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ABSTRACT: It is well known that Soil Structure Interaction (SSI) effect may govern
the seismic structure response in case of relatively rigid buildings and soft soil
conditions. The present paper presents the SSI analysis and Floor Response Spectra
(FRS) generation for a Reactor Building (RB) with a pile foundation system. This
work was done within the scope of Probabilistic Safety Analysis (PSA) Level 1 -
external events, (1993). The task was to produce the best estimated seismic structure
response inciuding FRS and seismic displacements, taking into account the SSI
effects. The uniform hazard ground response spectra, was provided by seismological
studies. The soil dynamic parameters are based on site measurements. The analysis
was carried out using two parallel methods in order to calibrate the analytical models
and to create cross check keys. The analysis flow chart is presented in Figure 1. In
addition analyses of building - soil - building interaction and equipment - building
interaction were performed to determine the best estimated relative displacements
between the supports points of the main steam line.

I DYNAMIC SOIL IMPEDANCE OF THE REACTOR BUILDING

Wave propagation analysis was performed, using Kausel (1992) Lysol computer code,
to produce iterated soil properties corresponding to the shear strain level induced in the
ground by seismic waves. An acceleration time history compatible with the ground
response spectrum was generated. Three sets of soil data, corresponding to: best
estimated, lower bound and upper bound soil properties were used. For lower bound
soil properties and site independent ground response spectra (preliminary data), it was
observed that the shear wave velocity reduction and acceleration profile indicated that
the ground response spectra is incompatible with soil dynamic properties. In such a
case it is possible to use a cutoff frequency to avoid inconsistent amplification factors
at the free field level, in high frequency range, when the higher frequency waves are
damped. The dynamic Poisson ratio was modified assuming that the bulk modulus
remain unchanged after reduction of the shear modulus. The reduced dynamic soil
properties, for the best estimated properties set, are presented in Table 1. The dynamic
soil impedance corresponding to reactor building foundation, without piles was
computed using Kausel (1992) SUPELM computer code. In order to consider the pile
contribution several building-soil models were developed to compute the global

foundation stiffness for the rocking, horizontal and vertical translation components
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with and without piles. The models were calibrated to produce consistent results with
the complex dynamic soil impedance based on SUPELM analysis. The results produced
by these models were used to compute correction factors representing the pile
contribution to the global foundation stiffness. The global foundation stiffness with and
without piles, the correction factors and the equivalent spring constants are presented in
Table 2. The correction factors were applied to the real part of the dynamic soil
impedance matrix in order to take into consideration the pile contribution to the global
foundation stiffness.

TABLE 1 lterated soil properties profile (best estimated)

Layer Height Spec. Weig. Vs G Damp Poisson
[m] [v/m’] [mys] ft/m’) %
| Sand+ Gravel 15 1.8 196 4 6943. 1 2.7 0.40
2 Sand+ Clay 4.0 1.75 156.2 4269.7 110 0.43
3 Sand+ Cl+Grav 7.5 1.80 203.0 7417.6 125 042
4 Sand+Gravel 6.0 1.85 287.0 152383 10.0 0.38
5 Sand 5.0 1.90 3388 212353 9.0 038
6 Sand 10.0 1.95 478.5 44647.6 9.0 0.36
7 Sand 100.0 2.0 565.0 638450 70 0.35

TABLE 2 The global foundation stiffness coefficients- best estimated soil properties

Global Foundation Stiffness Eguivalent Equivalent
DOF with piles  Without piles factor Spring Spring Damp
t/m} [t/m]} Stiffness [t/m] %
Translation 6.69E+05 6.85E+05 1.024 6.85E+05 25
Vertical 2.42E+06 3.72E+06 1.54 3. 72E+06 25
Rocking 1.93E+08 4.48E+08 2.32 4.48E+08 10
Torsion 1.58E+08 1.62E+08 1.024 1.62E+08 10

The wave scattering effect was evaluated using Kausel (1992) KININT computer code.
The results consist in the modified horizontal and rocking acceleration time history at
the foundation level and was concluded that this effect may be neglected. The ratio
between embedded depth to equivalent radius is less than 0.3 and according to ASCE
4-86 (1986), the embedment effect may be neglected. The seismic excitation defined at
the free field level was used.

