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ABSTRACT

Earthquake shaking may result in the liquefaction of saturated sandy soils in the ground.
Both ground settlements and lateral spreads are the pervasive types of liquefaction-
induced ground deformations for level to gently sloping sites. Currently, the estimations
of liquefaction-induced ground deformations are less successful than the evaluations of
liquefaction potential. In particular, no CPT-based method is available to estimate

ground settlements and lateral displacements.

The objective of this thesis was to develop approaches to estimate liquefaction-induced
ground deformations using either CPT or SPT data. First, a CPT-based approach is
proposed to estimate liquefaction-induced ground settlements for level ground. The
approach combines a CPT-based method to estimate liquefaction resistance with
laboratory test results on clean sand to evaluate liquefaction-induced volumetric strains
for sandy and silty soils. The approach was used to estimate the ground settlements at
two case history sites. Good agreement between the calculated and measured ground
settlements was found. Second, three simple, semi-empirical approaches are proposed to
estimate lateral displacements in liquefaction-induced lateral spreads for gently sloping
ground without a free face, level ground with a free face, and gently sloping ground with
a free face respectively. The proposed approaches combine available results from
laboratory tests with data from sixteen case histories associated with past thirteen major
earthquakes, capture the mechanisms of liquefaction-induced lateral spreads, and
characterize the major factors (soil properties, earthquake characteristics, and ground

geometry) influencing lateral displacements. Either SPT or CPT data can be used in the



proposed approaches to estimate lateral displacements. Generally, the calculated lateral
displacements using the proposed approaches showed variations between 50% and 200%
of measured values for the available case histories studied in this research. The proposed
approaches may be used to estimate both the magnitude and distribution of liquefaction-
induced lateral displacements for gentle slopes and/or ground with a free face for low to
medium-risk projects or to provide preliminary estimates for high-risk projects using
either SPT or CPT data. The proposed approaches are relatively simple and can be
applied with only a few additional calculations following an SPT- or CPT-based

liquefaction-potential analysis.
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CHAPTER 1 INTRODUCTION

1.1 General

It is widely recognized that earthquakes are among the most severe natural disasters. For
instance, in 1976, the Tangshan, China earthquake resulted in the collapse of and severe
damage to many buildings and in the death of several hundred thousand people (NRC
1982). The 1995 Hyogoken-Nanbu (Kobe), Japan earthquake caused more than one
hundred billion dollars in total damage (Hamada et al. 1995). Nevertheless, earthquakes
cannot be prevented from occurring and will remain one of the major natural hazards in

the world.

Earthquake shaking may cause a loss of strength or stiffness in a saturated sandy soil in
the ground. The process leading to such a loss of strength or stiffness is called soil
liquefaction. The consequences of soil liquefaction can be enormous, with significant
financial and environmental implications and risks to human safety. During past major
earthquakes, enormous damage to engineered structures and lifelines has been caused by
liquefaction-induced ground failures (Hamada and O’Rourke 1992; O’Rourke and
Hamada 1992). For instance, liquefaction-induced lateral spreads spawned by the 1964
Alaska earthquake caused $80 million damage to 266 bridges and numerous sections of
embankments along the Alaska Railroad and Highway (McCulloch and Bonilla 1970;
Bartlett 1991). Liquefaction-induced ground settlements that occurred in the Marina
District and Treasure Island, California, as a result of the 1989 Loma Prieta earthquake,
caused significant damage to buildings and lifelines (Bennett 1990; Egan and Wang
1991). Generally, liquefaction-induced ground failures include flow slides, lateral
spreads, ground oscillation, ground settlements, and sand boils. In this thesis, research

will focus on liquefaction-induced ground settlements and lateral spreads only.

Both ground settlements and lateral spreads are the pervasive types of liquefaction-
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induced ground failures for level to gently sloping sites. Ground settlements may occur
in both level and sloping ground and generally are major deformation failures for level
ground. Figure 1.1 is a sketch illustrating the development of liquefaction-induced
ground settlement in level ground during and after an earthquake. When saturated sandy
soils are subjected to shaking during an earthquake, excess pore water pressures are
known to build up, leading to liquefaction or loss of strength in sandy soils. With the
dissipation of the pore water pressure during and after an earthquake, some volume
change in the sandy soils will occur, which is manifested on the ground surface as

settlements.

