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STOCHASTIC SEISMIC RESPONSE ANALYSIS OF SOFT SOIL SITES
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ABSTRACT

The Bouc-Wen smooth hysteretic model is modified to better represent the nonlinear shear-
ing stress-strain behavior of soils observed under cyclic and random dynamic loading. As
is, the Bouc-Wen model overestimates the hysteretic damping in the soils at large strains,
and does not properly account for small hysteretic loading reversals at large strains that
may occur under random dynamic loading. It is proposed to use the modified Bouc-Wen
model to compute the response of horizontally layered soil deposits under random seismic
loadings by extending a well-known stochastic equivalent linearization technique used with
the Bouc-Wen model to the modified Bouc-Wen smooth hysteretic model.

1.0 INTRODUCTION

Variations of recorded ground motions from the Loma Prieta earthquake with local site
conditions clearly show the need for appropriate ground response analysis to predict levels
of shaking at soft soil sites. Typically, ground response analyses are conducted in the fre-
quency domain and use one dimensional shear wave propagation theory together with an
empirical equivalent linear response analysis in the frequency domain[l] which, neverthe-
less, has been shown to offer a reasonably accurate means for estimating the peak horizontal
ground accelerations recorded at some soft soil sites during the Loma Prieta earthquake[2],
i.e., sites without significant deterioration of the mechanical properties of the soil under
the earthquake loading. However, for large input bedrock accelerations and for short dura-
tion earthquake loadings the frequency-domain analysis procedure may not be sufficiently
accurate as a result of stronger nonlinearities, degradation of the soil properties and the
transient nature of seismic earthquake loadings. Under those circunstances, nonlinear site
response analysis in the time-domain should be performed.

The Bouc-Wen smooth hysteretic model is capable of representing strongly nonlinear
and hysteretic behavior as well as strength and stiffness degradation under both cyclic and
random loading. While many other models have been proposed for time-domain nonlinear
ground response analysis, the mathematical description of the Bouc-Wen model in terms
of differential equations allows for a simple stochastic equivalent linearization technique
in the time-domain to obtain the response statistics of nonlinear-hysteretic dynamic sys-
tems under random seismic loadings. Nevertheless, the Bouc-Wen model overestimates the
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hysteretic damping in the soil under cyclic loadings at very large strain levels[3], i.e., it
predicts hysteresis loops which are fatter than those actually observed in laboratory tests.
Furthermore, the model does not properly account for small hysteretic load reversals at
large strain levels. Here, the Bouc-Wen smooth hysteretic model is modified to better
reproduce the shearing stress-strain behavior of soils observed under cyclic and random
loading. It is also proposed to use the modified Bouc-Wen model for the ground response
analysis of horizontally layered soil deposits under random earthquake loadings together
with a one-dimensional lumped mass model for the soil deposit that includes an appropriate
transmitting boundary[4].

2.0 EQUATIONS OF MOTION FOR THE LUMPED MASS-MODEL

The effect of soft soil layers on the severity of shaking for horizontally layered soil sites
is to be evaluated with a one-dimensional ground response analysis which idealizes the
site amplification as the result of vertically propagating shear waves. This approach has
been shown to offer a reasonably accurate means for estimating site amplification effects
for horizontal ground accelerations[2] which are the accelerations of interest in this study.
Accordingly, a lumped mass model for the soil deposit (see Fig. 1) is constructed as
follows[3,4]: the soil deposit is divided into a number of elements (layers); the lumped
masses, m;, ¢t = 1,2,...,n 4 1, are obtained by lumping one-half the mass of each layer at
the layer boundaries and, at the interface between the lowest element and the base only
one-half of the mass of the lowest layer is lumped. The motion of the system is described
by the total displacements z;, : = 1,2, ...,n 4 1, of the layer boundaries. Nonlinear springs
with stress-strain properties representing the nonlinear, strain-dependent and hysteretic
behavior of the soil connect the massess as shown in Fig. 1. The total shear strain at each
layer is defined by v; = (zi41 — z:)/Ahs.
With the Bouc-Wen model the hysteretic component, z, of the shear strain is described
by : o
z 2 r—1 T
5, = AP |2z — 6]z (1)
where + is the total shear strain, A, 3, § and r are parameters that describe the shape of
the hysteresis loops. The shear stress is given by

