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ABSTRACT

Evaluation of liquefaction-induced lateral spreading is very important for the design of structures located on gently sloping ground and
with relatively shallow groundwater. Extensive research has been performed on the calculation of liquefaction-induced lateral
spreading based on the standard penetration test (SPT) and cone penetration test (CPT) data by various researchers (Bartlett and Youd
1992, 1995, Rauch, 1997; Zhang et al., 2004; Idriss and Boulanger, 2008). However, few published papers can be found that address
the calculation of liquefaction-induced lateral spreading based on shear wave velocity. This paper presents a procedure to evaluate
liquefaction-induced lateral spreading directly based on shear wave velocity. New empirical relationships for factor of safety against
liquefaction, maximum shear strain, and shear wave velocity are developed based on the laboratory tests performed at the University
of Tokyo (Ishihara and Yoshimine 1992, Yoshimine et al. 2006). The results calculated utilizing this new procedure are compared
with those based on SPT and CPT data using existing methods. The results indicate good agreement. This approach not only provides
a new method for estimating the liquefaction-induced lateral spreading directly from shear wave velocity data but also provides a cost
effective tool for verification of CPT results because of the small cost increase in measuring shear wave velocity during the standard

CPT testing.

INTRODUCTION

As one of the major surficial manifestations of liquefaction,
lateral spreading has been observed in nearly all major
earthquakes from the 1923 Kanto earthquake in Japan
(Hamada et al. 1992) to the recent Sichuan earthquake in
China (Wang 2008). “Damage caused by lateral spreads,
though seldom catastrophic, is severely disruptive and often
pervasive. ... Cumulatively, more damage has been caused by
lateral spreads than by any other form of liquefaction-induced
ground failure.” (NRC, 1985). Due to the enormous damage to
engineered structures and lifelines caused by liquefaction-
induced lateral spreading, its evaluation and prediction
becomes very important for the design and construction of
structures located on areas susceptible to lateral spreading.
These areas are usually relatively flat, along waterfronts, and
attractive for urban development (Rauch, 1997). Since the late
1980’s, extensive research has been performed on the
calculation of liquefaction-induced lateral spreading (NRC,
1985, Hamada et al. 1986, Bartlett and Youd 1992, 1995,
Rauch, 1997, Zhang et al., 2004; Idriss and Boulanger, 2008).
Several methods have been proposed by individuals to predict
the liquefaction-induced lateral spreading. These methods
include empirical methods based on a database from observed
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case histories (Bartlett and Youd 1995, Rauch, 1997), semi-
empirical methods based on laboratory test results, field
exploratory data and anticipated earthquake magnitude (Zhang
et al., 2004; Idriss and Boulanger, 2008), and numerical
simulation using the finite element method (FEM) and finite-
difference method (FDM) (Valsamis et al. 2007).

Several in-situ testing methods are in common usage for
exploration of subsurface soils, including the standard
penetration test (SPT), the cone penetration test (CPT), shear-
wave velocity measurements (V), and the Becker penetration
test (BPT). All of these methods have been utilized in the
evaluation of liquefaction potential. Most of the currently
published methods for evaluating liquefaction-induced lateral
spreading are based on either SPT or CPT data. Few published
papers can be found that address the calculation of
liquefaction-induced lateral spreading based on shear wave
velocity. This paper presents an approach for estimating
liquefaction-induced lateral spreading based on shear wave
velocity. This approach includes a detailed procedure for
calculating the factor of safety against liquefaction and the
maximum cyclic shear strain. The proposed method was



evaluated by comparing the results calculated based on SPT
and CPT data utilizing currently widely accepted methods.

GEOLOGIC CONDITIONS FOR LATERAL SPREADING

Liquefaction-induced lateral spreading is defined as the finite,
lateral displacement of gently sloping ground as a result of
pore pressure build-up or liquefaction in a shallow underlying
deposit during an earthquake (Rauch, 1997). A three
dimensional description of the lateral spreading is illustrated
in Fig. 1 (Varnes 1978, Rauch 1997). Fig. 2 shows two typical
patterns of soil liquefaction and the induced lateral spreading.

