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SUMMARY 

The Seismic Safety larqins Ri search Program (SSM.1P) is an U.S. NRC-funded multiyear 

program conducted hy Lawrence Livermore National Laboratory (LLNL). I ts goal is to develop 

a complete fu l ly coupled analysis procedure (including methods and computer codes) for 

estimating the risk of an earthquake-induced radioactive release from a commercial nuclear 

power plant. The analysis procedure is basej^upon 5 state-of-the-art evaluation of the 

current seiswc analytis and design process and expl ic i t ly accounts for uncertainties 

l i ferent in such a prbcess. In Phase I , completed in January, 1981, the seisoic input, the 

soil-structure interaction, dynamic response of structures and subsystems, and f rag i l i t y 

were dovelooed and combined using a probabil istic computational procedure. Demonstration 

calculations wers completed for the Zion nuclear oower plant. In Phase I I , presently 

ongoing, additional models, improvements to existing models, and improvements to the 

probabilistic computational assessment of Zion have been developed. 

One area requiring considerable additional study was the area of local si te 

ampl i f icnt ion. Local s , ; : : amplification has signif icant effect on structural response and 

i i a najnr source of uncertainty. Phase I of the S5HRP did not include the effect of local 

site conditions on the seismic hazard curve or on the free-f ield acceleration time histories 

used in the structural analysis. As part of the final Zion analysis in Phase I I , an 

assessment of the local si te effect at the Zion site was nade using new time histories 

nidi f ied for the Zion soil conditions. 

In this paper, we hr ie f ly describe the approach used to correct the seismic hazard curve 

and time histories developed in Phase I for local si te effects and discuss in some detail 

the results of our efforts to validate the approach. The principle ste,i in the approach was 

the use of an equivalent linear i terat ive technique jssudng vert ical ly f-indent waves to 

correct a set of time histories appropriate for a rock outcrop for the local soil column. 

For the Zion soil column this led to large correction factors.-

To validate nur approach we compared the amplification factors computed to those 

observed at sevc-dl sites somewhat similar to the Zion s i te . In particular, we used data 

from soil/rock station pairs recorded from F r i u l i , and f lrovi l le ea-thquakes. The mean site 

amplifications are expressed in teras of spectral rat io hetween the soil/rock station pair. 

Tbe results show that the mean si te amplifications estimated at the Zion site are comparable 

to tnnse derived from real data. 

•This work was sumiortad by the United States Nuclear Segulato'-v Commission under a 
Monorandun of Understanding with the United States Department of fnergy. 
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1, Introduction^ 

The ground notion nodel used in seismic hazard assessment (seismic hazard curve and 

frequency characteristics of the notion) of Phase 1 of the SSMR» was based on the ground 

motion data of Nestern United States. The effect of local site amplif ication at Zion was 

not expl ic i t ly taken into account. The ideal way to develop the seismic hazard at the Zion 

s i te would he to use a ground motion model based on regression analysis of data from sites 

similar to the Zion site, However, this was not possible because there was so l i t t l e data 

from sites l i ke Zion. An alternate approach would be to use the current site response 

procedure, suc.i as equivalent linear techniques, assuming a ver t ica l ly incident wave to 

coirect a set of t ine histories appropriate for a rock outcrop for the local soil column at 

Zion. The site amplficiation factors at the Zion s i te were conputed using equivalent l inear 

techniques accounting for the uncertainty in dynamic soil properties with a numerical 

experimental design scheme. 

One inoortant steo Df th is approach was to validate the computed amplification factors 

for the Zion s i te to assure that they are reasonable and consistent with recorded data. To 

show th is , we examined some recently available data recorded at hoth soil sites and nearby 

mc1: outcrops frnn a number of earthquakes. Site amplifications were developed based on 

these real records. These results, along with the previously available results from 

underground nuclear explosions, provide an empirical database which is used to judge results 

of our Zion analysis. Ve also nodeled one of the s i tes, Forgaria-Cornino, and employed the 

SHWE [11 code to calculate the response to see how well such analysis can predict the 

recorded results. These comparisons served as an additional validation of the procedure 

used. 

?. nevelopient of Site Amplification for the Zion Site 

The Zion s i te is conoosed of I'IO feet of soil overlaying a bedrock of Hiagara dolomite. 