Lateral spreads are the most common type of ground failure caused by soil liquefaction
during earthquakes and usually occur on gentle slopes ranging from 0.3 to 5 percent
(Youd 1978) or on level (or gently inclined) ground with a free face (e.g., river banks, sea
walls, road cuts). Figure 1.2 is a sketch illustrating the development of liquefaction-
induced lateral spread in gently sloping ground or ground with a free face during an
earthquake. With the development of excess pore water pressure in saturated sandy soils
during seismic loading, the stiffness of the soils is reduced, and shear strains are induced
in the soils as well. Due to the presence of biased static driving shear stresses in the soils
in gentle slopes or ground with a free face, residual shear strains are then accumulated in
the down-slope direction or in the direction towards the free face. These residual shear
strains result in lateral spreading of the ground. Different from flow failures, the ultimate
undrained shear strengths in the soils are greater than the static driving shear stresses in
the soils for lateral spreads. As a result, displacements associated with lateral spreads are

finite and seldom catastrophic, yet still can be very damaging.

Several groups of methods have been proposed to estimate liquefaction-induced ground
settlements or lateral displacements, including numerical and analytical models,
laboratory modeling approaches, and field-data-based methods. The expense and
difficulty associated with obtaining and testing high quality samples of loose sandy soils
significantly limit the applications of numerical and analytical models and laboratory

testing approaches in the routine practice of geotechnical engineering. Therefore, field-
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data-based methods are likely best suited to provide simple, reliable and direct methods
to estimate liquefaction-induced ground deformations (i.e. settlements and lateral
displacements) for low to medium risk projects and to provide preliminary estimates for

high risk projects.

Several field tests are commonly used for the evaluation of liquefaction resistance of
sandy soils, including the cone penetration test (CPT), the standard penetration test
(SPT), shear-wave velocity measurement, and the Becker penetration test. Recently, the
CPT has become very popular because of its greater repeatability and reliability and the
continuous nature of its profile as compared with other field tests. The CPT has also
been widely and successfully used in evaluating liquefaction potential in geotechnical

practice.

To date, an SPT-based method (Tokimatsu and Seed 1987) and an SPT&CPT-based
method (Ishihara abd Yoshimoni 1992) have been used to calculate liquefaction-induced
ground settlements for clean sand only. A method to estimate liquefaction-induced
ground settlements based on the CPT for all sandy soils has not yet been developed.
Therefore, a simple CPT-based approach to estimate liquefaction-induced ground

settlements is needed in the practice of geotechnical engineering.

Several field-data-based empirical methods (Hamada et al. 1986; Youd and Perkins 1987;
Bartlett and Youd 1995; Youd et al. 1999; Rauch and Martin 2000) are available for
estimating lateral displacements in a liquefaction-induced lateral spread. It is difficult to
choose one empirical model over another since they all seem to give similar results
within a factor of two or three. Generally, both Hamada’s model and Youd and Perkins’
mode] characterize only partial controlling factors that influence the magnitude of lateral
spreading displacements and therefore are useful only in specific geological regions and
for certain kinds of earthquakes. Rauch and Martin’s SPT-based model is a useful tool
for predicting average surface horizontal movements on a potential lateral spread. It is
believed that Bartlett and Youd’s SPT-based model provides better results since it takes

into account all the major physical concepts that control displacement. The SPT-based
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model of Youd et al. (1999), which is an updated version of Bartlett and Youd’s SPT-
based model, may be the best of the available empirical models to estimate lateral
displacements in a liquefaction-induced lateral spread at this stage even though it still has
some limitations. In summary, the available field-data-based methods are empirical and
do not incorporate the extensive knowledge gained from laboratory studies of soil
liquefaction. In addition, none of them can be used to estimate the distribution of lateral
displacements with depth below the ground surface. Furthermore, no CPT-based method
to estimate liquefaction-induced lateral displacements is currently available even though
the CPT has greater repeatability and reliability, and provides a continuous profile
compared with other field tests. Therefore, there is a need for simple, semi-empirical
SPT- and CPT-based approaches to estimate both the magnitude and distribution of
lateral displacements in a liquefaction-induced lateral spread on the basis of both

laboratory test results and case history data.

1.2 Scope and Objectives

One of the objectives of this research is to develop a CPT-based approach to estimate
liquefaction-induced ground settlements at sites with essentially level ground during
earthquakes. The performance of the proposed CPT-based approach will then be
evaluated by comparing calculated and measured ground settlements for available case
histories. The major factors that influence the estimation of liquefaction-induced ground
settlements using CPT data will also be discussed in detail. Guidance for taking the
effects of these factors into account in estimating liquefaction-induced ground settlements

using the proposed CPT-based approach will be provided as well.

Another objective of this research is to develop several semi-empirical SPT- and CPT-
based approaches for estimating both the magnitude and distribution of lateral
displacements in liquefaction-induced lateral spreads during earthquakes. Lateral spreads
can occur in gently sloping ground without a free face, nearly level ground with a free

face, and gently sloping ground with a free face. In this research, the three types of
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ground geometry are studied separately in developing the SPT- and CPT-based

approaches.

