Transactions of the 14th International Conference on Structural Mechanics K01/5
in Reactor Technology (SMiRT 14), Lyon, France, August 17-22, 1997

Seismic response variability in stochastic ground models

Nakamura H.®, Harada T.?, Yamazaki F.®

(1) Japan Engineering Consultants Co., Ltd., Japan
(2) Miyazaki University, Japan

(3) University of Tokyo, Japan

ABSTRACT: The spatial response variability of near-surface soil layer during earthquake has been so far
inferred mainly from the observation records of closely spaced seismic arrays. In this study, we investigate
the influence of laterally heterogeneous soil properties on the seismic response variability by means of first-
order perturbation and stochastic finite element techniques. This stochastic analysis shows that the response
variability due to the soil heterogeneity is significant over the predominant frequency of site and demon-
strates the perturbation analysis practically available for the site approximated well as a single soil layer.

1 INTRODUCTION

Near-surface local site effects have a significant influence on the various characters of earthquake ground
motion. The stochastic analysis, therefore, is in course of accounting for the significance of the local site
effects pertaining wave propagation problem [15]. The stochastic analysis becomes more important in
understanding the contribution of stochastic material properties—among other things such as the seismic
source, traveling path of seismic waves, and near-surface local site. As far as the ground response at near-
surface local site during earthquake is concered, the spatial response variability so far has been inferred
mainly from the observation records of closely spaced seismic arrays [7, 12, 14]. These stochastic analyses
have been made for local site effects classified as the irregularities of free-surface and interface between
soil layers [6], and the heterogeneity of soil properties [2, 3, 5, 13]. Deterministic analyses also emphasize
the significance of surficial soil layer using the one difhensional multilayer model [1].

As an extension of the stochastie analyses, this study is also aimed at investigating the spatial response
variability of surficial soil layer. While we have to consider the indeterministic soil properties by some
way, it is common in the stochastic analyses to treat the indeterministic nature of structural systems as a
stochasticity. Then, the response variability mentioned in this study is a seismic version of the response
variability since we adopt the same way that has been extensively studied in engineering mechanics field
for structural systems with stochastic material properties [e.g., 11]. This study analyzes the response
variability by using an analytical approximation and a numerical discretization, which are first-order per-
turbation and stochastic finite element techniques, respectively. After each analysis is done for the seismic
response variability, the comparison as well as discussion is made for those obtained from both analyses.
Then, this study shows the practical availability of the perturbation analysis.

2 EVALUATION OF STOCHASTIC GROUND RESPONSE
This study analyzes the surficial ground motion that is the stochastic response of heterogeneous single soil
layer induced by the coherent base motion. That is, this is an analysis to obtain the practical and hence

simple solution of the ground response with laterally heterogeneous soil properties. Then, this study
presents two efficient methodologies using a first-order perturbation method and a stochastic finite element

29



14th SMiRT (Lyon, France, August 17-22, 1997)

Ry

20

Z

Rigid Base

Yz
Fig. 1. Single soil layer model resting on rigid base.

method to obtain the power spectrum in frequency and wave number domains, since the space-time
stochastic ground response can be represented by the frequency-wave number power spectrum. As well as
the frequency-wave number response, the space-time response can be obtained in both analyses once the
space-time incident wave is decided at the rigid base.

First-order Perturbation Method

A first-order perturbation technique is adopted so as to derive the analytically approximate solution of the
problem involving material stochasticities of small lateral extent. This study considers a viscoelastic single
soil layer overlying a flat rigid base as shown in Fig. 1. The single soil layer has the density of p, the
complex elastic wave velocity of ¢; = cj(1+iD) (J = P, S) where ¢? 7 is the elastic P- and S-wave
velocity, D is the linear hysteretic damping ratio, and ; —J— The values of soil parameters used in this -
study are shown in Table 1. Since the constant thickness is supposed to be H =30 m (= z; - zy), the mean
predominant frequency is 2.5Hz for the soil layer model which is determined under the consideration of the
Chiba site in Japan where the seismic array observation is performed since 1982 [10, 12].