T=0aGny+ (1 — a)Gnz (2)

where G, is the (small strains) shear modulus and aG,, is the residual stiffness. The
maximum hysteretic shear stress is given by

Tm = (1 — Q)Gn[A/(B+ &M (3)

The following values have been recommended for the parameters of the smooth hys-
teretic model[3]: A =1.0, 6 = 8, r = 0.5, o = 0.05 with 8 and 7 calculated from Eq. 3 for
a specified value of 7,.

Dynamic equilibrium of each lumped-mass requires that, for ¢ = 1,2, ..., n,

miE; + (1 — du)[ei1 Kica (i — zic1) + (1 — @i1) Kia (G — Gima)]
—[aiKi(@igr —z:) + (1 — ) Ki(Gi41 = G)] =0 (4)
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where 5,'1 =0if2 76 1 and 5,'1 =1ifzi= 1, .K,' = Gm;/Ah;, 1= 1,2, ...,nand (C,'.,.l—-c,')/Ah,' =
ziforze=1,2,...,n.
For the n + 1st mass the equation of equilibrium is

mn+15i'n+1 + anI_{n(xn+1 - -Tn) +
(L = @) Kn(Gon — C) = pRVR(2U = dps) )

The term pprVa(2U — z,41) represents the shear stress that is applied to the bottom
of the soil deposit from the underlying stiffer soil or rock base, where pr and Vi are the
unit mass and velocity of the shear wave propagation in the underlying base. The term U
denotes the input motion in terms of particle velocity from the incident wave[4].

The earthquake ground motion accelerations can be represented by an amplitude and
frequency modulated nonstationary random process, with an instantaneous power spectral
density function, S(w), an amplitude modulating function, I(¢), and a frequency modulat-
ing function, ®(¢)[5]. With this model, the instantaneous power spectral density function
of the earthquake ground acceleration is characterized by the so-called Clough-Penzien
spectrum(6] as follows:

~ 1 +4C§(w/w3)2 . (w/wc,-)4
§(w) = So [1-(w/ws)]? + 43 (w/wp)? 1 — (w/we)?]? + 4¢¢(w/we)? ©

The parameéters of the model, i.e., the parameters in the analytical expressions for S(w),
I(t) and ®(t) are obtained from recorded accelerograms. As an example, the mean response
spectrum for 2 percent damping obtained using the stochastic ground motion model with
its parameters derived on the basis of one horizontal component of the Anderson Dam
records (downstream) for the 1989 Loma Prieta earthquake, is shown in Fig. 2 together
with the response spectrum, for 2 percent damping, for the same horizontal component of
the Anderson Dam records (downstream).

3.0 MODIFIED BOUC-WEN MODEL

The differential equation relating the shear strain 4 to the variable z is modified as follows:

dz t] -1 (z —z;) 5
14+ ¢

A—(B—
where z; is the value of z at the last load reversal and ¢; is given by

2 — 2 4

1+¢

zZ— 29

14¢

(7)

du U

| 2
C; = ——zl—jz—m_;: (8)
and,
A 1/r
Zmaz = (m) 9)

