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SITE RESPONSE CALCULATION'S FOR NUCLEAR POWER PLANTS 

Lawrence H. Wi^ht 
Lawrence I.ivermore Laboratory, University of California 

Livermore, California 94 550 

Abstract 

It is current practice in the nuclear industry to specify the se-'- :c 
input to design calculations at the surface of the site rather than &t ',-drock 
Turther, detailed site analyses defining this seismic input are often 
eliminated by the use of statistically derived seismic input whose inherent 
conservatism renders them applicable to a variety of sites as, for example, in 
the U.S. Nuclear Regulatory Commission (N.&.C.) Guide 1.60. Some of the 
implications of tlieso methods were found through an extensive parametric 
investigation-

Six typical sites consisting of three soil profiles with average shear 
wave velocities nf 800, 1800, and 5000 ft/sec is well as two soil depths of 
200 and 400 ft were considered. Seismic input to these sites was a synthetic 
accelerogram applied at Che surface and corresponding to a statistically 
representative response speccrum. The response of each of these six sites to 
this input was calculated with the SHAKE program. 

The results of these calculations indicate chut: 
1. The spectrum specified at the surface envelops all the spectra from 

lower levels for hard and intermediate sites, a trend not true for 
the softer sites. 

2. The soft sites cannot respond in a vny that produces the surface 
spectrum. 

It may be both physically and calculationally more appealing to specify a 
bedrock instead of a surface seismic input. 

This work was performed under the auspices t*f the U.S. Energy Research & 
Development Administration, under contract No. U'-?4G5-Eng-48. 
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INTR0DUCT10N 

We performed a calculational parametric survey to evaluate the free-field 
depth variation of response spectra given a statistically representative 
surface response spectrum. We also examined the consequences cf using 
statistically based site-response input rather than site-specific input. 

We found that for a wide range of sites our specified surface response 
spectrum envelops all the response spectra within the site soil profile, 
Further, our calculations showed that soft sites cannot produce the surface 
ground motion required to agree with currently available statistically 
representative surface ground motion. 

Our results show that it is conservative to use the surface ground motion 
as seismic input at the foundation level of embedded structures provided it 
can be shown that soil-structure interaction is nil. This includes such a wide 
variety of nuclear power plant structures as buried pipes and tanks as well 
as some auxiliary buildings. In addition, the results may affect conformance to 
current U.S. Nuclear Regulatory Commission (N.R«C.) policy on soil-structure 
interaction criteria. And finally, our results show that the applicability of 
statistically based surface seismic input is limited,. 

METHOD 

Briefly, our method is to calculate with the SHAKE code the response of 
several sites to statistically representative seismic input. SHAKE calculates 
the one-dimensional response of horizontal soil layers to horizontal excitation. 
The method is based on the Fourier transformation of the wave equation, and 
thus resembles a systems response calculation. For example, to calculate the 
response of a site to bedrock shaking, we multiply the input spectrum by the 
deposit transfer function to yield the surface spectrum. An inverse Fourier 
transformation then yields the surface acceleration time history. Because all 
calculations are in the frequency domain, the code has the inherent capability 
to find the response anywhere in the deposit given the input motion anywhere 
else in the deposit. 

There are several assumptions inherent in a SHAKE calculation. The most 
significant are: 

1. The response of the site is dominated by shear shaking from below. 
All other modes of seismic energy are neglected. 

2. The shear shaking is undirectio.̂ al and the site responds with a state 
of plane strain. 

3. The stress-strain trajectories are cyclic. 
4. There are no residual displacements. 
5. There is no liquefaction of soils. 

The last two assumptions can be evaluated on a site-by-site basis, and we 
assume that these assumptions are valid for the sices we used in the 
calculations. The first three, and particularly the first, will require more 
research. We assume their validity for these calculations. 
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Seismic Input 

Because we hoped to generalize from our results, we wanted our input to 
be as statistically representative as possible. We used the results of Blume, 
who recently completed an investigation into the statistics of strong ground 
motion. We selected Blume's statistically averaged surface response spectrum 
as our seismic input. This spectrum, normalized to 1 g, is shown in Fig. 1. 
Because this work interfaced with other projects, our input was not the N.R.C. 
Regulatory Guide 1.60. We were, however, confident that our results applied 
equally well to this latter input. 

Because SHAKE requires a time-history input, we used the method oi random 
phase^ to generate a synthetic accelerogram whose response spectrum matches 
our input spectrum. We present this accelerogram, normalized to 1 g, in Fig. 
and compare its response spectrum with the input spectrum in Fig. 3. 

Motivated by our search for results of general application, we selected 
two values of the peak acceleration (0.125 and 0.250 g) to cover possible 
earthquake ranges. 