This study considers the P-SV waves subjected to a near-surface single soil layer. Following the Bom-
type approximation, the perturbation of elastic wave velocities is assigned in the single soil layer whose
material properties vary laterally. The P-SV wave equation is solved theoretically by using an integral
equation formulation [S, 8] on the Cartesian coordinate and corresponding displacement vector systems as
shown in Fig. 1. Then, a closed-form analytic expression is obtained based on the propagator matrix
method [4] for the laterally two dimensional single soil layer. To obtain the perturbation solution, we
utilize the condition that the vertical displacement is confined to zero to make the solution simple for
practice. While the derivation of the perturbation solution is abbreviated, this paper shows a resultant
solution of the frequency-wave number power spectrum describing the response variability due to laterally
heterogeneous soil layer as mentioned above. The frequency-wave number power spectrum as functions
of frequency, m, in rad/sec and wave number vector, k; in rad/m is given by:

s _|ed A % 2B :
s (x, )= |KAP S —Kg)— 2K 25 AS(K—K0)| 3 () )
where § is the Dirac’s delta function and Ag is ﬂlewavenumberspecmnndescdbingﬂlclatemlheteroge-
neity of soil propexhes Note that the heterogeneity of soil properties is not required to be isotropic in (1). &
and S (@) in (1) are apparent wave number vector and wave number power spectrum of the incident SV
base motJon, respectively. By using v,p and V4p showin, Ag vertical wave number corresponding to
horizontal wave number, xand K, nespectlvely, K4p and K% in (1) are as follow:
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especially when vertically incident wave is considered, i.e., k=0, Kgp and Kﬁls, at k=0 are given by:
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In this case that x,=0and k=0, KAPandK for confined P-SV wave correspond those for SH and SV
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Table 1. Parameters for laterally heterogeneous single soil layer model (H = 30 m).

Parameters . Symbols Values
Density (t/m3) p 1.8
Mean P-wave velocity (m/s) Cpo 1530
Mean S-wave velocity (m/s) Cso 300
Poisson’s ratio v 0.48
Correlation function s4 Gaussian
Correlation length (m) a variable
Coefficient of variation o variable
Intrinsic damping ratio D 0.05

wave. Note that the homogeneous and heterogeneous parts in (1) are coupled since ZS is not zero at K=
Ko except special case. Considering this coupling is an amelioration of the solution proposed in the refer-
ence [5]. If the heterogeneous part in (1) is neglected, this two dimensional perturbation solution, in fact,
gives the same solution for one dimensional soil layer. While the perturbation solution expressed by (1) is
derived for the confined P-SV wave, the perturbation solution for SV and SH waves is also derived in the
same way [5]. We suppose the case hereafter that Sfx is unity since this study is aimed at evaluating the
response variability of single soil layer with stochastic material properties.

Lateral Heterogeneous elastic wave velocity

It is assumed in stochastic analyses that the spatial correlation at different locations in random field de-
creases with increase of the distance between two locations. To deal with the lateral heterogeneity of single - -
soil layer, this study supposes this assumption as well as many other researches [e.g., 2, 3, 13] which have
been done under this assumption to the correlation structure. Then, this study adopts the Gaussian comela-
tion function, fo, and its corresponding wave number power spectrum, Sfx, are as follow:

2.2

R A _ 2 6 2 S A _ 2 a a’K

() = 0p” exp 7z xx (K) =0 7 P | T | s @
where o) and a indicate, respectively, the C.0.V. and the correlation distance of heterogeneous elastic
wave velocity field. This Gaussian correlation function is used in many other stochastic problems. By
using the Gaussian correlation function describing the stochastic elastic wave velocity, Fig. 2 (a) shows the
example of wave number power spectrum in which the correlation distance, a , is 50 m and the C.O.V., Oy,
is 15 %, and Fig. 2 (b) shows the realization of the corresponding elastic wave velocity for S-wave with the
mean velocity of 300 m/s. The correlation distance of 50 m and the C.O.V. of 15 % describing the
stochasticity of the ground are used hereafter to show the response variability as a typical example. The
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Fig. 2. (a) Wave number power spectrum describing laterally heterogeneous elastic wave velocity (correla-
tion distance: a=50m; C.O.V.: 0,=15 %), and (b) the realization of the corresponding elastic wave
velocity for S-wave with mean velocity of 300 m/s. ‘
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Table 2. Correlation distances of the lateral heterogenities and sizes of finite element models.

