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The prediction of liquefaction-induced lateral spreading is an important geotechnical engineering problem. In this paper, a
simplified prediction method based upon Newmark sliding block analysis was proposed to predict the liquefaction-induced lateral
spreading. The acceleration time history beneath the liquefied soil (starting from the triggering time of liquefaction) and the
postliquefaction yield acceleration corresponding with the residual shear strength of liquefiable soil were used in the Newmark
sliding block analysis. One-dimensional effective stress analysis was conducted to obtain the motion beneath the liquefied soil and
the liquefaction time. Limit equilibrium analysis was employed to determine the postliquefaction yield acceleration using the
residual shear strength of liquefied soil, which correlated with the equivalent clean sand SPT blow count of the liquefied sand. This
method was evaluated against five well-documented case histories and the predicted displacements of lateral spreading were
subsequently compared with the observed displacements. In addition, the lateral spreading predicted by the rigorous Newmark
sliding block method and numerical difference analysis was presented. Based on the statistical analysis of the displacement ratios,
it suggested that the method proposed in this paper identified the triggering time of liquefaction and provided a reasonable
prediction of the liquefaction-induced lateral spreading with an RMSE (root mean square error) of 0.63, a standard deviation of
0.40, and a CV (coeflicient of variance) of 0.60, respectively.

1. Introduction

The lateral spreading is the earthquake-induced horizontal
displacement of the gently sloping ground or the level
ground underlain by liquefiable soil. Recent earthquakes
showed that the lateral spreading has caused severe damage,
so the displacement of the liquefaction-induced lateral
spreading needed to be assessed for seismic mitigation.
Existing procedures, such as empirical methods, numerical
methods, and probabilistic methods have been used for
predicting lateral spreading. Regarding the empirical
methods, the soil properties, seismic motions, and the site
geometry of the case histories were used to develop re-
gression models by many researchers [1-7]. Considering the
effects of seismological parameters, geotechnical parameters

of soil, and site geometry on the lateral spreading, the
probabilistic methods [8-10] were established based on the
statistical analysis of the case histories. Various types of
constitutive models of liquefied soil were adopted in the
numerical methods [11-15] to simulate the problems in-
volving the lateral spreading. In a summary, the existing
prediction procedures have been used to address some as-
pects of liquefaction or liquefaction-induced lateral
spreading, while the inherent limitations of these methods,
the uncertainties of the soil profile, the variability in lig-
uefiable soil, and the complexity of lateral spreading increase
the research on proposing a new prediction method.

The mechanism of liquefaction-induced lateral spread-
ing has been investigated and recognized. For the sites
subject to liquefaction-induced lateral spreading, once the
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liquefaction was triggered (i.e., the excess pore water
pressure built up and the effective stress was approaching
zero), the intact soil above the liquefied soil moved laterally
as the combined driving force (i.e., the static force and
seismic force) was greater than the residual shear strength,
which was the minimum strength retained by the liquefied
soil. The permanent displacement of the intact soil began to
accumulate and was induced by the motion beneath the
liquefied soil. The residual shear strength of the liquefied soil
was greater than the static force but smaller than the
combined driving force (i.e., the static and seismic force)
during the shaking. When the shaking ceased, the movement
of the intact soil stopped.

Based on the mentioned-above mechanism of lique-
faction-induced lateral spreading, the Newmark sliding
block method [16] is capable of modeling the displacement.
Furthermore, the residual shear strength is corresponding to
the minimum shear strength of the soil experiencing lateral
spreading due to the earthquake loading, so the residual
shear strength can determine the postliquefaction stability of
the level grounds. Considering that the intact soil will move
along the sliding surface developed within the liquefied soil,
the motion beneath the liquefied soil will eventually induce
the displacement of the overburden soil. Therefore, incor-
porating the motion beneath the liquefied soil that starts
from the triggering time of liquefaction is more consistent
with the mechanism of liquefaction-induced lateral
spreading. At the same time, the displacement of lateral
spreading was associated with the nonlinear stress-strain
response of liquefied soil and the liquefaction effect. To make
the prediction procedure to be facilitated with engineers, a
simplified method is proposed that considered the influence
of the nonlinear soil behavior of the liquefiable soil and
triggering of liquefaction on the accumulation of displace-
ment. Given these factors, the proposed method will
manifest the effect of liquefaction on the lateral spreading
and the mechanism of lateral spreading in a clear and simple
manner.

In the paper, a simplified prediction method was pro-
posed based upon Newmark sliding block analysis in terms
of nonlinear soil response of the liquefied soil and triggering
time of liquefaction. The triggering time of liquefaction of
the site and the time histories beneath the liquefiable soil
were obtained using one-dimensional effective stress anal-
ysis. The postliquefaction yield acceleration was calculated
using limit equilibrium analysis based on the residual shear
strength of the liquefied soil. Though CPT (cone penetration
test) represents the soil profile with continuous data rather
than the intermittent one like SPT and it has better re-
peatability compared to that of SPT, the specific value of SPT
for the layer of liquefiable soil can represent the overall
liquefaction susceptibility and it can be converted from CPT
values. To estimate the residual shear strength of liquefied
soil, the estimation method that correlated the residual shear
stress ratio (the residual shear strength to the effective
overburden stress) to the equivalent clean sand SPT blow
count of liquefied sand was used.

Newmark sliding block method was then used to predict
lateral spreading with the motion beneath the liquefiable soil
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starting from the triggering time of liquefaction to the end of
shaking and the postliquefaction yield acceleration corre-
sponding with the residual shear strength of liquefied soil.
Furthermore, to evaluate the accuracy of the proposed
method proposed in this paper, five well-documented case
histories were analyzed with the proposed simplified
method. The comparison between the lateral spreading
predicted by the other three methods and the observed
displacements for the same case histories was made and
presented in the paper.

