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Summary
For Nuclear Power Plants at soil sites, effects of local soils on design earthquake should be considered.
Because most NPPs are built at soil sites, design earthquake should consider effects of local soils.
Probabilistic Seismic Hazard Analysis based on Ground Motion Prediction Equations (GMPES) is used
to construct design earthquakes. However, GMPEs for soil sites cannot give satisfactory results,
because generic soils are used. Thus, GMPEs need to be modified to make them suitable for soil sites.
Based on the modified GMPEs, design earthquakes on the soil surface can be constructed accurately.

1. Introduction

Hazard curves calculated from Probabilistic Seismic Hazard Analysis (PSHA) for general surficial
rock condition—with shear wave velocity of the rock material greater than 750 m/sec according to
U.S. Geological Survey classification criteria—should be consistent with the definition of rock for
the Ground Motion Prediction Equations (GMPES) used in the PSHA. Because the surficial shear
wave velocities at Nuclear Power Plant (NPP) sites are generally less than the shear wave velocity
threshold (750 m/sec), the effects of local soil conditions on PSHA need to be considered.

In the design of NPPs, Safe Shutdown Earthquakes (SSEs) are used in the design and represented by
Design Response Spectra (DRS), such as Uniform Hazard Spectra (UHS), derived from PSHA. Some
empirical GMPEs [2] for soil sites could be used to construct the soil UHS in the same way as
constructing the rock UHS. However, they use generic soils to characterize various practical soil sites.
Thus, empirical GMPEs are constrained by the ground motion data that they used to develop their
attenuation relationships, and it is only appropriate to use these equations to probabilistically estimate
ground motions at the soil surface above a similar soil deposit [1]. This requirement actually greatly
restricts the usage of empirical GMPEs to construct the soil UHS.

To overcome this problem, McGuire et al. [9] have suggested that site amplification be used to modify
the bedrock GMPEs into site-specific attenuation relations prior to perform PSHA for soil sites. Based
on this idea, several methods have been proposed to perform PSHA for soil sites. Tsai [11] proposed a
method to calculate Peak Ground Acceleration (PGA) at the soil surface. Cramer [6] also proposed an
equation to calculate the soil-hazard curve following the suggestions of McGuire. Based on seismic site
response analysis with the consideration of nonlinear site effects, Bazzurro [3] obtained site
amplification distribution by regression analysis, and proposed equations to perform PHSA for two
different soil sites.
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Three issues should be considered in PSHA for soil sites: the variability of soil parameters, the
nonlinear property of soils, and the vector-valued site response analysis method. However, past
research concerning PSHA for soil sites did not completely combine these three issues. The method
proposed by Cramer [6] considered the variability of soil parameters, but did not use vector-valued site
response analysis method. Tsai [11] and Bazzurro [3] focused on the nonlinear property of soils in
PSHA for soil sites, not considering the variability of soil parameters and the vector-valued site
response analysis method.

In this paper, the variability of soil parameters, the nonlinear properties of soils, and the vector-valued
seismic site response analysis method are comprehensively considered in PSHA for soil sites. The
frameworks for PSHA for soil sites are presented, and a method to construct UHS on the soil surface is
proposed. Using the proposed methods in this paper, PSHA for an example soil site is performed and
the acceptable soil UHS of the soil site are also constructed.

2. Local Site Condition

During many earthquakes, local geology and soil conditions profoundly influenced the important
characteristics—amplitude, frequency content, and duration—of strong ground motions. Extent of their
influence depends on geometries and properties of the subsurface materials, topographies of the sites,
and characteristics of the incident bedrock motions.

Uncertainties in geotechnical properties of soils are very common. Past research [8] showed that
variability of soil parameters is suitable to be modelled by either normal distribution or lognormal
distribution. Examples of randomized normalized shear modulus with average coefficients of variation
0.12 and randomized shear wave velocity with average coefficients of variation 0.3 are shown in
Figures 1 and 2.

3. Seismic Site Response Analysis

Due to uncertainties in incident bedrock motions, this paper proposes multiple incident bedrock
motion intensity measures to evaluate seismic responses of soil sites. Since multiple incident
bedrock motion intensity measures are used, this analysis method is called vector-valued site
response analysis.

At a specific soil site, if Gy is taken as a response measure of the soil site corresponding to a vibration
period Ty, its probability is given by

p(gk) = f_oo f_oo f_oo P(Grlim1 tmzs e imn)flmllmz...lmn (tm1 tm2s = lmn) dim1 dig - diy 1)
where I,,,1, Lnz, -, Imn are incident bedrock motion intensity measures, and
fii Iz oo (im1s Tm2, -+ bma) 18 the joint probability density function.

4. Site Amplification

Site amplification is defined as the ratio of spectral acceleration of a ground motion at a soil surface to
spectral acceleration of the ground motion at bedrock underneath the soil surface. Reference [10]
showed that site amplification of a soil site is affected by many factors: the incident bedrock motion,
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the shear wave velocity, the soil normalized shear modulus, the damping ratio, and the thickness of soil
layers.

