 1962) concerning a medium composed of porous 
so l i  skeleton filled with fluid. Biot developed a general 
theory that governs the dynamic behavior of the Wo- 
phase medium. The horizontal and rocking components 
of the impedance for saturated soils (Kassir, 1994) are 
functions of the applied frequency, w, and soil 
pemwability factor k' = (V,/ag)k, where V, represents the 
shear wave velocity of the soil; a and g are the foundation 
radius and the gravitational acceleration, and k is Darcy's 
coefficient of permeability of the soil. 

For a dry, elastic half-space, a similar solution (Luco, 
1987) is employed for calculation of the impedances. 

For saturated soils with permeability factor k' = 0.001, 
both horizontal and rocking components of the 
impedance as functions of the exciting pondimensional 
frequency are plotted as in Figures 1 and 2. The 
corresponding components for the dry soil are also 
shown for comparison. The non-dimensional frequency is 
expressed as m = a r d  V,. 

3. SOIL-STRUCTURE SYSTEM MOOELlNG 
~ For the purpose of determining the effect of pore water 

in soils on the response of structures to seismic motions, 
a typical pressurized water reactor (PWR) containment 
buiMing is selected. The building consists of a 
containment structure, which is a cylindrical concrete 
shell capped at the top with a hemispherical dome, and 
internal concrete walls and platforms. The containment 

rests on a circular concrete basemat supported on a 
uniform half-space. and subjected to vertically 
propagating shear waves with the horizontal control 
motion specified at the ground surface. The soil-structure 
system is shown in Figure 3. The following physical 
properties are used in the structural model for this study : 
Concrete moduli E-6.9xlCf ksf, G=2.7x16 kf; concrete 
weight density = 0.15 kcf; the basernat radius a170 ft, 
and basemat thickness t-10 ft. The dynamic response of 
the structure to seismic motions is computed via the 
frequency domain time history analysis, using the 
computer code CARES (Xu, 1993). 

As required in the CARES formulation, the soil- 
structure system is represented by the three-dimensional 
lumped parameter type model, as shown in Figure 4. The 
structural model consists of three-dimensional shear 
beam elements and lumped mass elements. The 
structure is then connected to the free-field by a system 
of springs and dampers which reflect stiffness and 
radiation damping properties of the half-space soil 
foundation. The dynamic properties of the soil are 
represented by the foundation impedances which are 
defined by Equations (1) and (2) in Section 2. 

Before pursuing the investigation, a fixed-base modal 
anaiysis of the structure has been performed to provide 
an insight into the dynamic behavior of the structure. The 
first two fixed-base frequencies of the structure are 5.2 
Hz and 10.5 Hz, which are typical of massive 
containment structures such as PWR's. Given these 
structural characteristics, the next step in the analysis is 
to apply the impedance data for dry and saturated soils, 
shown in Figures 1 and 2, to the SSI system with various 
shear wave velocities representing typical soil stiff ness 
encountered in practical applications. This is discussed 
further in the next section. 

4. SS1 ANALYSIS AND RESULTS 
In order to carry out the SSI analysis, the Newmark 

median response spectrum (Newmark, 1978) is selected 
as criteria for the input motion. An artificial time history is 
generated using CARES for the criteria spectrum at 4% 
damping, anchored at 25%g ZPA. A comparison of the 
response spectrum for the generated time history with the 
Newmark response spectrum is presented in Figure 5. 
As shown, an excellent match with the criteria spectrum 
is achieved. 

A major factor which influences the dynamic behavior 
of the SSI system is the competency of the foundation 
soil to support the structure, that is often characterized by 
its propagating shear wave velocity. In order to produce 
results applicable to soils that are commonly encountered 
in practice, three soil shear wave velocities, namely, 400 
Wsec, 1000 fVsec and 2000 Wsec, are considered. 
These shear velocities represent typical soft to stiff sandy 
soils. The SSI analysis is then carried out with the 
generated time history applied in the horizontal direction 
of the SSI model described in the previous section. 