2. One-Dimensional Effective Stress Site
Response Analysis

The local geologic condition of the liquefiable site will have a
significant effect on the site response induced by the
propagation of seismic waves. The site response can be
analyzed using the equivalent linear and nonlinear analysis
methods. The equivalent linear approach approximates the
nonlinear response of soil using the strain-compatible
modulus degradation and damping curves. One of the
representative equivalent linear approaches is SHAKE 91
[17], which has been widely used and referenced in geo-
technical engineering. In this method, the soil deposits are
horizontally layered, and the shear waves are assumed to
propagate vertically from a half-space (i.e., bedrock) to the
top of the soil profile. As the soil is modeled as viscoelastic,
the variation of shear modulus and damping ratio are
specified with the shear strain to represent the nonlinear
behavior of the soil. An iterative procedure of the equivalent
linear analysis is used to calculate the stiffness and damping
of the soil deposits. Once the calculated stiffness and
damping are compatible with the effective strain induced by
the seismic loading, the dynamic response of the site will be
obtained. It is clear that the equivalent linear approach has
some limitations. The soil stiffness and damping are con-
stants during the final iteration, and it can only capture the
small-strain behavior of the soil.

In the cases that the soil is subject to strong seismic waves
or the soil liquefies due to the strong motions, the strain of
the soil is larger and nonlinear; thus, nonlinear analysis shall
be used to represent the variations of shear modulus and
damping ratio. Nonlinear analysis computer codes in terms
of effective stress have been developed to simulate the site
response, such as acceleration time history, pore water
pressure generation, and strain time history. In the time-
domain nonlinear analysis, the soil stiffness is updated at
each time-step.

The computer code DESRA-2 [18] assumed the soil as a
lumped mass, and the soil layer was discretized into lumped
masses with multiple degrees of freedom. A simple hyper-
bolic constitutive model (i.e., backbone curve) with Masing
criteria was employed to capture the nonlinear feature of the
soil. Fully Rayleigh damping (i.e., viscous damping) was
incorporated for solving the shear wave equation. The
computer code D-Mod 2000 [19] modified the DESRA and
used a Modified Konder-Zelasko [20] constitutive model.

In the Konder-Zelasko model [21], the hysteretic be-
havior of soil is following the Masing unload-reload rules.
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Equation (1) shows the strain-stress relationship of the
liquefiable sand under the initial loading:

G0
T‘f”°‘1+thm’

(1)

where 7 is the given shear stress, y is the given shear strain,
G, is the initial shear modulus, and 7,,, is the initial shear
strength of the soil.

The Modified Konder-Zelasko model includes two di-
mensionless parameters of § and s to describe the strain-
stress behavior of the soil for loading conditions. In equation
(2), the initial loading curve of the Modified Konder-Zelaso
model is shown, where the parameters denoted with = are
the parameters normalized by vertical consolidation stress:

G,.0Y
I+ ﬁ(G;OV/T:qo)S'

An initial equivalent viscous damping ratio representing
the difference between the measured and analytical damping
is defined to improve the performance of the Konder-Zelaso
model at moderate-level and large-level strains. Equation (3)
shows the equivalent viscous damping ratio, where A, is the
viscous damping ratio, which is a function of a given strain y,
and y is the cyclic shear strain amplitude:

LA fdy 2
0 T[ f (YCO)yCO T[.

T=f(y) =

(2)

(3)

During the subsequent loading cycle, the degraded
backbone curve is following the Masing criteria. In equation
(4), the parameters denoted with * represent the nor-
malized shear modulus and stress, respectively, where G, is
the shear modulus at time t and 7, is the cyclic shear stress
at time t:

G:nty
I+ ﬁ(G;qt/T:nt * th")s.

A strain-based pore pressure generation model is used in
effective stress analysis. The modulus and stress reduction
models represent the reduction of soil stiffness caused by the
excess pore water generation. In equations (5) and (6), the
modulus and stress are expressed in terms of the residual
excess pore pressure, respectively:

Gy = G V138, ©

it = Tmo[(1=u")], (6)

where u* is the normalized residual excess pore water
pressure and v is a constant to improve the modeling of the
stress degradation model.

The dynamic equilibrium equation in equation (7), is
solved at each time step using the time-domain Newmark’s 8
algorithm.

= f(y) =

(4)

T

(M1} + [CHu} + [K]{u} = £ (0), (7)

where the [M] is the mass matrix, [C] is the viscous damping
matrix, [K] is nonlinear stiffness matrix, {u} is the relative

displacement of the mass to the base, {ui} is the relative
velocity of the mass to the base, and {ii} is the relative ac-
celeration of the mass to the base.

The viscous damping is expressed in equation (8), where
ar and Py are the coeflicients of Rayleigh damping, and m
and k are the matrix elements of the mass and stiffness,
respectively:

¢ = agm + k. (8)

In the paper, in order to obtain the pore water pressure
generation, the triggering time of liquefaction, and the
motion beneath the liquefiable soil, one-dimensional fully-
coupled effective stress analysis was conducted in D-mod
2000.

3. Overview of the Simplified Method

The calculation with the proposed simplified method is
conducted in the following steps to predict the liquefaction-
induced lateral spreading:

(1) Determine the triggering time of liquefaction and the
motion used in the Newmark sliding block method.

To identify the triggering time of liquefaction, the
time history of pore water pressure time or the time
history of excess pore water pressure ratio is recoded
when conducting the effective stress analysis. When
the liquefaction of the site is identified, the accel-
eration time history beneath the liquefied soil can be
obtained from the effective stress analysis.

To perform the effective stress analysis, the one-di-
mensional soil profile susceptible to liquefaction is
used. Input parameters including the thickness of the
soil layer, shear velocity or shear modulus, and the
saturated unit weight of each soil layer are used. Both
the soil profile and the soil properties used in the
analysis are established from the case-history doc-
umentation. When the soil properties are not
available from the case-history documentation, the
soil properties are estimated based upon the soil
types. The representative modulus reduction and
damping ratio curve for soil deposits are selected
from empirical curves based upon the soil types and
then fitted by the MKZ (Modified Konder-Zelasko)
constitutive model. The pore water pressure was
simulated using the PWP model implemented in
D-mod 2000. To characterize the effects of the site-
specific motions on the lateral spreading, the mo-
tions applied at the base of the soil profile are selected
from NGA-west 2 database [22], and the free-filed
motions recorded at or close to the site are used.
When the downhole motion is available, the motion
is directly applied at the corresponding depth.