GMPEs are invalid to describe the attenuation relation of ground motions propagating from seismic
sources to soil surface. Site amplification distribution is used to modify bedrock GMPEs in order to

provide new attenuation relations valid for soil sites with modified uncertainties.
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Figure 1. Randomized normalized shear
modulus of the first soil layer

5. UHS at Soil Site
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Figure 2. Randomized shear wave velocity
of the soil site

Using the modified GMPEs, PSHA for soil sites yields accurate results. Consider a specific soil site in
a region where there are Ny potential seismic sources, and take S,(T)) as the intensity measure of
ground motions at the soil surface. For a given spectral acceleration value x; at bedrock corresponding
to period Ty, if Aj represents its site amplification, the probability p{S,(T:) = s} is equivalent to the

probability p{A; = i—i}. Thus, the annual probability of S, (T}) exceeding a specified target value of s;

IS expressed as

Ask =p{Sa(Ty) = s} =

fo fo fo p{Ak =

S/ % Xopga, 22} (Zisy Vi [y Jy frwponz, (XPga, 22 |m, ) fiy r (m, 7)dmdr};dx,. d(pga)dz; (2)
where PGA is the peak ground acceleration of incident bedrock motions, Z, is another incident bedrock
motion intensity measure (such as, spectral acceleration of incident bedrock motions averaged over the
second resonant vibration period range of the soil deposit), M is earthquake magnitude, R is source-to-
site distance, v; is the mean annual rate of exceedance for seismic source i.

The function fx, pca,z, (Xx,pga, z2|m,7) is the multivariate lognormal probability density function of

X, pga and z, conditional on m and r. Given a pair of m and r, a vector of the natural logarithm of
spectral accelerations at multiple periods have been empirically tested follow multivariate normal
distribution [7].
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6. Soil UHS of Example Soil Site

For an example soil site at Charleston, South Carolina, seismic site responses is simulated by
DEEPSOIL. Based on the simulation results, site amplification is calculated. Then site amplification
regression analysis is performed. Based on the functional form proposed by Abrahamson et al. [2] and
Bazzurro [4], a more accurate regression model is proposed

InA =co+c;InX +c; InPGA + c5InZ, + ¢4 (InX)? + c5s(In PGA)? + ¢4 (InZ,)? + 0in 4 €))
where ¢, ¢4, ..., cg are regression coefficients, whose values are shown in Table 1, and gy, 4 is the
natural logarithmic standard deviation of site amplification.

The bedrock GMPEs proposed by Boore and Atkinson [6] are modified by the site amplification
regression model. Using the modified GMPEs, PSHA for the soil site are performed accurately. Two
different characterizations of the site are used: base case, with deterministic soil parameters whose
values are equal to their best engineering estimates, and random case, with uncertain soil parameters.

Table 1: Regression coefficients and standard deviation

T (sec) Co €1 C2 C3 Cq Cs Ce OlnA
0.01 —1.0281 —1.1678 0.0 0.1844 —0.1199 0.0 0.0 0.2098
0.05 —0.4671 —0.6859 0.0 —0.1584 —0.0490 0.0 —0.0843 0.2230
0.1  -0.3097 -0.6519 0.0 —0.1789 —0.0524 0.0 —0.0851 0.2483
05 —-0.2238 -0.6386 —0.2160 0.0 —0.1006 —0.0432 0.0 0.3054
0.8  —-0.2802 -0.7701 -0.2064 0.0 —0.1218 —0.0196 0.0 0.3232

1.0 0.1947 —0.3488 0.0 —0.3500 —0.0587 0.0 —0.0704 0.3073

1.5 0.3184 —0.1341 0.0 —0.0259 0.0 0.0 0.0 0.3366
5.0 0.5042 0.1974 0.0 0.2068  0.0390 0.0 0.0 0.2091
1.4 Soil UHS by Modified GMPEs (rabdom case) L4 | Soil UHS by Modified GMPEs (rabdom case)
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Figure 3. Uniform Hazard Spectra
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Using equation (2), seismic hazard curves on the soil surface are calculated. Using the seismic hazard
curves at controlling periods, the soil UHS are constructed, as shown in Figure 3. Comparing the soil
UHS and the rock UHS, it can be seen that their spectral shapes and spectral amplitudes are different.
In addition, from Figure 3, it can be seen that the soil UHS by the modified GMPEs (base case) are
different from the soil UHS by GMPEs (base case). Comparing the soil UHS by the modified GMPEs
under random case and those by the modified GMPEs under base case, we further conclude that the
variability of soil parameters affects both spectral shapes and spectral amplitudes of the soil UHS.

7. Conclusion

From the work in this paper, we conclude that (1) the spectral shapes and spectral amplitudes of the
rock UHS are greatly different from those of the soil UHS; (2) the variability of soil parameters
affects both spectral shapes and spectral amplitudes of the soil UHS; and (3) the soil UHS by the
modified GMPEs is highly suitable for practical application.
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