Before the development of the semi-empirical SPT- and CPT-based approaches, the
mechanisms and major controlling factors for liquefaction-induced lateral spreads will be
investigated based mainly on the available results from one-g shake table and
geotechnical centrifuge modeling tests and the observations from available case histories
associated with past major earthquakes. To understand the current research status in
estimating lateral displacements, previous research on estimating horizontal ground

displacements associated with liquefaction-induced lateral spreads will also be reviewed.

Finally, a set of simple, semi-empirical SPT- and CPT-based approaches for estimating
lateral displacements in liquefaction-induced lateral spreads during earthquakes will be
developed on the basis of laboratory testing results and case history data. The
performance of the proposed approaches will be preliminarily examined using available
case history data. General recommendations for the applications of the proposed

approaches will be presented as well.

1.3 Thesis Organization

This thesis contains ten chapters. An overview of the research in this thesis as well as its
objectives has been explained in the previous two sections. Chapter 2 briefly reviews the
definition of soil liquefaction, liquefaction-induced ground failures, liquefaction potential
evaluation, and the NCEER SPT- and CPT-based simplified methods recommended by
Youd et al. (2001) for the evaluation of liquefaction potential. A CPT-based approach to
estimate liquefaction-induced ground settlements at sites with essentially level ground
during earthquakes is developed in Chapter 3. The performance of the proposed CPT-
based method is then evaluated by comparing the calculated and measured ground
settlements at sites for two available case histories. The major factors that influence the

estimation of liquefaction-induced ground settlements using CPT data are also discussed
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in detail in Chapter 3. Mainly based on the available results from one-g shaking table
and geotechnical centrifuge modeling tests and the observations from available case
histories associated with past major earthquakes, the mechanisms and major controlling
factors of liquefaction-induced lateral spreads are investigated in Chapter 4. A general
review of previous research on estimating horizontal ground displacements associated
with liquefaction-induced lateral spreads is conducted in Chapter 5. The review is mainly
focused on the strengths and limitations of each of the available methods. Chapter 6
defines a new parameter, the lateral displacement index (LDI), and presents CPT- and
SPT-based procedures to estimate the lateral displacement index. The lateral
displacement index is then used as one of the major parameters in developing several
approaches to estimate lateral displacements. A simple, semi-empirical approach for
estimating lateral displacements in liquefaction-induced lateral spreads during
earthquakes for gently sloping ground without a free face using SPT or CPT data is
developed in Chapter 7 on the basis of available case history data. The performance and
application of the proposed approach are also investigated in Chapter 7. Similarly, a
simple, semi-empirical approach for estimating liquefaction-induced lateral
displacements during earthquakes for level ground with a free face using SPT or CPT
data is developed in Chapter 8 on the basis of available case history data. Its
performance and application are also studied. Liquefaction-induced lateral spreads for
gently sloping ground with a free face are investigated in Chapter 9, and an approach to
estimate lateral displacements for gently sloping ground with a free face using SPT or
CPT data is then developed. Its evaluation and application are also discussed in the
chapter. Finally, Chapter 10 presents the summary and conclusions of the research in this

thesis.
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CHAPTER 2 SOIL LIQUEFACTION AND ITS EVALUATION

2.1 Definition of Soil Liquefaction

The term “liquefaction” has been used to describe a number of different, though related
phenomena concerning the fact that the strength and stiffness of a soil are reduced by
earthquake shaking or other rapid loading. Fear (1996) conducted an historical review of
the definitions of liquefaction and found that there has been confusion (over the years,
even amongst the most well-known leaders in soil mechanics) about what terminology
should be used to describe the observed phenomena when a soil is subjected to undrained
static or cyclic loading. Following the work of Robertson (1994), Fear (1996) proposed
the following new terminology with respect to soil liquefaction to distinguish among the
phenomena that have frequently been lumped together under the heading of liquefaction.
Fear used two terms to describe soil liquefaction: flow liquefaction and cyclic softening.
Cyclic softening is separated into cyclic liquefaction and cyclic mobility. These terms are
distinguished in Table 2.1. This study focuses on cyclic softening only, specifically on

cyclic liquefaction at sites with level ground and gentle slopes.

2.2 Failures Resulting from Soil Liquefaction

The consequences of liquefaction can be enormous, with significant financial and
environmental implications and risks to human safety. Soil liquefaction can result in both
ground failures and engineered structure failures. Generally, ground failures include sand
boils, ground oscillation, deformation failures (ground settlements and lateral spreads),
and flow failures. Engineered structure failures include the bearing capacity failure of
buildings, the buoyant rise of buried structures, the failure of retaining walls, and other

structure failures caused by ground failures.