(2) Determine the residual shear strength of the liquefied
soil.

The postliquefaction yield acceleration is the pseu-
doacceleration corresponding with the minimum
safety factor of 1.0. The calculation of



postliquefaction yield acceleration is carried out by
the limit equilibrium method (ie., Morgen-
stern-Price method [23]) based upon the two-di-
mensional soil profile and the residual shear strength
of the liquefied soil. The input parameters, including
unit weight, internal friction angle, and the cohesion
for each soil layer are used in the limit equilibrium
analysis.

(3) Determine the yield acceleration for the site.

As for the residual shear strength of the liquefied soil,
it is the minimum shear strength of the liquefied soil
at the large strain state. The residual shear strength of
liquefiable soil is estimated by the Idriss and

S

16 21.2

O-VO

where S, is the shear strength mobilized at large
deformation, o, is the prefailure effective vertical
stress above the liquefied layer, (Ny)so..s is the
equivalent clean sand SPT blow count of the lig-
uefied soil.

(4) Conduct the Newmark sliding block analysis to
calculate the liquefaction-induced lateral spread-
ing using the yield acceleration corresponding
with the residual shear strength of liquefied soil
and the motion beneath the liquefied soil starting
from the triggering time of liquefaction.

When the motion beneath the liquefiable soil, the
triggering time of liquefaction, and the post-
liquefaction yield acceleration are obtained, the
liquefaction-induced lateral spreading is calculated
by Newmark sliding block method. As the lateral
spreading is the movement of gently sloping soil, the
calculated displacement is the downslope movement
in the Newmark sliding block method.

4. Estimation of Liquefaction-Induced Lateral
Spreading Using the Simplified Method

To evaluate the accuracy of the proposed simplified method,
five well-recorded case histories were presented and the
lateral spreading for each case history was calculated in this

paper.

4.1. Case 1: Wildlife Site Case. The lateral spreading and pore
water pressure generation were recorded at Wildlife site in the
1987 Superstition Hills earthquake (M, =6.5), California.
The estimated PGA of the earthquake was reported as 0.21 g
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Boulanger relationship [24], which correlates the
residual shear strength to the SPT blow count of the
liquefiable soil and the overburden effective stress.
The ratios of residual shear strength to the vertical
effective stress are shown in equations (9) and (10),
respectively. For the two equations, equation (9) is
the lower bound curve from Idriss and Boulanger
relationship [24], corresponding to the condition
that the void redistribution effects are important, and
equation 10 is the upper curve from Idriss and
Boulanger relationship [24], corresponding to the
condition that the void redistribution effects are
negligible:

3
Su exp{ (N1)6055+((N1)60cs_ 16) _ 3.0}’ (9)

3
Pu exp{ (N1)60—cs+<(N1)60—cs - 16) B 3'0} . <ll + exp<%_6'6)}> (10)
o 16 21.2 2.4

[25]. The lateral spreading reached 0.18 m and liquefaction
was confirmed by the pore water pressure instruments in-
stalled at the site. To analyze the site in the nonlinear effective
stress analysis, a typical cross section of Wildlife site is pre-
sented in Figure 1. The water table and the shear wave velocity
profile are shown in Figure 1. There are four layers of soil at
the site: Units A, B1, B2, and C, respectively. Unit A consists of
silt with a thickness of 2.5m and it is underlain by Unit B,
which is identified as the liquefiable layer, a silty sand layer,
with a thickness of 3.7 m. Unit B consists of two subunits B1
and B2, respectively. The thickness of Units Bl and B2is 1.0 m
and 2.7 m, respectively. Below Unit B is Unit C, consisting of
thick clay with a thickness of 5.8 m.

In Table 1, the unit weight, shear wave velocity (based
upon the shear wave profile in Figure 1), the shear modulus
(estimated based upon the unit weight and shear wave
velocity), the modulus reduction, and the damping ratio
curve for each soil layer are summarized. For Units A, B1,
and B2, the modulus reduction and damping ratio curve
were developed based upon the empirical curves by Seed and
Idriss [27], and the modulus reduction and damping ratio
curve of Unit C were based upon the curves developed by
Vucetic and Dobry [28].

A downhole motion denoted as IVW-090 was recorded
by the SM1 strong motion station, which was at the base of
the silty sand layer at the lateral spreading site [25]. The PGA
of the downhole motion in Figure 2 is 0.106 g. The motion
was applied at the depth of 7.5m (i.e., the depth at which the
downhole motion was recorded) below the ground surface
in the effective stress analysis.

Based upon the effective analysis, Units B1 and B2
liquefied during the shaking. The triggering of liquefaction
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FiGure 1: Profile of the wildlife site case after Ching and Glaser [26].

TaBLE 1: Soil parameters used for nonlinear effective analysis.

Soil layers Unit weight (kN/m?) Thickness (m) V (m/s) Initial modulus (kPa) Modulus reduction curves Damping ratio curves

Unit A 19.4 2.5 90 16171 Sand, lower bound [27] Sand, lower bound [27]
Unit Bl 19.4 1.0 110 24174 Sand, lower bound [27] Sand, lower bound [27]
Unit B2 19.4 2.7 120 28780 Sand, lower bound [27] Sand, lower bound [27]
Unit C 19.4 5.8 180 64756 PI=30 [28] PI=30 [28]
0.15 : was in accordance with the field observation during the 1987
‘ Superstition Hills earthquake, and the triggering time of
0.10 | liquefaction was 22.94 s for Unit B2.