The geologic conditions for increased susceptibility to
liquefaction-induced lateral spreading are: 1) shallow water
table, 2) presence of unconsolidated loose sandy alluvium,
typically Holocene in age; 3) strong ground shaking, and 4)
constant initial shear stress resulting from a gently sloping
ground. The first three conditions are the conditions required
for liquefaction to occur. The last is the additional condition
for liquefaction-induced lateral spreading to occur. Although
not clearly stated in most publications, the estimation of
liquefaction-induced lateral spreading is also generally based
on these four conditions.
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1 unliquefied soil

Fig. I Schematic depiction of a lateral spreading resulting
from liquefaction in an earthquake (after Rauch 1997,
originally from Varnes 1978)

PROCEDURES TO EVALUATE LIQUEFACTION-
INDUCED LATERAL SPREADING

The procedure presented hereafter is similar to that adopted by

Zhang et al. (2004) and includes the following steps:

Step 1. Assess the liquefaction potential based on Andrus and
Stokoe's method (Andrus and Stokoe 2000, Andrus et
al. 2004).

Step 2. Calculate the maximum shear strain based on results
of simple shear tests performed at the University of
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Tokyo (Ishihara and Yoshimine 1992, Yoshimine et
al. 2006) extended for the application to V; data.
Step 3. Calculate the lateral spreading

The related previous work will be reviewed in the following
sections.
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Fig. 2 Soil liquefaction and lateral spreading of (a) gently
sloping ground and (b) toward a free face (after Rauch 1997)

Evaluation of factor of safety against liquefaction

The factor of safety against liquefaction is defined as the ratio
of the cyclic resistance ratio, CRR,, that will cause
liquefaction of the soil for a given number of cycles, to the
cyclic stress ratio, CSR, developed in the soil by the
earthquake motion.

_ CRR,,
" CSR

(1

Cyclic stress ratio (CSR). In the simplified procedure (Seed
and Idriss 1971), the CSR developed in the soil is calculated
by a formula that incorporates ground surface acceleration,
total and effective stresses in the soil at different depths
(which in turn are related to the location of the ground water
table), non rigidity of the soil column, and a number of
simplifying assumptions. Seed and Idriss (1971) formulated
the following equation for calculation of CSR.

CSR=r7,/0,'=0.65(a,, /'g)o,,/ 0, 2)

where 7_ is the average equivalent uniform cyclic shear stress
caused by the earthquake and is assumed to be 0.65 of the

maximum induced stress, a is the peak horizontal

max
acceleration at ground surface generated by the earthquake, g

is the acceleration of gravity, o, and o' are total and

effective overburden stresses, respectively, and 7, is a stress
reduction coefficient.

Several methods have been published by individuals for the
calculation of r, (Seed and Idriss 1971, Lao and Whitman
1986, Seed et al 2003, Idriss 1999). The expression (Eq. 3)



proposed by Idriss (1999) may be used to estimate the average
value of 7, .

r, =expla(z)+ f(z)-M] (3a)
a(z)=-1.012—1.126sin(z/11.73+5.133) (3b)
B(z)=0.106+0.118sin(z/11.28 +5.142) (c)

in which z is the depth below ground surface in meters, M is
the earthquake moment magnitude, and the arguments inside
the sine terms are in radians.

Cyclic resistance ratio (CRR).  Andrus and Stokoe (2000)
developed a V¢-based CRR curve for uncemented, Holocene-
age soils with 5% or less fines at an earthquake magnitude 7.5
as shown in Eq. 4.

2
CRR =0.022[@} +2.8{

1 1
7.5¢cs - (4)
100 215-(V,), 215

where subscript cs is the abbreviation for clean sand (soils
with 5% or less fines), and (V;;)., is the overburden stress-
corrected shear wave velocity as defined in Eq. 5 to account
for the influences of the state of stress in soil.

(V) =KV =KV (p,10,)" )

cs’ sl cs’ s

where V,; is the overburden stress-corrected shear wave
velocity of sandy soils, p, is the reference stress of 100 kPa or
about atmospheric pressure, and K, is a fines content (FC)
correction factor. Juang et al (2002) suggested the following
relationships for estimating K.:

K, =10, for FC<5% (6a)
K =1+ (FC-5T , for 5% < FC <35% (6b)
Ko =1+30T, for FC 235% (6¢)
where

T =0.009-0.0109(V,, /100)+0.0038(/,, /100)’ (6d)

It is preferred that the F'C measured from SPT samples be used
for above corrections. If measured data is not available, FC
estimated from CPT data could also be used (Yi, 2009).

Research indicates that other corrections, such as earthquake
magnitude, overburden pressure, and static shear stress, should
also be made to the CRR (Seed and Idriss 1982, Seed 1983,
Idriss and Boulanger, 2008). For any earthquake moment
magnitude M,
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CRRy = CRR; 5(MSF)K, K., 7

where MSF is the magnitude scaling factor, and K, and K,
are factors for overburden and initial static stress ratio
corrections, respectively. Several expressions have been
proposed by individuals for these corrections. The most
recently published work by Idriss and Boulanger (2008) can
be utilized.