2.2.1 Sand boil

On level ground, the high pore water pressure caused by soil liquefaction can cause pore
water to flow rapidly to the ground surface. This flow can occur both during and after an
earthquake. If the flowing pore water rises quickly enough, it can carry sand particles
through cracks up to the surface, where they are deposited in the form of sand volcanoes
or sand boils. Because of the dissipation of the excess pore pressure with the
development of sand boils, sand boils are usually accompanied by subsidence of the
ground. Generally, the damage associated with sand boils is relatively minor. Sand boils
are of little engineering significance by themselves, but they are useful indicators of high

excess pore pressure generation (Kramer 1996).

2.2.2 Ground oscillation

The occurrence of liquefaction at depth beneath a flat ground surface can decouple the
liquefied soils from the surficial soils and produce large, transient ground oscillations
(Kramer 1996). The surficial soils are often broken into blocks separated by fissures that
can open and close during an earthquake. Ground waves with amplitudes of up to one
meter have been observed during ground oscillation, but permanent displacements are
usually small. Prediction of the amplitude of ground oscillation at a particular site is very
difficult; even detailed non-linear ground response analyses can provide only crude

estimates.

2.2.3 Ground settlement

Liquefaction-induced ground settlements are essentially vertical deformations of surficial
soil layers caused by the densification and compaction of loose granular soils following
earthquake loading. When saturated sandy soils are subjected to shaking during an
earthquake, pore water pressures are known to build up, leading to liquefaction or loss of
strength in sandy soils. With the dissipation of the pore water pressure during and after

an earthquake, some volume change in the sandy soils will occur, which is manifested on
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the ground surface as settlements. The settlements may occur in both level and sloping
ground. However, they are the major deformation failures in level ground. In this
research, the settlements in essentially level ground which is far away from a free face
(e.g., river banks, sea walls, and road cuts) are termed liquefaction-induced ground
settlements. An integrated CPT-based approach to estimate liquefaction-induced ground

settlements will be proposed in Chapter 3 of this thesis.

2.2.4 Flow failure

Flow failures are the most catastrophic ground failures caused by liquefaction and very
destructive to constructed works. Flows can move relatively long distances (many tens of
meters) at relatively high speeds (several tens of kilometers per hour) (Youd 1978). Flow
failure generally occurs on steep slopes (greater than 6%) where in-situ static driving
shear stresses in a soil are greater than the reduced shear strength of the soil because of a
large reduction in soil strength in the strain softening response soil during liquefaction.
During flow failure, a liquefied soil mass is subjected to a very large and continuous
shear deformation until the flow is arrested by a sudden decrease in the ground slope or
by some other impediments. Different from liquefaction-induced deformation failures,
flow failure can be triggered by either rapid static loading or dynamic loading such as
earthquake acceleration. Estimation of the deformations produced by liquefaction-

induced flow failures is extremely difficult.

2.2,5 Lateral spreads

Liquefaction-induced lateral spreads, the most common type of ground failures caused by
liquefaction during earthquakes, are finite, lateral ground movements resulting from pore
pressure build-up or liquefaction in an underlying granular deposit during an earthquake.
Damage caused by lateral spreading, though not always spectacular and seldom
catastrophic, is severely disruptive and often pervasive. Different from flow failure,
lateral spreads occur on gentle slopes ranging from 0.3 to 5 percent (Youd 1978) or on

level (or gently inclined) ground with a free face (e.g., river banks, sea walls, road cuts)
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where in-situ static driving shear stresses are smaller than the shear strength of the
liquefied soil during an earthquake. During lateral spreading of the ground, blocks of
intact, surficial soil displace horizontally in a down-slope direction or in the direction
towards a free face as a result of seismic and gravitational forces. Lateral spreads
characteristically produce a zone of displaced soil having graben or extensional fissures
at the head of the failure, shear deformations along the side margins, and compression or
buckling of the soil near the toe (Bartlett 1991). Lateral spreads produce less severe
displacements (ranging from a few centimeters to several meters), yet still can be very
damaging. In this thesis, several CPT- and SPT-based approaches to estimate lateral

displacements in a liquefaction-induced lateral spread will be developed.