0.05

0.00

Acceleration (g)

-0.05

-0.10

-0.15 . 1 .
0 50 100

Time (s)

—— IVW-090 (within motion)

FiGUre 2: Input motions at the depth of 7.5 m below the surface:

IVW-090.

The postliquefaction yield acceleration of the Wildlife
site case was calculated based upon the two-dimensional soil
profile developed by Makdisi [29], as shown in Figure 3.
Using the Idriss and Boulanger relationship [24], the re-
sidual shear strength of Unit B was estimated as 6.76 kPa
based upon the effective overburden stress of 61.7 kPa and
the equivalent clean sand blow count, (Nj)s=10.3. By
conducting equilibrium analysis, the postliquefaction yield
acceleration of 0.03 g, the slip surface, and the liquefied soil
layer are shown in Figure 4. In Table 2, the calculated lateral
spreading by the simplified method is shown. Note: the
normal and inverse directions are the integrations of the
positive and negative motions of the velocity time history
corresponding with the dynamic input motion, respectively.

4.2. Case 2: Monterey Bay Aquarium Research Institute.
In the 1989 Loma Prieta earthquake (M, =7.0) [30], the
estimated PGA of the site was 0.25g. Extensive lateral
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FIGure 3: Soil profile after Makdisi [29] for limit equilibrium analysis.

Liquefied soil ‘

FIGURE 4: Postliquefaction yield acceleration of wildlife site.

TaBLE 2: Lateral spreading calculated by the simplified method (the reported displacement is reported as 0.18 m).

Motion name

Rigid block-normal (m)

Rigid block-inverse (m)

IVW-090 (downhole motion)

0.02

0.01

spreading was reported in the area of Moss Landing, and
several slope inclinometers were placed along Sandholdt
road to record the lateral displacement before the earth-
quake struck. MBARI (Monterey Bay Aquarium Research
Institute) facilities along Sandholdt road suffered the
earthquake and ground cracks were reported. The lateral
spreading toward the sea was 0.28 m based upon the in-
clinometer SI-2. To conduct the effective stress analysis, the
subsurface of inclinometer SI-2 [30] shown in Figure 5 was
analyzed in the paper.

The liquefiable layer was recognized as the sand layer
below the ground surface. In Figure 5, the 4.6 m thick sand
with interlayered clayey silt was underlain by the 1.4 m thick
clayey silt, which did not liquefy during the earthquake. The
dense sand reported below the clayey silt was 4.1m in
thickness. Two more layers of silty clay with a total thickness
of 11.0m were reported at the bottom of the soil profile
based upon the site investigation by Boulanger et al. [30].
The thickness of the first silty clay was 3.2 m and the second
silty clay with interlayered sand was 7.8 m.

Table 3 summarizes the soil parameters used in the
effective stress analysis. The shear wave velocity was esti-
mated based upon the SPT blow counts and the initial shear
modulus was estimated based upon the unit weight and
shear wave velocity of each soil layer. The modulus reduction

curve and damping ratio curve of sand with interlayered
clayey silt were developed from the empirical model by
Darendeli [31]. The clayey silt, silty clay at the depth of
4.56 m and 10.1 m, adopted the empirical curves by Vecetic
and Dobry [28]. The modulus reduction curve and damping
ratio curve for sand were developed based upon the cohe-
sionless model by EPRI [32].

Two input motions in the PEER Strong Ground Motion
Database [22] were used in the analysis. The two motions
were recorded at the basement of Monterey city hall, a two-
story building. The soil condition at the strong motion
station was classified as a weak rock with a shear wave
velocity, V3, of 638.63 m/s based upon Chiou [33]. As
shown in Figure 6, the PGA of the two motions were scaled
to a PGA of 0.25 g to generate the input motions denoted as
MCH-000 and MCH-090, respectively.

The corresponding triggering time of liquefaction of the
sand layer with interlayered clayey silt was 16.78s and
18.72's for the two motions: MCH-000 and MCH-090, re-
spectively. The motions beneath the liquefied soil starting
from the triggering time of liquefaction (i.e., sand with
interlayered clayey silt) were used as the input motions in the
simplified method. The yield acceleration analysis of the site
was conducted using the soil profile shown in Figure 5. The
SPT blow count value, (Nj)g, of the liquefiable soil, is
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F1GuRre 5: Soil profiles by Boulanger et al. [30]. (a) Soil profile through SI-2 inclinometer. (b) Soil profile at building No. 4 at MBARI facilities.

TABLE 3: Soil parameters used for nonlinear effective analysis.

Soil lavers Unit weight Thickness Vs Initial modulus ~ Modulus reduction Damping ratio
Y (kN/m?) (m) (m/s) (kPa) curves curves

Sand with interlayered 16.0 4.56 218.0 7.7¢4 PI=0, 0.25atm [31] PI=0,0.25atm [31]

clayey silt

Clayey silt 17.0 1.40 158.0 4.35¢4 PI=15 [28] PI=15 [28]

Sand 18.0 4.14 218.0 8.71e4 Cohesionless soil [32] COhes‘["g,nzl]ess soil

Silty clay 17.0 3.20 138.0 3.33e4 PI=30 [28] PI=30 [28]

Silty clay 18.0 7.80 238.0 10.04¢5 PI=30 [28] PI=30 [28]

reported as 10.0 based upon Boulanger et al. [30], and the
vertical effective stress of 63.7 kPa was used to estimate the
postliquefaction residual shear strength of the liquefiable
soil. The residual shear strength of the liquefiable soil was
estimated as 6.3 kPa by the Idriss and Boulanger relationship
[24].

The yield acceleration was determined as 0.007 g by the
limit equilibrium analysis, as shown in Figure 7. In Table 4,
the predicted lateral spreading using postliquefaction mo-
tion beneath the liquefied soil and the recorded lateral
spreading are listed. Note: the normal and inverse directions
are the integrations of the positive and negative motions of

the velocity time history corresponding with the acceleration
time history, respectively.