This layer is further subdivided into three d is t inct sub-la.yers and our site response 

analysis exp l ic i t l y represent these three layers and the bedrock. Modeling the soil 

Droperties at Zion entailed estimating fte nominal shear modulus and Material damping to be 

exnected for each discretisation of the seismic hazard curve. Also, assigning var iabi l i ty 

to soil shear modulus and naterial damping representing our lack of knowledge as to their 

values. 

The characteristics of the Zion s i te , i . e . , a relat ively f l a t shallow soil over a very 

s t i f f bedrock, lead to the expectation of amoiified notion in a narrow frequency range 

associated with the soil oroperties and layering structure of the Zion s i te. In our SST1RP 

response calculations, we exp l i c i t l y account for this phenomenon. The seismic hazard curve 

and the ensembles of acceleration time histories are defined on the rock outcrop. The 

f ree-f ie ld surface motion could then be estimated or calculated by at least two alternative 

methods: 

o If si te response data exists for Zion i t s e l f or a s i te similar to Zion, transfer 

functions could be developed between rock and soi l surface motions. Data of th is 

tyoe is presented here; however, none of the sites presented correspond direct ly to 

Zion. 

o Generate a theoretical model of the expected behavior of the Zion s i te , validate 

the model to the extent possible, and calculate f ree- f ie ld surface motions from 
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rock outcrop motions. 

The la t ter approach was taken in the SSHRP. The soil column was modeled as a system of 

horizontal layers of in f in i te extent. Viscoelastlc material models for each layer were 

assuned—shear modulus, density, Poisson's ra t io , and material damping. One dimensional 

wave propagation was also assumed—vertically propagating shear waves producing horizontal 

notion and dHatational waves producing vertical notion. 

For the Zion analysis, local s i te amplification was modeled expl ic i t ly In the seismic 

response calculations and in Generation of the seisnic hazard curve. Tta procedure was to 

define the free-f ield ground motion and associated seismic hazard curve on a hypothetical 

rock outcrop [?1. This seisnic hazard curve was developed from a ground motion model with 

uncertainty removed which was thought to be due to differences in site conditions at which 

qr-ound notion data was recorded. The tine histories were then propagated through a linear 

viscnelastic soil nodel with properties of the experimental design used in the SMACS [3] 

analysis. Figures la and lb show spectral ratios for horizontal and vertical free-f ield 

nround notion. The mean and mean +/- one standard deviation are shown. Note the 

uncertainty in these ratios is due to uncertainty in the rock outcrop time histories and in 

the snil properties. For this case, only sources of random uncertainty in the soil were 

treated [ l ] , Thirtv earthquake simulations were analyzed with soil properties selected 

according to a Latin hypercube experimental design used in the SMACS analysis. The results 

show oean amplification of the PSA or about Z which corresponds well with recorded data. 

Moan anpl i f icat ion in the amplified frequency range are 3 to 4 which 1s sl ight ly less than 

exhibited hy the data. This model appears to be reasonable considering nost sources of 

uncertainty. 

3. Site Amplification Based on Real Records 

Recorded notions at several sites from a number of earthquakes were used for this 

study. A sumary of s i te conditions, earthquake location parameters and average peak 

acceleration data of outcrops are shown in Table 1. The response spectra of recorded 

lotions between soil/rock station pairs for the same component were computed to develop the 

soectral rat io of the s i te. For engineering purposes, the site anplif ication is defined as 

the mean spectral ratio conouted from the same component of soil/rock station pair for a set 

of selected earthquakes. The mean spectral rat io in two horizontal directions are 

frenuently different due to the complicated nature of geologic properties and wave 

characteristics. This is an aspect of the phenomenon which the one dimensional model and 

assumed material behavior cannot represent. For the purpose of validation of our 

representation, we combined results for the two horizontal components into one data set. 

Results shown below do not include very low frequencies since the data was no* baseline 

corrected and large ratios could results. This Is not c r i t i ca l because i t is out of our 

frequency range of interest. 