2.2.6 Engineered structure failures

When liquefaction in a soil supporting the foundations of structures such as buildings and
bridges occurs, the strength of the soil decreases. If the strength is reduced enough, the
bearing capacity failure of the structures may occur, which can cause tilting or sinking of
the structures. The buoyant rise of buried structures such as tanks may also occur
because of high pore water pressure and reduced shear strength in the liquefied soil
surrounding the structures during an earthquake. Furthermore, failures of retaining walls
may result from the increased lateral loads from liquefied backfill soils or loss of support
from liquefied foundation soils. In addition, the ground failures discussed above may
also result in damage to the structures or facilities within or above the liquefied soils. For
example, liquefaction-induced ground settlements may cause cracking of pavements or
buildings; liquefaction-induced lateral spread may damage piles, pipelines, or the

foundations of bridges.

2.3 Factors Influencing Liquefaction Resistance of Soils

A number of factors influence liquefaction resistance of soils, including soil density, soil

composition and grain characteristics, in-situ stress condition, soil structure and age, and
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previous strain history. Several researchers (e.g. Seed 1976, 1979; Finn 1981, 1995;
Ishihara 1996) have discussed in detail the influences of these factors. The major factors

will be briefly reviewed and summarized in the next few sections.

2.3.1 Soil density

Soil density (or relative density) is one of the most important factors that influence the
liquefaction resistance of soils. Since the earliest studies of soil liquefaction under cyclic
loading conditions were done, it has been recognized that the cyclic stresses required to
develop peak cyclic pore pressure ratios of 100% or a given amount of strain are
profoundly influenced by the relative density of the soil (Seed 1979). The denser the soil,

the higher the soil resistance to liquefaction.

2.3.2 Soil composition and grain characteristics

The liquefaction susceptibility of a soil is influenced by its compositional characteristics
that influence the development of excess pore pressure. While liquefaction is usually
associated with sands or non-plastic silts, gravelly soils have also been known to liquefy.
Clays are generally not prone to pore pressure generation and liquefaction. Plastic fines
in sandy soils usually create sufficient adhesion between the sand grains to limit the
ability of larger particles to move into a denser arrangement. Consequently, soils with a
significant plastic fines content are rarely observed to liquefy in earthquakes. Based on
laboratory test results, Ishihara (1996) observed that the cyclic resistance of a fines-
containing sand did not change much for the low plasticity range (plasticity index below
10), but increased thereafter linearly with increasing plasticity index. Consequently, as
discussed by Ishihara (1996), non-plastic soil fines with a dry surface texture (such as
rock flour) do not create adhesion and do not provide significant resistance to the

liquefaction susceptibility of a soil.

Liquefaction susceptibility is also influenced by grain characteristics (particle size,

gradation, and particle shape). Particle size in a soil relates to soil composition, and its
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influence on liquefaction susceptibility has been discussed above. Well-graded soils are
generally less susceptible to liquefaction than poorly graded soils. Field evidence
indicates that most liquefaction failures have involved uniformly graded soils (Kramer
1996). Soils with rounded particle shapes are known to be densified more easily than
soils with angular grains. Consequently, they are usually more susceptible to liquefaction
than angular-grained soils. Rounded soil particles of uniform size are generally the most

susceptible to liquefaction (Poulos et al. 1985).

Soil composition and grain characteristics also affect soil permeability, which plays an
important role in the liquefaction characteristics of a soil deposit. Generally, coarser-
grained soils with high permeability are considered too permeable to sustain any
generated pore pressure long enough for liquefaction to develop. In addition, the
liquefaction vulnerability of a soil deposit is affected by the permeability of surrounding
soils. Less pervious clayey soils can prevent the rapid dissipation of excess pore
pressures generated in an adjacent deposit of saturated gravelly soils. On the other hand,
sufficient drainage above or below a saturated deposit may prevent the accumulation of

pore pressure and liquefaction.

2.3.3 In-situ stress condition

Cyclically loaded, isotropically consolidated triaxial compression tests performed on
sands have indicated that while the liquefaction resistance of a soil increases with
increasing confining pressure, the resistance, as measured by the cyclic stress ratio, is a
non-linear function that decreases with increased normal stress (NCEER 1997). The
correction factor K; was developed by Seed (1983) and then updated by Seed and Harder
(1990) to allow using the simplified procedure for confining pressures greater than 100
kPa. Recent research (Arango 1996; Harder and Boulanger 1997; Vaid and Sivathayalan
2000) shows that K also depends on relative density. Youd et al (2001) recommended

an equarion for estimating K values for engineering practice.

Sloping ground induces static shear within the body of a soil mass before the onset of
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earthquake shaking. The presence of static shear at a given confining stress may either
increase or decrease the measured cyclic resistance of sand depending upon its initial
state (Vaid and Sivathayalan 2000). Generally, the presence of a static shear stress will
improve the cyclic resistance of dense soils under relatively low confining pressures.
However, loose soils and some soils under high confining pressures have lower
liquefaction resistance under the influence of initial static shear stresses than in the
absence of these stresses. Seed (1983) recommended the use of a correction factor, Ky,
to correct results obtained from the simplified procedure for level ground to sloping
ground sites. However, the participants of NCEER (1997) concluded that a general

recommendation for use of K, by the engineering profession is not advisable at present.