Two cases need to be considered as shown in Fig. 2: (i) the ascending branch for % > 0 and
(2—2i)/(14¢;) > 0 and the descending branch for % < 0 and (z—z2;)/(1+¢;) < 0. With the
proposed modification, the model can better represent small load reversals at large strains,
such as those shown in Fig. 3, which are for a sandy soil tested in torsional simple shear[7].
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Also, the area enclosed by the shearing stress-strain hysteresis loops is smaller than that
for the original Bouc-Wen model which results into less hysteretic damping at high strains.
With the proposed modification, the stochastic equivalent linearization technique pro-
posed by Wen(8] cannot be used without modification as it cannot “memorize” the most
recent load reversals. It is proposed to modify that equivalent linearization technique by
computing the equivalent linear coefficients on the basis of Eq. 9 rather than on the basis
of Eq. 1 and using the probability distribution function of the peaks of z for the load
reversal points z;. Note that, for positive values of 2, load reversals occur either when z
reaches a local maximum, i.e., when @ goes from positive to negative, or when z reaches
a local minimum, i.e., when % goes from negative to positive. A similar argument applies
for load reversals at negative values of z. This implies that when the velocity is positive
the quantity z; corresponds either to a negative local minimum (a peak) or a positive local
minimum (a valley), while when the velocity is negative, z; is either a positive local maxi-
mum or negative local maximum. The accuracy of the proposed extension to the stochastic
equivalent linearization is being compared with Monte Carlo simulation results.

4.0 CONCLUSIONS

A modification of the Bouc-Wen smooth hysteretic model is proposed to better represent
the shearing stress-strain behavior of soils under cyclic and random loadings observed in
laboratory tests. In particular, the modified model addresses the characterization of small
load reversals at large strains, that may occur under random dynamic loadings. It is
proposed to use the modified model for ground response analysis of horizontally layered soil
sites under random dynamic loadings by extending the equivalent linearization technique
used with the Bouc-Wen’s smooth hysteretic model. The accuracy of the proposed method
of analysis is currently under investigation.

ACKNOWLEDGEMENTS — The author was supported in part by the National Science
Foundation under Grant No. MSS-9012026. This support is gratefully acknowledged.

References

1] P. B. Schnabel, J. Lysmer and H. B. Seed,”SHAKE: A Computer Program for Earth-
y g
quake Response Analysis of Horizontally Layered Sites”, Report No. UCB/EERC-
72/12, University of California, Berkeley, 1972.

[2] I. M. Idriss, “Response of Soft Soils During Earthquakes”, Proceedings, H. Bolton
Seed Memorial Symposium, Vol. 2:273-289, BiTech Publishers LTD, Vancouver, B.C.,
Canada, 1990.

(3] J. A. Pires, A. H-S. Ang and I. Katayama, “Probabilistic Analysis of Liquefaction,” in
Structural Dynamics and Soil Structure Interaction, eds., A. S. Cakmak and I. Herrera,
CML Publications, England, 1989, 155-168.

(4] K. Ishihara and I. Towhata, “One-Dimensional Soil Response Analysis During Earth-
quake,” J. Faculty of Engineering, University of Tokyo, 35(4), 1980.



223

[5] C.H. Yeh and Y. K. Wen, “Modeling of Nonstationary Earthquake Motion and Biaxial
and Torsional Response of Inelastic Structures”, Structural Research Series No. 546,
University of Illinois at Urbana-Champaign, Urbana, Illinois, 1989.

[6] R. W. Clough and J. Penzien, Dynamics of Structures, McGraw-Hill, New York, 1975.

[7] R. P. Ray, “Modulus and Damping due to Uniform and Variable Cyclic Loading,” J.
Geotech. Engrg. Div., ASCE, 114(8), 861-876, 1988.

[8] Y. K. Wen, “Equivalent Linearization for Hysteretic Systems Under Random Excita-
tion,” J. Applied Mechanics, transactions, ASME, 47(1), 1069-1087, 1981.

e
A X3

) m)
G | Ak Ky.Brdrex %
A ‘ m2 X2
P2G2 APy KaP2dacg %
x3

\Nodal ™
Plane :
A mi Xi-]
h | Ahi KiaBiaSioi L2
> ).
A A A m: !
"Zkhi KiJ3h6iﬂxi 57 :
=
. Mis) Xi+]

Figure 1. Lumped mass model for the soil deposit
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Figure 2, Response Spectrum for Recorded Ground
Motion and Stochastic Ground Motion Model
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Figure 3. Shearing Stress—Strain Hysteresis Loops
from Simple Trosional Shear