4.3. Case 3: Northridge Case. The 1994 Northridge earth-
quake caused severe damage to the Los Angeles metro-
politan area. The moment magnitude of the earthquake, M,
was 6.7, and the PGA of the site was estimated as 0.51 g [34].
Lateral spreading was observed due to the ground shaking.
The lateral spreading at the Wynne Avenue site is shown in
Figure 8, which was one of the three representative sites
located in the San Fernando Valley investigated by Holzer
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FIGURE 6: Input motions at the base. (a) MCH-000 and (b) MCH-090.

-0.2 i
_0.3 1 L 1 1 1 1 1
0 5 10 15 20 25 30 35 40
Time (s)
—— MCH 000
(a)
"\
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FIGURE 7: Postliquefaction yield acceleration of building No. 4 at MBARI facilities.

TaBLE 4: Lateral spreading calculated by the simplified method (the
reported displacement is reported as 0.28 m).

Motion name Rigid block-normal (m) Rigid block-inverse (m)

MCH-000 0.17 0.16
MCH-090 0.18 0.17

et al. [34], and it was reanalyzed in the paper. Several drilling
investigations were conducted by Holzer et al. [34]. It was
concluded that the failure area was a block with a size of
150 m in length and 12 m in width, and the sloping of the
gently ground was around 1.3%. The groundwater table was
4.3 m below the ground surface.

A one-dimensional soil column was developed based on
Figure 8. Four units of soil were identified in the soil profile:
the ground surface was underlain by Unit A, silty sand soil
layer, and the thickness of Unit A was 2.3 m; Unit B con-
sisting of 3.2 m thick lean clay was below Unit A, and then
the first layer of Unit C with interlayers of Units C1 and C2
was below Unit B. Unit C consisted of silty sand and lean

clay. Units C1 and C2 were susceptible to liquefaction and
identified as silty sand. Unit C layer between Unit C1 and
Unit C2 layer was 2.7 m in thickness, Unit C1 was of 2.2 m in
thickness, and Unit C2 was of 0.8 m in thickness, respec-
tively. Unit C layer below Unit C2 was 3.8 m in thickness.
Below Unit C, the 2 m thick Unit D was identified as medium
silty sand. In Table 5, the soil parameters, the shear modulus
reduction curves, and the damping ratio curves are tabu-
lated. The modulus reduction curve and damping ratio curve
were developed by the empirical curves by Darendeli [31].
Two layers of Unit C with different soil properties, repre-
senting the soil layers at two different depths, are listed in
Table 5.

The input motions are available at the PEER Strong
Ground Motion Database [22]. The two motions were
recorded at the ground level of the strong motion station,
Canoga Park-Topanga Can, a one-story building, of which
the site condition is classified as firm soil [33]. The shear
wave velocity, V3, of the soil below the strong motion
station is 267.49 m/s based upon Chiou et al. [33]. The plot of
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FIGURE 8: Soil profile of the Wynne Street after Holzer et al. [34].

the two acceleration time histories is shown in Figure 9, and
both motions are scaled to the estimated PGA of 0.51 g by
Holzer et al. [34]. The two scaled acceleration time histories,
denoted as CNP-106 and CNP-196, are used in the analysis.
The liquefiable soil was recognized as Unit C1. The triggering
time of liquefaction at the site was 6.16 s and 6.64 s for the
input motions, CNP-106, and CNP-196, respectively. The
residual shear strength of the liquefiable soil was 22.8 kPa for
Unit C1 based on the SPT blow count, (N;)¢,=11.6, and
effective vertical stress, 124.3 kPa, by Idriss and Boulanger
[24]. The vyield acceleration of the soil profile was 0.15g
calculated with the limit equilibrium method, as shown in
Figure 10. In Table 6, the displacements of the calculated and
recorded lateral spreading are shown.

4.4. Case 4: Port Island Case. The Kobe earthquake in 1995
caused significant damage to the city area of Kobe, and the
estimated PGA of the earthquake was 0.34g [35]. The
moment magnitude of the earthquake, M, was equal to 6.9
based upon Yang [36]. The liquefaction was reported along
the waterfront in the reclaimed areas and extensive failures
were observed in these areas. One of the most observed
phenomena was that the quay walls failed to stand and
caused the failures of the nearby facilities.

One representative quay wall in Port Island was analyzed
in the paper. The soil profile with the water table at a depth of
2.4m [37] used in the analysis is shown in Figure 11. Six
layers of soil are below the ground surface, and the ground
surface was underlain by backfill of sandy gravel, of which
the thickness was 19 m. The 8 m thick alluvial clay was below
the sandy gravel, and the soil was underlain by alluvial sand
with a thickness of 10 m in turn; the following soil below the
sand layer was diluvial sandy gravel, diluvial clay, and sand
with gravel in order. The thickness of diluvial sandy gravel
was 23 m, the thickness of the diluvial clay was 22 m, and the
sand with gravel was 6 m in thickness at the bottom of the
soil profile. The unit weight, thickness of soil, shear modulus,
shear velocity, modulus reduction curve, and damping ratio
curves for each soil layer used in the analysis are summarized
in Table 7. The modulus reduction curve and damping ratio
curve of the sandy gravel were estimated by the curves
developed by Seed [38]. For the other four soils, the dynamic
curves are modeled by Darendeli [31].