Both theory and experimental data show that the stress ratios required to cause cyclic
liquefaction are significantly influenced by the coefficient of earth pressure as rest, Ko, in
a soil deposit (Seed 1979). If the cyclic resistance ratio is defined as the cyclic resistance
divided by the vertical effective confining stress at the time of consolidation, the larger
the Ko value at the time of consolidation, the greater the cyclic resistance ratio.
Interestingly, Ishihara (1996) found that the effects of the Ko condition can be properly
evaluated by taking the cyclic resistance ratio with respect to the initial mean effective

stress rather than the vertical effective confining stress.

2.3.4 Soil structure and age

The characteristics of saturated sands under cyclic loading are significantly influenced by
the method of sample preparation in laboratory testing and soil structure in the field.
Laboratory test results reported by Mulilis et al. (1975) indicated that, depending on the
method of sample preparation, the cyclic resistance ratio required to cause a peak cyclic
pore pressure ratio of 100% in a given number of stress cycles for samples of the same
sand having the same density may vary by as much as 200%. Vaid et al. (1995) also
conducted undrained direct simple shear tests of a sand reconstituted by water-pluviated,
air-pluviated, and moist-tamped methods. They found that significant differences in the

undrained behavior were observed for the different methods of sample reconstitution that
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control the ensuing fabric. Furthermore, it is reasonable to expect that cemented sands

would have higher cyclic resistance to initial liquefaction due to the “adhesion™ in the

field.

Several investigators have shown that liquefaction resistance of soils increases with age
(NCEER 1997). Seed (1979) observed significant increases in liquefaction resistance
associated with the age of reconstituted sand specimens tested in the laboratory. Youd
and Hoose (1977) noted that liquefaction resistance increases markedly with geologic
age. Sediments deposited within the past few hundred years are generally much more
susceptible to liquefaction than older Holocene sediments (Youd and Hoose 1977,
NCEER 1997). Yoshimi et al. (1989) conducted cyclic triaxial tests using undisturbed
samples by means of the ground freezing technique. They found that the cyclic
resistance of undisturbed samples from the in-situ deposit in Niigata was about twice as
great as the cyclic resistance of the samples from the newly deposited sand fill with a
similar relative density. Generally, the age of naturally sedimented deposits increases

with depth.

2.3.5 Previous strain history

Seed (1979) summarized the previous laboratory test results and found that the cyclic
resistance ratios that cause 100% a pore pressure response for a freshly deposited sand
and for a similar deposited sand that had previously been subjected to a strain history
representative of several very small earthquake shocks were quite different. Although the
prior strain history caused no significant densification of the sand, it increased the
resistance ratio required to cause a peak cyclic pore pressure ratio of 100% in the sand by
a factor of about 1.5. However, Vaid and Sivathayalan (2000) found that a sand with a
strain softening response before a small pre-strain still had strain-softening response on
reloading. On the other hand, if the pre-strain is large, they found that the behavior of the
pre-strained sand on reloading depends on both the magnitude and direction of pre-strain
relative to the reloading direction. For reloading in the same direction as the pre-strain,

the virgin strain-softening response may be eliminated. In contrast, for reloading in the
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direction opposite to that of pre-strain, the sand may be transformed into an increasing

strain-softening type.

2.4 Review of Liquefaction Potential Evaluation

A number of approaches to evaluate the potential for initiation of liquefaction have been
developed over the years. They include the cyclic stress approach (e.g., Seed and Idriss
1971), the cyclic strain approach (e.g., Dobry et al. 1982), the nonlinear effective stress-
based response analysis approach (e.g., Finn et al. 1977), the Arias intensity approach
(e.g., Kayen and Mitchell 1997), the critical-state approach for sands (e.g., Jefferies
1999), and others. Each has advantagés and limitations, and each is preferred by
different groups of engineers. In general, the most common approach of those used by

engineers is the cyclic stress approach.