Typical Sites 

Figure 4 illustrates the three sites (soft, intermediate, hard) chosen 
for analysis. The soft site has an average shear wave velocity of 800 ft/sec, 
the intermediate of 1800 ft/sec, and the hard site of 5000 ft/sec. We took 
the water table to be at bedrock (the base of each deposit) for each site. 
Bedrock is assumed to be infinitely stiff and the lower half of each deposit 
is a gradation layer between the softer upper soils and the rigid bedrock half 
space. To cover a range of sites, we determined the response of each soil 
deposit at two different thicknesses, 200 and 400 ft. 

For meaningful results, it is essential to use representative scil 
properties. We took the density of each layer to be constant, and we assigned 
a different shear stress-strain function to each layer. Soils are exceedingly 
nonlinear, and we therefore used the shear modulus strain function presented 
by Seed and Idriss.^ These curves are shown in Fig. r. The shear modulus 
function for typical rocks and clays is straightforward; however, for sand it 
is more complex because its shear modulus is very sensitive to overburden - ,_ 
pressure. The functional dependence on pressure (p) in Fig. 5 is G times p 

To allow for shear modulus functions different than those in Fig. 5, we 
introduced a shear modulus factor for each layer. This factor multiplies the 
appropriate function to define the shear modulus used in that layer. Figure A 
includes the shear modulus factors that we used for each layer, and Table 1 
gives the corresponding low scrain (10~̂ ?O acousLic slu-ar modulus for t*;ich 
layer. We found that our calculations were very insensitive to the damping 
factors used; we therefore used directly the damping factor functions given in 
Ref. 4 and reproduced in Fig. 6. 



RESULTS AND DISCUSSION 

We summarize our results in Table 2 and we give the detailed outputs from 
runs 2, 6, and 10 in Figs. 7 through 9. These spectra and all those that 
follow are for 5% damping. These results are typical of all the runs in 
showing how the surface response spectrum envelops all others at lower levels. 
We also observed that the detailed variation of spectral amplitudes with depth 
are very complex; however, generally as the sites become softer the depth 
variation of spectral maximums decrease while the variation of secondary peaks 
at higher frequencies increase. In addition, we saw some slight frequtncy 
shifts of spectral peaks for the softer sites. 

These comparisons, which we emphasize are typical of the other runs, show 
another interesting feature. Current N.R.C. guidelines outline a procedure 
for deriving input to soil-structure interaction calculations.5 These 
guidelines state that special justification is necessary for situations in 
which the foundation level free-field spectrum is less than 60% of the surface 
spectrum. It is clear from Figs. 10 through 12 that between the 0.5- and 
1.5-sec periods the spectral accelerations for all depths are less than 607 of 
the surface spectrum. 

Our last two runs had some numerical difficulties that we feel were caused 
by the thick, soft sites not being able to support the level of bedrock shaking 
required for a 0.125- or 0,250-g surface acceleration. Xo matter how sLiff we 
made the gradation layer, the shear modulus In the layers clc«e to bedrock 
tended toward zero and the strains and accelerations approached infinity. 
While run 11 terminated normally, it took 15 iterations and the gradation layer 
was becoming increasingly soft. Run 12 became unstable after five iterations. 
We took this problem as an indication of an inherent difficulty in applying 
this method to soft sites. 

Ive also cross compared the results in an attempt to quantify the effect 
of the peak surface acceleration and of the site thickness. In all the 
following figures we compared spectra from different runs at the 0,125 D depth 
(D = soil thickness) for 5% damping. 

Effect of Peak Surface Acceleration 

To assess the consequences of an uncertainty in the peak surface 
acceleration, we normalized the response of each site of a ftiven stiffness and 
thickness to the peak surface acceleration. For example, the spectral 
accelerations of each layer from run 1 were divided by 0.123 g, those from 
run 2 were divided by 0.250 g, and the resulting spectra were compared at each 
layer. This comparison could quantify the effect of increasing softness witli 
Increasing intensity of shaking. Figure 13 gives this comparison for the 
0.125-D levj]. 
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The comparison for the stiffest site displays exactly what we expected, 
i.e., the lower intensity gives proportionately higher spectral accelerations 
at all periods because of less dynamic softening.* It is interesting that for 
all the remaining comparisons in Fig. 13 the more intense shaking produces 
proportionately higher spectral accelerations over a small frequency window. 
This clearly must be the effect of peaks in the site transfer function, 
demonstrating that our intuition regarding dynamic softening can often fail 
us. 