The strong motion recorded at the site was used in the
analysis, and the downhole motion denoted as PRI-000
(PGA=0.346 g) is plotted in Figure 12. The motion was
recorded at the base of the port island strong motion station
house (evaluation is —83 m). The soil profile below the strong

motion instruments is shown in Figure 11. The site con-
dition was classified as firm soil with a shear wave velocity
Vs,30 equal to 198 m/s. Based on the nonlinear analysis
results, it is shown that the backfill soil (sandy gravel) lig-
uefied during the earthquake and the triggering time of the
liquefaction was 16.6s. The corrected SPT blow count,
(N1)so> was estimated as 10.8 of the liquefiable soil based
upon an (Nj)go.s value of 15.3 [39] and the effective
overburden stress was equal to 153.8 kPa. The soil profile
developed by Yang [36] was used for limit equilibrium
analysis, as shown in Figure 13. The yield acceleration was
0.04 g using the residual shear strength, 17.0 kPa, of lique-
fiable soil by the estimation method of Idriss and Boulanger
[24], as shown in Figure 14. In Figure 14, the slip surface and
the liquefied soil are also shown. The motions beneath the
backfill (sandy gravel) soil starting at the triggering time of
liquefaction and the postliquefaction yield acceleration were
used in Newmark displacement analysis and the predicted
lateral spreading is summarized in Table 8.

4.5. Case 5 Chi-Chi Case. The lateral spreading recorded at
Woufeng site was analyzed in the paper. The earthquake with
a moment magnitude, M, 7.6 in 1999 near the Chi-Chi
town in the center of Taiwan brought loss and disasters to the
area. The estimated PGA of the earthquake was 0.81 g [40].
Landslides and liquefaction were observed along the active
fault line which triggered the earthquake. In the city Wufeng,
extensive liquefaction was identified in the area as the
sediment boil and ground fissures were observed after the
earthquake.

The Wufeng site M is located at a parking lot, as shown
in Figure 15. During the earthquake, the ground moved
toward a creek as far as 1.62m in the south of the parking
lot. The water table was about 2m below the ground
surface. The ground surface was underlain by four layers of
soil: the first layer was the artificial fill with a thickness of
1.0m. The second layer was the soil of gray, loose to
medium dense silty sand, which was classified as SM (silty
sand). The thickness of the SM layer was about 4.5 m. The
silt, classified as ML (lean silt), was sandwiched by SM and
artificial fill. Table 9 shows the soil parameters: unit weight,
thickness, shears wave velocity, initial modulus, modulus
reduction curve, and damping ratio curve used in the
analysis. For the soil classified as fill and GM, the dynamic
curves were based upon the empirical curves by EPRI [32].
The dynamic curves of soil classified as SM were based
upon the curves by Seed [27].
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TABLE 5: Soil parameters used for nonlinear effective analysis.
Soil Unit weight Thickness V. (m/s) Initial modulus Modulus reduction curves ~ Damping ratio curves
layers (kN/m?) (m) s (kPa) [31] [31]
Unit A 19.7 2.3 140 3.93e4 PI=0, 0.4 atm PI=0, 0.4atm
Unit B 20.0 3.2 89 1.61e4 PI=15, 0.77 atm PI=15, 0.77 atm
Unit C1 23.8 2.2 170 7.10e4 PI=0, 0.88 atm PI=0, 0.88 atm
Unit C 21.0 2.7 242 1.25e5 PI=0, 1.18 atm PI=0, 1.18 atm
Unit C2 22.5 0.8 201 9.27¢4 PI=0, 1.48 atm PI=0, 1.48atm
Unit C 21.0 3.8 166 5.90e4 PI=0, 1.58 atm PI=0, 1.58 atm
Unit D 22.0 2.0 305 2.09e5 PI=0, 2.0atm PI=0, 2.0atm
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Figure 10: Postliquefaction yield acceleration calculation of the Wynne Street.

TaBLE 6: Newmark displacement analysis results by the simplified
method (the reported displacement is reported as 0.15m).

Motion name Rigid block-normal (m) Rigid block-inverse (m)

CNP-106 0.24 0.20
CNP-196 0.15 0.01

The motions recorded at the strong motion station were
scaled to 0.81g, which were available at PEER Strong
Ground Motion Database [22]. The strong motion station
was less than 1 km far from the lateral spreading site and the
site condition of the strong motion station was firm soil with

a shear wave velocity V, 30 equal to 305.85 m/s. The two input
motions were denoted as TCU-650e and TCU 650n. In
Figure 16, the input motions used in the analysis are plotted.
The triggering time of liquefaction of motion TCU-650e is
33.12s and the triggering time of liquefaction for motion
TCU-650n is 28.43s, respectively. The residual shear
strength of the liquefiable soil was estimated as 8.2 kPa based
on the corrected blow count (N;)go=11.5 and effective
overburden stress equals 59.8kPa using the estimation
method by Idriss and Boulanger [24]. In Figure 17, the yield
acceleration is shown as 0.075 g based on the soil profile, the
slip surface, and the liquefied soil calculated by the limit
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FiGure 11: The soil profile of the Port island case developed by Inagaki [37].

TaBLE 7: Soil parameters used for nonlinear effective analysis.

Soil lavers Unit weight Thickness Vs Initial modulus Modulus reduction Damping ratio

Y (kN/m?) (m) (m/s) (kPa) curves curves
fgirll;i y gravel (backfill 21.8 19.0 187 7.78e4 Gravel, average [38]  Gravel, average [38]
Alluvial clay 231 8.0 180 7.65e4 PI=20, 327atm [31] 1T 20[’3';’127 atm
Alluvial sand 18.0 10.0 245 1.10e5 PI=0, 4.0 atm [31] PI=0, 4.0atm [31]
Diluvial sandy gravel 18.0 23.0 325 1.94¢5 PI=0, 6.95atm [31] PI=0,6.95atm [31]
Diluvial clay 20.0 18.0 303 1.87e5 PI=0, 9.0 atm [31] PI=0, 9.0atm [31]

equilibrium method. In Table 10, the predicted lateral
spreading and the reported lateral spreading are shown.

5. Comparisons of the Results by Different
Prediction Methods

Calculating the triggering time of liquefaction with the finite
difference analysis, a hybrid approach based on the New-
mark sliding block method, the postliquefaction yield

acceleration, and the triggering time of liquefaction was also
developed by the authors of this paper to predict the lateral
spreading. In this section, only a brief introduction to that
hybrid approach was made. The details of that hybrid ap-
proach were prepared in a separate paper. To predict the
lateral spreading in the finite difference program FLAC 2D
[41], the PM4sand constitutive model proposed by Bou-
langer and Ziotopoulou [15] was adopted to simulate the
dynamic response of liquefiable sand. The plasticity sand
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FIGURE 14: Yield acceleration calculation based upon the soil profile by Yang [36].