The cyclic stress approach is conceptually quite simple: the earthquake-induced loading,
expressed in terms of cyclic stress ratio (CSR), is compared with the liquefaction
resistance of the soil, expressed in terms of the cyclic resistance ratio (CRR). At
locations where the CSR exceeds the CRR, liquefaction is expected to occur. The CSR
can be estimated by ground response analyses or by a simplified procedure (Seed and
Idriss 1971). The CRR can be characterized using either laboratory test data or field test
data. Initial studies of liquefaction involved laboratory tests of reconstituted specimens
(Seed and Lee 1966). Since the effects of structure, aging, cementation, and strain
history cannot be replicated in these “disturbed” specimens and obtaining “undisturbed”
specimens using the ground freezing technique is costly and difficult, the use of field test
results has become a popular means of evaluating the CRR. The field tests include the
standard penetration test (SPT), cone penetration test (CPT), flat dilatometer test (DMT),
shear wave velocity (V) measurement, and Becker penetration test (BPT). A number of
field-test-based methods, including the SPT-based methods (e.g., Seed et al. 1983), the
CPT-based methods (e.g., Robertson and Campanella 1985), the DMT-based methods
(e.g., Robertson and Camponella 1986), the V-based methods (e.g., Stokoe et al. 1988),
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and the BPT-based methods (e.g., Harder and Seed 1986), have been developed to
evaluate the CRR. The advantages and limitations of each of the field tests will be

briefly reviewed below.

Shear wave velocity (V) has been recognized as a useful measure of liquefaction
resistance. The use of V; as a field index of liquefaction resistance is justified because
both the V; and cyclic resistance ratio are similarly influenced by void ratio, effective
confining stresses, stress history, and geologic age. However, the observation that the Vi
of sand is insensitive to factors (e.g., soil fabric, overconsolidation ratio, prior cyclic
straining) that are known to influence liquefaction resistance suggests that Vi
measurements alone may not be sufficient to evaluate the liquefaction potential of all soil
deposits (Jamiolkowski and LoPresti 1992). Another significant limitation of using Vs in
liquefaction hazard evaluations is that Vs measurements are made at small strains,

whereas liquefaction is a large strain phenomenon.

The Becker penetration test (BPT) has become one of the most effective and widely-used
tools for gravelly soils (Harder and Seed 1986). A major source of variation in BPT blow
counts is deviations in hammer energy. In addition, friction along the driven casing also

influences penetration resistance.

Correlations for liquefaction potential with the horizontal stress index of the dilatometer
test (DMT) have also been proposed (Marchetti 1982; Robertson and Camponella 1986).

However, their use in geotechnical practice is still very limited.

Currently, the CPT and SPT are the primary field tests used in liquefaction potential
evaluation of non-gravelly soils. The advantages and limitations of the SPT and CPT and
two of the updated SPT- and CPT-based methods will be briefly reviewed in Sections 2.5
and 2.6.
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2.5 The NCEER SPT-based Method for Liquefaction Potential Analysis

2.5.1 Standard penetration test (SPT)

The standard penetration test (SPT) is carried out in a borehole by driving a standard split
spoon sampler down a distance of 450 mm into soils using repeated blows of a 63.5 kg
(1401b.) hammer falling through 762 mm (30in.) (Clayton et al. 1995). The penetration
resistance (N) is the number of blows required to drive the split spoon for the last 300

mm of penetration.

The SPT has several advantages. The test equipment is simple and is available almost
worldwide. The test procedure is easy to carry out, and the cost of the test is relatively
low. A sample of the tested soils is usually obtained with the test. In addition, many
useful correlations have been developed. In the United States and most other countries,
the SPT has been the most commonly used in-situ test for characterizing liquefaction
resistance because of its simplicity. Factors that tend to increase liquefaction resistance
(e.g., density, prior seismic straining, over-consolidation ratio, lateral earth pressures, and
time under sustained pressure) also tend to increase SPT resistance (Kramer 1996). An
updated SPT-based method for evaluating the liquefaction resistance of sandy soils will

be briefly reviewed in Section 2.5.2.

The SPT has many problems such as test equipment and procedure dependence, low
repeatability, low reliability, discontinuity of measurements, and so on. The main factors
affecting the SPT have been reviewed, and a number of correction measures have been
proposed by a few researchers (e.g., Seed et al. 1985; Skempton 1986; Robertson et al.
1983).

2.5.2 The NCEER SPT-based method

Youd et al. (2001) presented an updated SPT-based method (which will be referred to as
the NCEER SPT-based method hereafter) that was recommended by about 20
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participants of the NCEER (the National Center for Earthquake Engineering Research)
(1997) Workshop for liquefaction potential evaluation. In this thesis, the NCEER SPT-
based method was applied in evaluating the liquefaction potential of sandy soils for sites
with SPT data. Figures 2.1 and 2.1 are the flowcharts showing the equations and
procedures to calculate the cyclic resistance ratio at earthquake moment magnitude of
7.5, CRR7s, and the factor of safety against liquefaction using the NCEER SPT-based

method respectively.