The effect of an uncertainty in the estimation of peak surface 
acceleration can lead to large unce-rtainties in spectral accelerations at lower 
levels. These uncertainties can be quantified only by calculations such as 
these. Again, however, this problem can be bypassed, because our calculations 
show that it is conservative to use the surface response spectrum as the 
response spectrum for a lower level. 

Effect of Site Thickness 

Now we shall consider the effect of an uncertainty in the site thickness. 
Figure 14 compares the spectra of the 0.125-D level for sites of a given 
stiffness and given peak surface acceleration. For example, in Fig. 14a we 
compare spectra for run 1 and run 3. Here we see that the peak spectral 
acceleration for the 200-ft-thick site just slightly exceeds that for the 
400-ft site. For increasingly softer sites, the spectral peaks for the 400-ft 
sites exceed those of the 200-ft sites, the greatest excess being for the 
intermediate sites- However, the spectral accelerations of the 200-ft site 
always exceed those of the 400-ft site at longer periods. 

These results show that, as in the prior comparison, we must perform a 
calculation for a proper understanding of the variation. 

SUMMARY AND CONCLUSIONS 

We selected three different sites: stiff, intermediate, and soft. He 
applied a horizontal excitation to each site at bedrock with an accelerogram 
such that a specified response spectrum was observed at the surface. We shook 
each site with two levels of shaking and each site had two different 
thicknesses. This provided us with twelve calculations, between which we made 
extensive comparisons. Based on the results of these calculations, we 
concluded that: 

1. The specified surface acceleration response spectrin? is an upper bound 
for the response spectra at depths below the surface for every site 
we considered, except for the two softest (runs 11 and 12). 

2. Because the surface response spectrum is an upper bound, it is 
conservative to use this spectrum as seismic input to embedded 
structures, provided soil-structure interaction is not a concern. 

3. It is physically unreasonable to use currently popular statistically 
based surface spectra for sites with average shear wave velocities of 
1000 ft/sec or less. 

*Site stiffness depends on the magnitude of shaking. An intense excitation 
rich in frequencies near the fundamental site period will so violently shake 
the deposit that it may respond more like a soft site. 



c 
4. Because of the soft site problems, it may be attractive to either 

separate the soft sites in a statistical treatment of surface motion 
and thereby derive soft site motion, or base the seismic motion 
specification on bedrock motions. 

« 
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Table 1. Soil properties used in the calculation. 

K.ins.- of 10 " strain s -car 
Unit weight modul i above- gradation aver 

Soil type (kip/ft 3) (kip/ft 2) 

Sand 0.085 701-2330'1 

Soft clays 0.090 UiO-3.'60 
Intermediate c lays 0.090-0.120 ^600-6900 
Yard clays 0.120 5750-8050 
Soft rock 0.120 (used enly in gradation a>cr 

Including the effect of overburden. 
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Table 2. Summary of results for the 12 runs. 

Run 
number 

Site-
hardness 

Site 
thickness 
(ft) 

Peak 
surface 

acceleration 
(g) 

Calculated 
peak 
bedrock 

acceleration 
(g) 

Kunber of 
iterations 
to 5S 
accuracv 

1 Hard 200 0.125 0.08 -
2 Hard 200 0.250 0.157 4 
3 Hard 400 0.125 0.070 4 
4 Hard 400 0.250 0.219 4 
5 Intermediate 200 0.125 0.06 -
h Intermediate 200 0.250 0.115 b 

7 Intermediate 400 0.125 0.058 4 
8 Intermediate 400 0.250 0.32 (;> 
9 Soft 200 0.125 0.065 5 
10 Soft 200 0.250 0.28 8 
11 Soft 400 0.125 1.32 15 
12 Soft 400 0.250 - -
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FIGURE CAPTIONS 

Fig. 1. Spectrum shapes for large (50'.) probability of exeeedanee. 
Fig. 2. Ground motion accelerogram used for site response analysis. 
Via- 3. Ground motion response spectra used for sitf response analysis. 
Fig. 4. The three sites used in the calculations. 
Fig. 5. Shear moduli used in the calculations. 
Fig. '•>. Damping factors used in the calculations. 
Fig. 7„ Run 2 results at b% drnping. 
Fig. 8. Run 6 results at 5/' damping. 
Fig. 9. Run 10 results at 5% damping. 
Fig. 10. Run 2 results at 5Z damping with bOZ cf surface spectrum superposed. 
Fig. 11, Run 6 results at 5% damping with 605; of surface spectrum superposed. 
Fig, 12. Run 10 results at 5% damping with 60?' of surface spectrum superposed. 
rig. 13. Comparisons for different levels ot shaking. 
Fig. 14. Comparisons for different site thicknesses, 
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