TaBLE 8: Newmark displacement analysis results by the simplified
method (the reported displacement is reported as 2.86 m).

Motion name Rigid block-normal (m) Rigid block-inverse (m)
PRI-090 1.73 1.11

model PM4sand required three primary input parameters to
be adjusted based on the soil property: apparent relative
density, shear modulus coefficient constant, and contraction
rate parameter. In the three parameters, the apparent relative
density and shear modulus coeflicient were determined
using the SPT blow count of the liquefiable soil, and the
contraction rate parameter was backcalculated by con-
ducting the dynamic analysis of an element undergoing

cyclic loading under the condition that a target cyclic re-
sistance ratio was reached. In the dynamic analysis, two-
dimensional soil profiles with the soil parameters for static
and dynamic analysis were obtained based upon the doc-
umentation. Earthquake motions recorded at strong motion
sites were deconvoluted by the equivalent linear analysis and
then applied at the bottom of FLAC finite mesh. The pore
water pressure versus dynamic time at the bottom of lig-
uefied soil was monitored during the dynamic analysis to
obtain the triggering time of liquefaction and the motion
beneath the liquefied soil. The hybrid approach used the
motion beneath the liquefied soil obtained from the finite
difference analysis that started from the liquefaction of
triggering and predicted the lateral spreading using
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FIGURE 15: The soil profile of the Chi-Chi case developed by Chu et al. [40].
TABLE 9: Soil parameters used for nonlinear effective analysis.
Soil Unit weight Thickness Ve Initial modulus Modulus reduction curves Damping ratio curves
layers (kKN/m°) (m) (m/s) (kPa) piig
Fill 2.1 10 11 9.4ed Deep cohesionless (0-6m)  Deep cohesionless (0-6 m)
(32] [32]
SM-1 20.2 2.0 144 5.86¢4 Sand average [27] Sand average [27]
SM-2 20.2 1.5 215 9.4e4 Sand lower [27] Sand lower [27]
GM 20.1 15.0 312 1.97¢5 Deep cohesionless (15-36 m) Deep cohesionless (15-36 m)
[32] [32]
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FIGURE 16: Input motions at the base of the soil profile. (a) TCU-650E and (b) TCU-650N.
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FIGURE 17: Postliquefaction yield acceleration of Wufeng site.

TaBLE 10: Newmark displacement analysis results by the simplified method (the reported displacement is reported as 1.62 m).

Motion name Rigid block-normal (m) Rigid block-inverse (m)

TCU-650e 1.70 1.81
TCU-650n 1.90 1.76
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Newmark displacement analysis. The same five case histories
used in this paper were analyzed using the hybrid approach.

In addition, Rigorous Newmark sliding block analysis
using the free-field ground motion recorded at the strong
motion station or the ground surface motion deconvoluted
from the equivalent linear analysis considering the triggering
time of liquefaction and the postliquefaction yield acceler-
ation was conducted to analyze the same case histories in this
paper. Only the predicted results by the hybrid approach and
rigorous Newmark sliding block method are presented
herein. Note: the postliquefaction yield acceleration men-
tioned-above was calculated following the same procedures
described in this paper: use the residual shear strength of the
liquefied sand estimated by the correlation method by Idriss
and Boulanger [24] residual shear strength relationship and
conduct the limit equilibrium analysis.

The average values of the predicted lateral spreading and
the reported lateral spreading for the five case histories are
summarized in Table 11. To make a distinction between the
different prediction methods, the average prediction by the
simplified method in this paper (i.e., Newmark sliding block
method using triggering time of liquefaction and the mo-
tions underneath the liquefiable soil from the one-dimen-
sional effective stress analysis) is denoted as predicted
displacement-1. The average prediction by the hybrid ap-
proach (i.e., Newmark sliding block method using triggering
time of liquefaction and the motions underneath the lig-
uefiable soil based upon the finite difference analysis) is
denoted as predicted displacement-2. The average prediction
by the rigorous Newmark sliding block analysis using the
free-field ground motion recorded at the strong motion
station or the ground surface motion deconvoluted from the
equivalent linear analysis considering the triggering time of
liquefaction is denoted as predicted displacement-3. By
monitoring the crest of the free face when solely conducting
the finite difference analysis using PM4sand constitutive
model of liquefied sand for the same five case histories in this
paper, the lateral spreading predicted by the finite difference
analysis is denoted as predicted displacement-4 and shown
in Table 11.

The estimation of lateral spreading varies with the case
histories. For the Wildlife site case, the prediction by the
simplified method (i.e., predicted displacement-1) of 0.02 m
is the smallest value comparing to the reported lateral
spreading and the other three predictions. The simplified
method (i.e., predicted displacement-1) predicts the smallest
lateral spreading for the Moss landing site. By calculating the
ratio of the predicted to reported displacement, the ratio of
0.61 indicates that the prediction error is the lowest though it
underpredicts the lateral spreading. The prediction by the
simplified method (predicted displacement-1) is equal to the
reported displacement for the Northridge site. For the Port
island case, the predictions by the four methods are smaller
than the reported displacement. By calculating the ratio of
the predicted to the reported displacement, the simplified
method proposed in this paper yields a ratio of 0.5, which is
greater than that of the other three methods. For the Chi-Chi
site, the predicted displacement-2, which is the displacement
calculated by the hybrid approach, is the largest prediction
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among the four values and is 1.7 times the reported lateral
spreading. The simplified method yields the ratio of the
predicted to reported lateral spreading as 1.10.