Parameters FEM models
(1) ) 3 @
Correlation length (m) a 25.0 50.0 75.0 100.0
Element width (m) B, 5.0 5.0 10.0 10.0
Total width (km) B 1.0 1.0 2.0 2.0
Ratio of a and B, BJa 0.20 0.10 0.13 0.10
Ratio of a and B Bla 40.0 20.0 26.7 20.0
Energy Transmt. Energy Transmt.
Boundary Boundary
O I o 4000 (200x20) Finite Elements Free
Field |~V (Laterally Heterogeneous Ground) ~| Field
IR 7257\ ZaNZa\
Rigid Base (Total Motion)
B=200@ B, .

Fig. 3. Finite element model used in the response analysis of laterally heterogeneous soil layer.

perturbation analysis is carried out using the relation that Sfx x)= lZS (K)|2, while the stochastic finite
element analysis is carried out using the corresponding elastic wave velocity.

Stochastic Finite Element (SFE) Method

In order to obtain the numerical solution of the same problem in the perturbation analysis and then to verify
the perturbation solutions as shown above, a stochastic finite element (SFE) technique is adopted using a
well-tested code, super FLUSH [9]. This finite element analysis code is used to compute the complex
transfer functions at the surface of laterally heterogeneous single soil layer modeled as finite elements. This
SFE analysis is conducted considering that the vertical displacement is confined to make the same condi-
tion of the perturbation analysis. As shown in Fig. 3, the finite element model consists of 200 by 20 plane
strain elements laterally and vertically, respectively. The boundarys are modeled as the fixed boundary for
the bottom and the energy transmitting boundary for the left and right sides. This boundary conditions give
the same condition used in the perturbation analysis. Note that in this SFE analysis each soil column with
same soil properties is also divided (30m =10 @ 1 m+ 10 @ 2 m) to obtain the better estimate of the
surficial response. The free-field is also modeled using mean soil property of the finite elements, so that 2.5
Hz is the mean of the first predominant frequency at each location.

Table 2 shows the correlation distances of laterally heterogeneous soil layer and the sizes of finite
element models in this SFE analysis. Note that since the soil property varies laterally, the lateral finite
element size should be changed corresponding to the heterogeneity. To obtain the proper response of the
heterogeneous ground model in this SFE analysis, we use the much smaller width of the finite element size
(less than 0.20 times) and the much larger width of the finite element model (more than twenty times)
compared to the correlation distance of the heterogeneity, as shown in Table 2. Therefore, the ground
response in this study is considered to be statistically homogeneous. Then, we assume a spatial ergodicity
which is the statistical technique showing that the spatial ensemble mean is independent of the spatial
sampling. By this spatial ergodicity assumption, the computational efficacy is enhanced for the evaluation
of the statistically homogeneous response variability, while the ordinary finite element analysis gives
deterministic results once the material properties are specified in the finite element model.

The statistically homogeneous and stationary transfer function between ground surface and rigid base is
obtained for the P-SV waves propagating in stochastic soil layer. Then, the amplitude of the complex
transfer function is estimated for the laterally heterogeneous soil layer in whicha=50m and 6y =15 %, as
shown in Fig. 4. The upper figure shows the response of the one dimensional soil column and the lower
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Fig. 4. Amplitude of complex transfer function estimated by the stochastic finite element analysis for
laterally heterogeneous soil layer (@ = 50 m, o,= 15 %; upper: for 1-D response, lower: for 2-D response).

figure shows the response of the two dimensional soil layer ranging over 500 m at intervals of 5 m. As this
study assumes that the base motion is unity, it is found in Fig. 4 that the ground response is affected over the
first predominant frequency, especially at each predominant frequencies. Note that the result obtained
from the assembly of one dimensional analysis should be different from this P-SV wave propagation
analysis in which the responses of each soil column are affected each other.

3 RESPONSE VARIABILITY DUE TO STOCHASTIC GROUND MODELS

The stochastic ground response is computed by means of the perturbation analysis and the stochastic finite
element analysis. As a result, it is found in both analyses that while the C.0.V. of the ground response
shows the increasing trend with increase of frequency, the mean ground response shows good agreement
each other and with that of the one dimensional analysis. Then, we pay attention to the response variability
which is evaluated in terms of the coherence function and then the frequency-dependent correlation dis-

tance of the ground response which is pertaining to spatially varying earthquake ground motion.
Coherence Function Describing Spatial Response Variability of Stochastic Ground

The coherence functions are computed analytically in space and frequency domains to describe the spatial
response variability of laterally heterogeneous ground models, since the frequency-wave number power
spectrum is obtained from the first-order perturbation method and since the ground responses on surficial
equidistant grid are obtained from the stochastic finite element method. Figure 5 shows the coherence
functions representing the response variability of the ground model in whicha=50mand 6,=15 % as a
typical example as mentioned above. The upper and lower figures indicate the coherence function with
respect to frequency in Hz and separation distance in meter, respectively.