3.1 Foroaria-Cornino Station from the 1976 Fr iu l i Earthquake 

Five records at this station were co-ipared with the corresponding records at S. Rocco 

rock outcrop stations, The 5. Rocco station is located on the hi l ls ide about 200 meters 

higher than the Corninn station. The two stations are only about 650 meters apart, as shown 

in Figure 2. The shear wave velocities at both sites were measured by in-s i tu cross-hole 

seism'c velocity surveys, Fontanive and Gorelli [ 5 ] . As shown in Figure 3, the shear wave 
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velocity at Cornino varies from 600 fps near the ground surface to about 1900 fps at 49 feet. 

in depth where a moderate rock layer about 12 feet thick is encountered. Below this layer 

the shear wave velocity decreases to about 1400 fps around the depth of 80 feet and 

increases again to ahout 2500 fps between 90 feet and 112 feet which my be considered as 

another rock layer. The shear wave velocity below 116 feet varies less which enables us to 

define the rock half space with an average shear wave velocity of 2H55 fps. An average 

amplification of 2,3 on PSA and 4.2 on peak spectral acceleration at a dominant frequency of 

approximately 3 Hz are shown in Figures 4a and 4b. The average vertical amplification is of 

the sa:ie order on PGA ind oeak spectral acceleration around 5.5 Hz. 

3.2 Buia Station froin the 1976 Friuli Earthquake 

Data from the Friuli 1976 earthquake recorded on the rock outcrop at S, Rocco and the 

soil station at the luia site were compared, The Buia site is located on a soil deposit 

consisting of recent and quite deep alluvium overlying rock formation of limestone and 

sandstone. The S, Rocco station is situatod on limestone with average shear wave velocity 

of 2000 fps. Four earthquakes (NL = 4.4 ~ 6.1) with epicenters varying from 10 km to 20 

k i were used for this pair station. The average peak ground acceleration is O.llg at S. 

fiocco outcroo. The average site spectral ratio for both horizontal and vertical components 

are shown in Figures 5a and 5b. I t is noted that for this depp soft soil site, the PGA has 

not been amplified but appreciable amplification is observed in the low frequency range. In 

tl,.;. case i t is ahout 0.75 seconds which is likely the fundamental period of the site. 

3.3 i). Johnson Ranch Station (DJR) from the 1975 Oroville Earthquake 

This site consists of about 35 feet of pleistocene gravel and alluvium, having an 

averaqe shear wave velocity of 1100 fps, overlying the bedrock with an average shear wave 

velocity of 5000 fps. Two rock stations, Station 6 and 8, were used as station pairs to 

DJR. Four earthquakes :*ith magnitudes ranging from 4.0 to 4.9 were used for the evaluation 

of site amplification at DJR. The mean and the mean +/- standard deviation of the spectral 

ratio of soil to rock for both horizontal components and vertical components are shown on 

Fiqures fia and 6b. The f irst peak frequency shown between 6 and 7 Hi agrees quite well with 

the frequency obtained form the simple 1-0 shear wave model of the site. Assuming the 

Poissnn's ratio of the soil is 0.3, the first peak frequency of P-wave model also agree 

reasonably well with recorded data shown in Figure 6b. 

In soite nf the complicated 3-D nature of the real situtation, the results found in 

these sites did show reasonances occuriny at certain frequency ranges similar to the 

phenomenon of site response predicted by a simple vertically propagating body wave. In 

summary, Table 2 shows the numerical values of site amplifications derived on the basis of 

recorded data for these sites. In addition, the amplification at the Tonipah site shaken by 

a nuclear underground explosion are also included, Hayes [6], 

4. S"AKE Procedures Applied to Forgaria-Cornlno 

To help validate our modeling procedure, models of the Forgaria-Cornino site were 

constructed, analyses performed, and the results compared to the recorded motions. 

Menlecting the topoqraphy effect, each horizontal component of recorded motion at S. Rocco 

was specified as rock outcrop motion and Input to the soil model of the Cornino site. 

Surface motions were calculated using the compter code SHAKE. These calculated motions were 

compared to the corresponding recorded motions. At this site, good agreement between 
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calculated notion and recorded motion Mas found in the E-W components. Figure 7 shows the 

comparison of response soectr« between the recorded notion and one of the calculated 

mntions. In the H-S directfor, our analysis gives the r ight peak frequency but 

•j-.dcrrrcuiLt: 'he response implitudos for most of the frequencies. This fact may be due to 

the Drofound tonography effect in the M-S direction while shaking in E-K direction 1s closer 

to the horizontal layer assumption made in the SHAKE procedure, 

Site response calculations must consider the uncertainty contributed by the variation of 

the depth of soil model, dynamic soil prooerties and inoedence rat io between soil and 

bedrock. All of these factors could contribute signif icant uncertainty to calculated 