The results are presented in terms of floor response 
spectra at the top and bottom of the containment as well 
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as at the top of the internal structures for both dry and 
saturated (with permeability factor k’ I 0.001) soils with 
shear wave velocities of 400 Wsec, 1000 fvsec and 2000 
Wsec. For soil of 400 Wsec shear wave velocity, the f h r  
response spectra of the SSI model are plotted in Figures 
6 - 8. It is clear from these figures that the SSI frequency 
in this case is somewhere between 1.0 - 2.0 Hz which 
translates to about 1.1 - 2.2 on the non-dimensional 
frequency scale, and there is little difference between dry 
and saturated soils, although the amplification is slightly 
higher for the dry soiC than forfhe saturated soil at the 
SSI frequency. 

A similar pattern in the resulting respons‘e spectra can 
also be seen for soils of 1000 ft/sec and 2000 Wsec 
shear wave velocities, as depicted in Figures 9 - 14. For 
soil of 1000 ft/sec, the SSI frequency shifts up to 2.0 - 2.5 
Hz; while, for soils of 2000 ft/sec, the SSI frequency shifts 
up to 3.0 - 4.0 Hz. As observed in these figures, there is 
no significant effect of groundwater saturation in soil on 
the frequency content, an& less amplification for the 
saturated soil than for the dry soils at the SSI frequency. 

The results presented above indicate up to 30% peak 
reduction in the response amplification for saturated soils 
over dry soils for this particular structure. However, no 
effects of water saturation are observed on the frequency 
contents for all three cases studied. This Can be 
explained as follows. The impedances used in the 
analysis are functions of the non-dimensional frequency 
a which is proportional to the exciting frequency and 
inversely proportional to the shear wave velocrty of the 
soil. The real part of horizontal impedance indicates 
insignificant difference in the dry and the saturated soils 
for (J c 5.0, and the difference begins to widen up for (J > 
5.0. For the rocking case, the difference in the real part of 
impedance begins to significantly widen up for Q > 3.0. 
On the other hand, the damping part of the horizontal 
impedance is moderately lower in dry soil than the 
saturated soil for (J c 2.0 and the reverse is true form > 
2.0. Also, the damping part of the rocking impedance is 
moderately higher in saturated soil for the entire range of 
frequency. Upon examination of the resutts. the following 
observations can be made. Although the SSI frequency is 
increased from 1 .O Hz to 3.0 Hz as a result of an increase 
in the shear wave velocity of the soil from 400 Wsec to 
2000 Wsec ( representing soft to stiff soils ), the non- 
dimensional form of the SSI frequency consistently falls 
below 2.0. Figures 1 and 2 representing ihe impedances 
reveal that, for ti! c 2.0, the differences in stiffness 
between the saturated and dry soils are negligible for 
both horizontal and rocking vibrations, and the damping 
is substantially higher in the saturated soil. That reduction 
in radiation damping of the saturated soil for m < 2.0 is 
consistently translated into the peak reduction of the 
response spectra. Since most commercial nuclear 
containments are massive and stiff structures, the non- 
dimensional form of SSI frequencies would, in most 
cases, will be low. Therefore, from a practical standpoint, 
considering the water saturation in soils could provide 
certain benefits in containment designs. 

5. CONCLUSIONS 
As a continuation to the previous work (Kassir, 1994). 

the resutts of a complete SSI analysis is presented to 
investigate the influence of groundwater in saturated soils 
on the structural response of massive PWR 
containments. The water in saturated soils modifies the 
impedance functions, especially the rocking component. 
This modification in impedances does not affect the 
frequency content of the structural response of typical 
massive nuclear containment structures. However. it may 
reduce the peak amplifications. Therefore, atthough 
neglecting the groundwater effect in SSI analyses of 
nuclear containment structures shouM be justifiable for 
practical purposes, considering the saturation effects may 
benefa the containment designs. 
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Fquro 3. Typical PWR containment system. 
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Figure 6. Response spectra at bottom of the 
containment for V , 4 0  ft/sec. 
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Figure 7. Response spectra at top of the 
containment for V&OO fvsec. 

0.7- 

0.6- 
- 

$5: - 
23-49 

-'I 
.1 1 10 100 

Frequency (cps) 

Figure 8. Response spectra at top of the 
intemals for V, 4 0  fvsec. 
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Figure 9. Response spectra at bottom of the 
containment for V,-lOOO fvsec. 

Fgure 10. Response spectra at top of the 
containment for Vs=l 000 ft/sec. 

Fgure 1 1 .  Response spectra at top of the 
intemals for V,-1000 h/sec. 
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