Magnitude scaling factor (MSF). Various relationships
between magnitude scaling factor and earthquake moment
magnitude have been proposed (Seed and Idriss 1982,
Tokimatsu and Yoshimi, 1983, Arabgo 1996, Idriss 1999). By
studying the relations between the number of equivalent
uniform stress cycles and earthquake magnitude, Idriss (1999)
suggested the magnitude scaling factor as:

MSF =6.9exp(— M /4)—0.058 < 1.8 (8)

Overburden correction factor K,. Laboratory cyclic triaxial
compression tests show that while liquefaction resistance of a
soil increases with increasing confining pressure, the
resistance, as measured by the stress ratio, is a nonlinear
function that decreases with increased normal stress. Seed
(1983) suggested a correction factor, K., to account for this
nonlinearity for overburden pressures greater than 100 kPa.
Although various expressions for an overburden correction
factor have been proposed by a number of researchers, this
author recommends the use of K, proposed by Boulanger and
Idriss (2004).

K,=1-C, 1n(ﬂj31.1 (9a)
Pa

where the coefficient C_ can be expressed in terms of
corrected shear wave velocity.

1
C = < (9b)
18.9-3.1[(,),, /100] "
Static_shear stress correction factor K, . This factor was

originally introduced by Seed (1983) to account for the effect
of static shear stresses on CRR. In the 1996 NCEER workshop
(Youd et al. 1997), it was concluded that the wide ranges in
potential K, values developed in past investigations indicate
a lack of consensus and a need for continued research and
field verifications, and that general recommendations for use
of K, by the engineering profession are not advisable at this
time. Since that workshop, further research has been
performed by Idriss and Boulanger (2003a, 2003b). For the
purpose of liquefaction-induced lateral spreading evaluation,
the author believes that Idriss and Boulanger’s results can be
used.



« = C(;I;iio :a+b-exp(_ij (10a)
a=1267+ 6362 —634exp(a)—632exp(—a) (10b)
b=exp(-1.11+12.3a2 +1.31exp(a +.0001)) (10c)
¢=0.138+0.126 +2.52¢3 (10d)
a=1/0,' (10e)

1 v
e Q—ln(wOp'/pa)_o'lg(ﬁgj "
p'=3(1+2K,)o,' (10g)

where K, is the coefficient of lateral earth pressure at rest and
Q is a grain type related empirical constant approximately
equal to 10 for quartz and feldspar, 8 for limestone, 7 for

anthracite, and 5.5 for chalk. In addition, & and &, should be
constrained within the following limits.

@ <0.35 and —0.6 < & <0.1 (10h)

Liquefaction-induced maximum cyclic shear strains of clean
sand

Relative density. To study the volume change characteristics
of sand after liquefaction, several series of uni- and multi-
directional cyclic simple shear tests have been performed at
the University of Tokyo (Ishihara and Yoshimine 1992,
Yoshimine et al. 2006). The results indicate that one of the
important parameters affecting the cyclic maximum shear
strain of liquefied sands is the relative density (Dg) of the
sand. To utilize V; data, a relationship between Dy and V; is
necessary. Existing relationships between Dy and V; are not
available in published research. However, this relationship can
be established by utilizing the relationships between relative
density and SPT blow counts and between shear wave velocity
and SPT blow counts.

Several relationships between relative density and SPT blow
counts have been proposed in the past (Terzaghi and Peck
1967, Tokimatsu and Seed 1987, Idriss and Boulanger 2008).
Data points collected by Mayne et al. (2002) and Tokimatsu
and Seed (1987) are re-plotted in Fig. 3 showing the
relationship between relative density and SPT blow counts
corrected to an energy ratio of 60% with an overburden stress
of 1 atm. (N;)s. is used as the abscissa in Fig. 3 to represent
the equivalent clean sand (N;)4.

Expressions proposed by Terzaghi and Peck (1967) and Idriss
and Boulanger (2008) as well as the curve by Tokimatsu and
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Seed (1987) are also plotted in Fig. 3. It can be seen that an
average relationship can be better expressed by Eq. 11.