resoonses. As the complex soil prof i le found at Cornino, three model; having the bedrock 

assured at the depths of 49, 10 and US feet were considered in the analysis. The variation 

of soil o'operties were only performed on the 116 foot model. Multiple analyses including 

various sets of soil properties were conducted. Me considered ^ 5 0 ; of nominal shear 

modulus and of nominal damping rat io as the upper'and lower bound l im i ts . Four possible 

co-ihinations of shear modulus and daiping ratio in soil properties plus the case of nominal 

soil prooerties lead to a total of f ive sets of dif ferent properties for analysis. Two 

additional cases considering the variation of bedrock shear wave velocity were also 

included. The lower hound l im i t of bedrock shear wave velocity was taken as 2020 fps (71? 

of nominal) and upper bound l im i t of 3500 fosrf 12?S cf nominal). Only nominal soil 

Droperties wore used for the 49 feet and 90 feet models. The mean, minimum and maximum 

resnnse snectrum for a l l the cases considered, are shown in Figure 8 together with the 

recorded soil/rock motion. With the complicated real situation in contrast with the simple 

a e r a t i o n made in the SHAKE procedure, one can imagine that i t is almost impossible to 

match the predicted notion to the recorded motion for the entire frequency range. However, 

the overall predicted resoonse by SHAKE are comparable to the recorded data. 

5. Conclusions 

The analysis of real data recorded on several sites show that shallow soil sites 

stronqly amolify earthquake notions from beoYo;k to the ground surface. The order of 

amplification is consistant with results reported by other investigators for underground 

explosion data and some earthquake data, Hayes [6 ] , 

The site amplifications at Zion were confuted by equivalent linear techniques. The 

sh.ipe and the magnitude of mean site amnlification predicted by this technique are similar 

to those ohtained from recorded data of similar sites. However, the coefficients of 

variation (C(W) of mean site amplification from the recorded data show much higher than 

those of calculated ones. The higher CDV could possibly be due to the effect of complicated 

irregular topography, soil-rock interface and the contribution of the inclined body wave as 

well as horizontal surface wave propagation, 

A f i r s t step in the validation of the SHAKE code was f i r s t taken by comparing the 

reiDO'ise sped"'' between the calculated and recorded nation at Forgoria-Cornino s i te. In 

the E-li direction the response spectra of calculated motions are comparable to those of 

recorded notion for engineering design purpose. In the !!-S direction SHAKE code 

underestimates the response which may be due to the effect of topography and heterogenicty 

of the soil/rock formation. 
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Fijs. la & lb The Mean and the Mean +/- Standard Deviation of the Spectral Ratios of 
Soil to Rock for (a) Horizontal Motion and (b) Vertical Motion; Computed by 
Analytical Procedure Involving Numerical Experimental Design for ZION Site 

I Site Profile Passing through the Accelergraphic 
Stations of S. Rocco and Cornino Forgaria — 
Nearly Along the North-South Direction 

F'"g. 3 Shear i.'ave Velocity Profile 
at the Forgaria-Cornino Site 

Figs.4a 8 4b The Mean and the Hean * / - Standard Deviation of the Spectral Ratios of 
Soil to Rock for (a) Both Hori?ontal Components and (b) The Vertical Component; 
Recorded at Forgaria-Cornino Soil Site and S. Rocco Rock Site, from Fr iu l i Eqks. 
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Figs. 5a & 5b The Mean and the Mean +/- Standard Deviation of the Spectral Ratios of 
Soil to Rock for (a) Both Horizontal Components and (b) The Vertical Component; 
Recorded at Buia Soil Site and S. Rocco Rock S i te , from the 1976 Fr iu l i Eqks, 
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Figs. 6a & 6b The Mean and the Mean *•/- Standard Deviation of the Spectral Ratios of 
Soil to Pock for (a) Both Horizontal Components and (b) The Vertical Component; 
Recorded at Johnson Ranch Sail Site and CD«Gi?6 and CDMG;8 Rock Si te , from the 
August and September 1975 Oroville Earthquakes 

Fig. 7 Comparison of Respond Spectra between 
the Calculated Motion and ti.° Recorded Motion 
at Forgaria-Cornino of the l'J76 Fr iul i Eqk. 

Fig. S Comparison of Response Spectra between 
the Recorded Motion and the Calculated 
Kotinns Including Modeling Uncertainty 