3 SSI ANALYSIS

A lumped parameter dynamic model was developed for each nuclear building. In
Figure 2 and 3 are presented the RB dynamic model and RB-TB (Turbine Building)
coupled model. These models were used to produce mode frequencies and mode
shapes for the fixed base model, as well for the spring base model using AMP
computer code S&A (1993). The RB dynamic characteristics are presented in Table 3.
The fixed base model, dynamic parameters were used in the complex frequency
analysis together with the dynamic soil impedance matrix and the coupled soil-building
response was determined by modal synthesis in frequency domain using Kausel (1992)
EKSSI computer code. The comparison between FRS produced by the spring base
model, using direct method (DM), Time History analysis (TH) and the complex
frequency analysis (EKSSI) is presented in Figure 4 and shows that the spring
parameters are consistent with the soil dynamic impedance matrix. This comparison is
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important because the equivalent soil damping is expressed in damping ratio for the
spring base model Response Spectrum (RS8) analysis and offers a better control of the
damping level represented in the complex soil impedance matrix. Due to the fact that
the piles influence to the damping effect was not considered, conservative assumption
was made to limit the damping level corresponding to the SSI effect to 30% for
translation and 15% for rocking.

TABLE 4 Reactor Building dynamic characteristics

Fix base model Spring base model
Mode Frequency [Hz] | Damping % | Frequency [Hz] | Damping %
| 7.10 5 2.14 17.90
2 8.35 5 2.45 20.00
3 10.89 5 4.52 17.90
4 11.48 5 5.48 10.10
5 24.46 5 7.16 7.74
6 25.04 S 8.24 13.90
7 29.60 5 9.51 16.90
8 32.05 5 10.70 6.70
9 - - 27.55 6.16
10 - - 30.10 5.39

For the higher damping level the comparison between complex frequency model -
EKSSI analysis and spring base model - time history analysis, reflected in FRS results
shows significant differences in the high frequency range. Such difference was
obtained for the lower bound soil properties where the soil equivalent damping is
higher. These differences are due to the fact that the frequency variation of the soil
stiffness and damping coefficients is properly considered by the complex frequency
analysis - recommended, and not considered using TH or RS method - not
recommended when the soil equivalent damping ratio exceed 30%.

4 BUILDING-SOIL-BUILDING INTERACTION ANALYSIS

A coupled model Turbine Building (TB) and Reactor Building (RB) was developed.
The construction joint between buildings is represented in the model with gap
elements. The coupling effect was considered in the soil stiffness/damping matrix. A
time history dynamic nonlinear analysis was performed using SOLVIA (1990)
computer code. The soil stiffness/damping coefficients ware computed based on the
complex dynamic soil impedance. The global seismic structure response for the
coupled buildings, reflected in FRS are almost similar with the results based on
independent building analysis which shows that the coupling effect is week. This
conclusion validate the uncoupled building FRS results. The maximum relative
displacement between buildings produced by coupled time history analysis are
compared with response spectrum independent building analysis results in Table 5.
The time history analysis produced less conservative relative building displacements as
compared with independent building analysis. The equipment building interaction was
performed to determine the best estimated relative displacements between reactor
vessel (RV) - reactor room (RR) and internal structure (IS) . The RV and RR were
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included in the RB dynamic model and a dynamic time history analysis was performed
using SOLVIA computer code. Also FRS on the top of the RB was generated for the
RB-RV coupled model and also for the RV uncoupled model The analysis results
shows that the reactor vessel - structure interaction has only local effect reflected in
the FRS computed on the top of the RV. The RV uncoupled model produced
conservative results as compared with coupled model analysis. The internal structure
FRS at elevation 32 is compared to RV nozzle FRS for the coupled and uncoupled
analysis (Figure 5).

Table 5 The Maximum Buildings displacements

Coupled Model TH Analysis R/B - T/B Independent  Building RS
Y direction / North - South Analysis
Between Elevation Relative disp R/B Max T/B Max Disp
Nodes [m] [mm]} Disp {mm)] {mm]
20-29 10.0 10.70 18.30 4.74
21-30 13.2 11.20 18.98 5.32
22 -48 17.2 12.00 20.11 5.14
24 -32 22.2 13.0 21.60 5.63

5 CONCLUSIONS

To address the important aspects related to SSI or building-soil-building interaction
analysis it is necessary to use specialized tools to be able to handle soil nonlinear
behavior, material and radiation damping, embedment, wave scattering effect, gaps,
etc. Representation of the dynamic soil impedance in terms of a complex frequency
dependent matrix or using damping values instead of damping ratio, reduce the
engineering feeling and control of the analysis parameters. A good suggestion is to
perform the analysis using classical methods like spring base model parallel with
advanced methods like complex frequency analysis or nonlinear dynamic analysis and
to calibrate the classical model parameters to produce consistent results with advanced
analysis models. This approach enable to have various cross check keys and more
engineering feeling and confidence in handling the advanced methods and also may
reduce the analysis effort.
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Figure 1. Analysis flow chart
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