Dy =100y/(N) e /52 (%) (11)
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Fig. 3 Relationship between relative density, corrected SPT
blow counts, and corrected shear wave velocity (data from
Mayne et al. 2002 and Tokimatsu and Seed 1987)

Andrus et al. (2004) collected (N;)soes - (Vs1)es data pairs from
different regions (Fig. 4). By nonlinear regression analysis,

Andrus et al. (2004) obtained a power curve as shown by Eq.
12.

Vi)es = 87'7[(]\]1)60('s]0'253 (12)
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Fig. 4 Relationship between corrected shear wave velocity and
corrected SPT blow counts for uncemented, Holocene sands
(after Andrus et al. 2004)



By combining Eq. 11 and Eq. 12, the relationship between
relative density and corrected shear velocity can be derived as
shown in Eq. 13.

Dy =17.974[(V,),. /10017 (%) (13)

The relationship between relative density and (V;)., shown in
Eq. 13 is also plotted in Fig. 3.

Maximum shear strain.  In the process of estimating the
liquefaction-induced settlement, Ishihara and Yoshimine
(1992) discovered that for a given value of relative density, the
smaller the factor of safety, the larger the maximum shear
strain. While at a given value of factor of safety less than
unity, the larger the relative density, the smaller the maximum
shear strain. A set of relationships was established as shown in
Fig. 5.
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Fig. 5. Relationship between factor of safety and maximum
amplitude of shear strain during irregular loading (after
Ishihara and Yoshimine 1992, test data from Dr. Yoshimine)

Yoshimine et al (2006) approximated the curves in Fig. 5 with
a hyperbolic function. This function was further combined
with additional constrain of a limiting shear strain (Fig. 6) by
Idriss and Boulanger (2008) to form the set of equations below
for calculating the maximum shear strain.

Vmax =0, for FSj, =2 (14a)
1-F
=min| 7, 0.035(2—FS, ) ——<—
}/max [7/llm ( Iq)( FSﬁq —Fa ]]
for 2> FS;, 2 F, (14b)
JYmax = Ylim » for FSliq < Fa 5 (140)
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where y__ is the maximum shear strain as a decimal, y, is
the limit of the maximum shear strain, and

F, =0.032+4.7(D, /100) — 6.0(D, /100)? (15a)

The Dy, should be limited to values > 40% for use in Eq. 15a.
By introducing Eq. 13, Eq. 15a becomes

1.976 3.952
F,=0.032+0.836 @ -0.190 @ (15b)
100 100

with (V). limited to values > 150 (m/s).

Corrected Shear Wave Velocity, (Vi) . (m/s)
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Fig. 6. Relationship between limiting shear strain, corrected
SPT blow counts (modified after Idriss and Boulanger 2008),
and corrected shear wave velocities

Idriss and Boulanger (2008) pointed out that the maximum
shear strain that occurs at low factors of safety against
liquefaction tend toward limiting values (for practical
purposes) that decrease as the relative density of the sand
increases. Fig. 6 shows the relationship between limiting shear
strains and corrected SPT blow count, (N;)sps- The original
Idriss and Boulanger’s relationship calculates a near 0 limiting
shear strain at (N;)gps of 40 (approximately Dyp of 93%).
However, Nagase and Ishihara’s (1988) test results indicate a
maximum amplitude of shear strain of approximately 7% even
at a relatively density of 93%. By combining Nagase and
Ishihara’s results, the limiting shear strain is modified as
shown in Fig. 6. The corrected shear wave velocity, (V) 1S
added to Idriss and Boulanger’s (2008) original chart. With
this modification, the relationship between limiting shear
strain and corrected shear wave velocity can be expressed by
the following equation.

Y = min0.5, 7.05[(¥,).. /100]*%]> 0 (16)



By combining Eqs. 14 through 16, the original relationship
between the factor of safety and maximum shear strain is
replotted in Fig. 7 as a function of the corrected shear wave
velocity. Fig. 8 shows the relationship between maximum
shear strain and corrected shear wave velocity.

.

Nagase & Ishihara (1988), Irregular,
uni- and multi-directional cyclic
shear tests on Fiji river sand.
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in turn were underlain by interlayered clay, sand, and gravelly
sand.