Calculate the ratio of the predicted lateral spreading to
reported lateral spreading and then average the ratios of the
five case histories for each prediction method to estimate the
accuracy of the four methods. The average displacement
ratio for the simplified method is 0.67. For the rest of the four
methods, the average displacement ratio of the hybrid ap-
proach is 2.79, the average displacement ratio for the rig-
orous Newmark sliding block method is 1.27, and the ratio
for the finite difference analysis is 2.16. Comparing to the
other three methods, of which the average ratio is greater
than 1.0, the simplified method in this paper underestimates
the lateral spreading in terms of the average displacement
ratio; thus, a safety factor was suggested being considered
when using the simplified method. More comparisons be-
tween the four methods are made based on the coefficients of
determination. Based on the displacement ratios (i.e., the
ratio of predicted lateral spreading to the reported lateral
spreading) for each method, the RMSE (root mean square
error), standard deviation, and CV (coeflicient of variation)
are calculated. In respect of the three coefficients of deter-
mination, the simplified method yields the lowest values,
while the hybrid approach yields the greatest values among
the four methods. The three values for the simplified method
are 0.63, 0.40, and 0.60, respectively. For the hybrid ap-
proach, the three values are 2.80, 2.54, and 0.91, respectively.
It is indicated that the simplified method is more capable of
predicting the lateral spreading since higher values represent
a greater degree of relative variability.

Some factors may contribute to the different predictions.
Most importantly, there are some inherent limitations of the
simplified method proposed in this paper. In the field, the
yield acceleration will change due to the decrease of the
inclination [42, 43] (downward movement of sliding mass)
and the change of the geometry for the sliding mass [44]
while the Newmark sliding block method assumes the
sliding mass to be a perfectly rigid block, which slides at a
constant yield acceleration. The rotation effects of the sliding
mass are omitted since the simplified method is proposed
based on the frame of the Newmark sliding block method,
which would result in the uncertainty of the predicted
displacement. The other factors include the uncertainties of
the input parameters. The soil parameters such as water table
depth, shear velocity, plasticity index of clay, fines content of
sand, and SPT blow count of the liquefied soil are prone to
uncertainty. The uncertainties of the hysteretic models of the
dynamic curves used in the one-dimensional effective stress
analysis and finite difference analysis are also affecting the
soil response and further affect the accuracy of the lateral
spreading. Furthermore, the input motions used in the
analysis will also influence the accuracy of the lateral
spreading prediction.

6. Summary and Conclusions

In this study, a simplified method was proposed to predict
the liquefaction-induced lateral spreading. The simplified
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TaBLE 11: Predicted lateral spreading and the reported displacement.

Case name Predicted Predicted Predicted Predicted Reported
displacement-1 (m) displacement-2 (m) displacement-3 (m) displacement-4 (m) displacement (m)

Wildlife site 0.02 0.25 0.09 0.32 0.18

i\ﬁ‘e’“ landing 017 1.78 0.67 1.09 0.28

Northridge site 0.15 0.26 0.16 0.12 0.15

Port island site 1.42 0.21 0.77 1.11 2.80

Chi-Chi site 1.79 7.12 3.40 6.39 1.62

method was developed on the basis of the Newmark sliding
block method and took account of the postliquefaction yield
acceleration and the motion beneath the liquefied soil started
from the time of liquefaction triggering. D-mod 2000, which
implemented the nonlinear stress-strain and pore water
pressure generation model, was used in the study for cal-
culating the triggering time of liquefaction and motions
beneath the liquefied soil. To calculate the postliquefaction
yield acceleration, the residual shear strength estimation
method by Idriss and Boulanger [24] was used to estimate
the residual shear strength of the liquefied soil, and the
Morgenstern—-Price method was applied to perform the limit
equilibrium analysis.

To evaluate the accuracy of the proposed method, five
case histories were reexamined and the comparison between
the calculated lateral spreading with the actual displacement
was made. The soil profile in each case was established from
the documentations. In the effective stress analysis, the soil
properties and the dynamic curves were estimated based
upon the soil classification and the case-history documen-
tation. The free-field motions or the downhole motions used
for the effective stress analyses were selected in the NGA-
West 2 database. In the limit equilibrium analysis, the two-
dimensional soil profile was developed based on the case-
history documentations.

Predictions of the simplified method, rigorous Newmark
sliding block method, finite difference method, and New-
mark sliding method taking account of the motion beneath
the liquefied soil and triggering time of liquefaction cal-
culated by finite difference analysis were compared in terms
of lateral spreading for five well-documented case histories.
It is indicated that the simplified method proposed in the
paper gives a reasonable estimation of the lateral spreading.
In the five case histories, the prediction by the simplified
method was equal to the reported displacement for the
Northridge site. The simplified method predicted smaller
lateral spreading comparing to the reported displacement
for the Wildlife site, Moss landing site, and Port island site,
respectively. The simplified method overestimated the lateral
spreading of the Chi-Chi site slightly greater than the ob-
served displacement. By calculating the average displace-
ment ratio, the simplified method underpredicted the lateral
spreading. Comparing to the other three methods: the hy-
brid approach, the rigorous Newmark sliding block method,
and finite difference analysis, a safety factor was suggested to
be considered when using the simplified method.

To conclude, the effective stress analysis using the
Modified Konder-Zelaso model requires only soil column

investigation, and the input motion can be applied as an
outcrop motion directly in the analysis. The one-dimen-
sional effective stress analysis conducted by D-mod 2000
makes the simplified method more applicable in engineering
practice compared to other methods. Nevertheless, the
application of the simplified method has some limitations:
the downward movement and the geometry change of the
sliding mass will affect the yield acceleration; the variability
of liquefiable soil below the ground surface will induce the
uncertainty of the prediction; the calculated lateral spreading
may be overestimated or underestimated due to the lack of
site-specific motion for some situations; and sliding surface
in the limit equilibrium analysis will change during the
shaking in reality, which will affect the postliquefaction yield
acceleration and calculated the lateral spreading. Due to the
limited field observations, the accuracy of the simplified
method needs to be validated with more case histories.
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