The coherence functions estimated from the both analytical and numerical analyses show the similar
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Fig. 5. Coherence function estimated from perturbation and finite element analyses for laterally heteroge-
neous soil layer (a =50m, o= 15 %; upper: frequency in Hz, lower: separation distance in meter).

trend each other as shown in Fig. 5. It is found that the coherence functions show the relatively monoto-
nous decrease with increase of separation distance, while as frequency increases coherence function shows
several decays especially around the dominant frequencies of the ground models. Furthermore, the coher-
ence functions computed from both analyses are almost consistent with those obtained from the seismic
array records which provides a useful information currently available [7, 10, 12]. Then, the frequency-
dependent correlation distance obtained from the coherence function is adopted to evaluate the spatial
response variability of laterally heterogeneous ground models.

Frequency-dependent Correlation Distance of Stochastic Ground Response

Suppose the coherence function decreases monotonously with respect to the separation distance. Then, the
seismic response variability is efficiently evaluated by the frequency-dependent correlation distance of the
ground response. For that reason, this study adopts a Gaussian-type coherence function model as follows:

Yu& ) =exp (-8/a* (N} ®)
where g indicates a frequency-dependent correlation distance of the ground response estimated by the
regression analysis. Note that the maximum separation distance in this study is considered up to 300 m
which is the same order in the analysis of the Chiba amray records [12]. It is demonstrated in this study that
as the correlation distance (@) and C.O.V. (6y) of material properties increase, the spatial response variabil-
ity shows the decreasing trend. Figure 6 shows the examples of the frequency-dependent correlation
distance. The left and right show, respectively, the case that 6= 15 % and a = 50 m and the case that o=
22.5 % and a =50 m. Figure 6 also compares the frequency-dependent correlation distances gp and g
which are estimated from perturbation and stochastic finite element analyses, respectively.
To compare the both results, the L, norm difference between gp and g is defined:

Dpp(0g; @)= \/f 08" {ap(f, 00)/ar (f, o)} df /[ log?{ap (f, OO} df .......c ©)
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Fig. 6. Comparison of frequency-dependent correlation distances, ¢’s in (1), estimated from perturbation
(broken line) and finite element (solid line) analyses for laterally heterogeneous soil layer (left: case of o=
15 % and a = 50 m, right: case of 6,=22.5 % and a = 50 m).

The L, norm difference indicates the difference of the results between perturbation and finite element
analym That is, the results of both analyses become different from each other as the L, norm difference
increases. Figure 7 shows the L, norm difference for laterally heterogeneous soil layer. The left and right
figures indicate the cases of a =50 m and the cases of oy = 15 %, respectively. Note that, in both analyses,
the frequency range of 2.5 to 10.0 Hz is used in the integration of above equations. By comparing the
results from perturbation analysis with those from stochastic finite element analysis, the largest L, norm
difference is obtained in the case that oy =22.5 % and @ = 50 m as shown in Fig.7. Itis found in Fig. 6 that
evenin the case of the largest L, norm difference, both results are allowable within the extent for frequency
and separation distance of interest. Note that the values of stochasticity for the material properties used in
this study are carefully selected within the range properly estimated in previous works [e.g., 2].

4 CONCLUSIONS

Considering a stochastic approach to seismic response analysis, we have investigated the influence of the
lateral heterogeneity of single soil layer on the seismic response variability. The seismic response in this
study is examined by means of first-order perturbation and stochastic finite element techniques. While an
application treated is still simple, it is important that this study provides insight into the underlying mecha-
nisms for further research to recognize the seismic response variabilities. The perturbation solution of
frequency-wave number power spectrum is derived theoretically using an integral equation formulation
with the Bomn-type approximation. The perturbation analysis presented is applicable to the laterally two-
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dimensional stochastic problem while the effort at present is concentrated on the laterally one-dimensional
stochastic problem. The stochastic finite element analysis, on the other hand, is conducted much more
effectively by assuming the spatial ergodicity. Although this finite element analysis is still time consum-
ing, it is applicable for more complex heterogeneous ground model of interest.