A

meters ‘—/_1

Depth Contours
in Meters - Y

MLLW Datum
\ \
\

Moss Landing

State Beach

Ve

A iota \
1989 Loma Prieta
g.?:;a ® Earthquake Epicenter

Capitola @ Corralitos

Monterey |
Bay l
e
T
‘\_\_‘h
v Sandholdt Hoad
< ll\:JiBﬁlkHI?
acilities 4=
Sy
R =
B e =
=" I//—“_/— OOQ handmg
MLML arbor
L OOOO District
w OffICE'

Taumgs el
i Pond (\
/ / omr )} C

i Sa!mas loro Cajo
/ / / lq/ Aiver ‘*\ | Slough

Fig. 9. Map of Moss Landing Area (after Boulanger et al.
1997)

The factor of safety against liquefaction, liquefaction-induced
maximum shear strain, and LDI were calculated based on
measured V; data following the procedures described in the
previous sections. The results are plotted in Fig. 10. For
comparison, calculation results based on SPT and CPT data
using the equations included in the MNO-12 “Soil
Liquefaction during Earthquakes” (Idriss and Boulanger,
2008) are also illustrated in Fig. 10. The measured SPT blow
counts and CPT tip resistance were converted to shear wave
velocity for comparison. Results calculated by Idriss and
Boulanger (2008) based on the same SPT data are also plotted
in the graphs. It can be seen that the results calculated based
on V; data generally agree well with those calculated based on
SPT and CPT data, especially with CPT data, and are
consistent with the calculation results by Idriss and Boulanger
(2008).

At the MBARI facility site, extensive ground deformations
were observed along Sandholdt Road. Three slope
inclinometers labeled SI-2, SI-4, and SI-5 were installed along
the shoreline edge of Sandholdt Road, prior to the Loma Prieta
earthquake. The readings of inclinometers before and after the
earthquake indicate that the shoreline moved about 7.5 cm (SI-
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4) to 28 cm (SI-2) toward the harbor. V, data as well as SPT
and CPT data is available near SI-2. Based on the SPT log and
laboratory test results, subsurface soils at this location
generally consist of a poorly graded fine-grained sand layer
with a fines content of between 2 and 3% to a depth of
approximately 10.5 m below existing ground surface with 2
clayey silt interlayers with thickness of approximately 0.3 and
1 m, respectively. These in turn were underlain by soft to stiff
clay with interlayered sand layers. The calculated results of
the factor of safety, maximum shear strain, and LDI based on
measured V; data are plotted in Fig. 11. Similar to the first
sample, results calculated based on SPT and CPT data are also
illustrated in the graphs in Fig. 11. Other than the first sample,
the results based on V; data are closer to those based on SPT
data.

To determine the coefficient C,, calculated LDI’s were
compared with lateral deformation observed from various
locations in Moss Landing after the 1989 Loma Prieta
earthquake. Fig. 12 shows the relationship. A C, of 0.23 is
obtained by regression analysis with an R-squared value of
0.74. With this correction, the calculated lateral spreading
deformations are plotted in the right-most graph in Figs. 10
and 11 with comparison of observed data. As can be seen
there is good agreement between observed data and calculated
values.

It should be noted that C,, is affected by several factors. One of
the factors could be the peak horizontal ground acceleration,
Apar As 1driss and Boulanger (2008) pointed out, the predicted
deformations are sensitive at a certain range of a,,. Other
factors affecting C;, and, further, the extent of lateral spreading
are non-liquefied crust conditions (thickness and the cohesion)
and surficial conditions (pavement etc.). The current
methodology generally assumes a free movement of the non-
liquefied crust without any resistance. These factors should be
further evaluated in future studies.

CONCLUSIONS

A set of equations is proposed based on previous studies for
calculating liquefaction-induced lateral spreading, extending
to the application of shear wave velocity. The equations have
been presented in the order of the calculation sequence. The
proposed method was tested by utilizing data from two sites in
Moss Landing where extensive surface deformations were
observed after 1989 Loma Prieta earthquake. By using the
proposed equations, the factor of safety against liquefaction,
liquefaction-induced maximum shear strain, and LDI were
calculated directly based on measured ¥ data and compared
with the results calculated based on SPT and CPT data using
existing methods. The results indicate good agreement with
the results obtained using the existing methods.

An important advantage of the proposed method is that with a
small cost increase in the field investigation, it provides a
verification of the predicted results using different field
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investigation data. For example, other than just performing
normal CPT sounding, both CPT and V, data can be obtained
during the same operation by using seismic cone. With an
introduced coefficient C, of 0.23, the calculated lateral
spreading deformation agrees well with the observed data.
However, it should be noted that this coefficient is affected by
various factors. The sensitivity of the predicted liquefaction-
induced spreading to various parameters should be evaluated
as part of the analysis. Conditions of the non-liquefied crust
(such as thickness, soil cohesion, and surface pavement),
should also be considered in order to provide more reliable
predicted values.
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Fig. 12. Determination of coefficient C;, based on comparison
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