To verify the result of the perturbation analysis, we propose the simple measure which is the frequency-
dependent comrelation distance of the ground response. By using this simple measure, this analysis demon-
strates that the perturbation analysis is practically useful for the building site which is approximated well as
asingle soil layer. Both analyses can be used for the inversion analysis to estimate the heterogeneity of soil
properties, if the major cause of the spatial variability is considered to be local soil heterogeneities at the site
of interest. While the spatial response variability of the near-surface soil layer during earthquake has been
so far inferred mainly from the observation records of closely spaced seismic arrays, this study also dem-
onstraes that the response variability due to the heterogeneous soil properties is significant over the first
predominant frequency, especially at each predominant frequency. As a result, it is considered that the
response variability of earthquake ground motion also may be manipulated considerably by the heteroge-
neity of soil properties especially over the predominant frequency of the site.

ACKNOWLEDGMENT

This research was financially supported by the Grant-in-Aid for Scientific Research for Japanese Junior Scientists
(No. 2827), the Ministry of Education, Science, and Culture.

REFERENCES

1. Anderson, J.G., Y. Lee, Y. Zeng, & S. Day 1996. Control of Strong Motion by the Upper 30 Meters.
Bul. Seism. Soc. Am. 86: 1749-1759.

2. Fenton, G. A. & E. H. Vanmarcke 1991. Liquefaction Risk Assessment: 3-D Modeling.
Proc. 4thInt. Conf. Seismic Zonation, EERI 1I: 669-676.

3. Frankel, A. & R. W. Clayton 1986. Finite Difference Simulations of Seismic Scattering: Implications for the
Propagation of Short-Period Seismic Waves in the Crust and Models of Crustal Heterogeneity.
J. Geophys. Res. 91: 6465-6489.

4. Gilbert, F. & G. E. Backus 1966. Propagator Matrices in Elastic Wave and Vibration Problems.
Geophysics XXXT: 326-332.

5. Harada, T. & T. Fugasa 1990. Characteristics of Seismic Responses of 3-Dimensional Ground with Stochastic
Soil Properties (in Japanese). Memoirs of the Faculty of Engineering, Miyazaki University 36: 31-39.

6. Harada, T. 1994. A Stochastic SH Wave Model of Earthquake Ground Motion.
J. Mech. Eng. Earthquake Eng., JSCE I-28: 43-50.

7. Kataoka, N., H. Morishita & A. Mita 1990. Spatial Variation of Seismic Ground Motion at Lotung Soil-Structure
Interaction Experiment Site. Proc. 8th Japan Earthquake Eng. Symposium 1: 607-612.

8. Kennett, B. L. N. 1972. Seismic Waves in Laterally Inhomogeneous Media.
Geophys.J. R. astr. Soc. 27: 301-325.

9. KKEI 1988. Super FLUSH, Reference Manual. Kozo Keikaku Eng. Inc.: Tokyo, Japan.

10. Ly, L., F. Yamazaki & T. Katayama 1990. Soil Amplification Based on the Chiba Amay Database.
Proc. 8th Japan Earthquake Eng. Symposium 1: 511-516.

11. Nakagiri, S. & T. Hisada 1985. Stochastic Finite Element Method, An Introduction (in Japanese).
Baifu-kan: Tokyo, Japan.

12. Nakamura, H. 1996. Depth-dependent Spatial Variation of Ground Motion Based on Seismic Array Records.
Proc. 11thWorld Conf. Earthquake Eng.: Paper No.731.

13. Sato, T. & H. Kawase 1992. Finite Element Simulation of Seismic Wave Propagation in Near-surface Random
Media. Proc. Int. Symposium Effects of Surface Geology on Seismic Motion I: 257-262.

14. Schneider, J. F., J. C. Stepp & N. A. Abrahamson 1992. The Spatial Variation of Earthquake Ground Motion
and Effects of Local Site Conditions. Proc. 10th World Conf. Earthquake Eng. 2: 967-972.

15. Wu, R-S. & K. Aki 1988. Introduction: Seismic Wave Scattering in Three-dimensionally Heterogeneous
Earth. Pure Appl. Geophys. 128: 1-6.

36