Figure 2.3 illustrates the major procedures to evaluate the liquefaction potential of sandy
soils using the NCEER SPT-based method by a working example. Figure 2.3a shows the
SPT N values according to depth for a standard penetration test (SPT) conducted at a site.
With the SPT, soil samples are usually obtained and fines contents (FC) in the soils were
measured, as shown in Figure 2.3b. (Nj)eo, as shown in Figure 2.3c, is the SPT
blowcount normalized to an overburden pressure of 100 kPa and to a hammer energy
ratio or hammer efficiency of 60 percent. The equivalent clean sand normalized SPT N
value, (Nj)socs, can be calculated using the data for (Nj)so and FC, as shown in Figure
2.3d. The seismic demand placed on a soil layer by a given earthquake, expressed in
terms of cyclic stress ratio (CSR) that is a function of earthquake magnitude, peak surface
acceleration, vertical total stress, and vertical effective stress, is shown as a dashed line in
Figure 2.3e. The capacity of the soil to resist liquefaction, expressed in terms of cyclic
resistance ratio (CRR) that is a function of (Nj)eocs, is presented as a solid line in Figure
2.3e. If CSR exceeds CRR, liquefaction of the soil is highly likely during the earthquake.
The factor of safety against liquefaction (FS), Figure 2.3f, is a ratio of CRR to CSR. If
FS is equal to or less than 1.0, liquefaction of the soil is highly expected during the
earthquake. In the liquefaction potential analysis, soils with more than 15% clay content

or soils above the ground water table are assumed to be non-liquefiable.
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2.6 The NCEER CPT-based Methods for Liquefaction Potential Analysis
2.6.1 Cone penetration test (CPT)

The first Dutch (mechanical) cone penetrometer was made in 1932 in Holland and it
provided only one measurement — cone resistance (Lunne et al. 1997). Begemann (1969)
significantly improved the Dutch (mechanical) cone penetration test by adding an
“adhesion jacket” behind the cone. With this new device, the local skin friction could be
measured in addition to the cone resistance but the two measurements were made in two
test steps. Although several improvements have been added to the original design,
mechanical cone penetrometers still have some obvious disadvantages compared with the

electric ones.

The first electrical cone penetrometer, called the Rotterdam cone, was developed in
Holland and patented in 1948 (Lunne et al. 1997). Delft Soil Mechanics Laboratory
produced the first electrical cone penetrometer in which the local side friction could also
be measured separately with the cone tip resistance. A large number of different electric
cone penetrometers have been developed in many countries around the world. Generally,
the reference test equipment consists of a 60° cone with 10 cm” base area and a 150 cm?
friction sleeve located above the cone, as shown in Figure 2.4. In this study, the

soundings from the electrical CPT using the reference equipment were used.

In the cone penetration test (CPT), a cone on the end of a series of rods is pushed
hydraulically into the ground without the need for a soil boring at a constant rate (usually,
20 mm/s +5 mm/s for an electric CPT). Continuous or intermittent measurements are
made of the resistance to the cone. Measurements are also made of either the combined
resistance to penetration of the cone and the outer surface of a sleeve or the resistance of
a surface sleeve (Lunne et al. 1997). Electric cone penetrometers produce continuous
analogue data. Most systems convert the data to digital form at selected intervals that are

in the range of 10 - 50 mm in general.
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A primary advantage of the CPT is that a nearly continuous profile of penetration
resistance is developed for stratigraphic interpretation (NCEER 1997). Generally, the
CPT has greater repeatability and reliability in its testing data as compared with other
field tests mentioned above. The continuous profile of the CPT measurements also
allows for a more detailed interpretation of soil layers and soil types than the other tools.
In recent years, the CPT has been widely and successfully used in evaluating liquefaction
potential in geotechnical practice. An updated CPT-based method for evaluating

liquefaction resistance of sandy soils will be briefly reviewed in Section 2.6.2.

2.6.2 The NCEER CPT-based method

Several CPT-based methods have been proposed for predicting liquefaction resistance of
sandy soils (NCEER 1997). Most require the fines content and/or the mean grain size,
Dsp, and/or plasticity index of the fine fraction to be known for silty sands or sandy silts.
Soil samples are therefore needed from a location close to the CPT position. To
overcome the disadvantages of the previous CPT-based methods, Robertson and Wride
(1998) developed an integrated procedure to evaluate the liquefaction resistance of sandy
soils based solely on CPT data. A comparison of Robertson and Wride’s CPT-based
method with SPT-based methods and other CPT-based methods has demonstrated that
Robertson and Wride’s method is reliable and convenient (Gilstrap 1998; Juang et al.
1999a). In addition, Juang et al. (1999b) found that the degree of conservatism in the
Robertson and Wride method is comparable to that in Seed and Idriss’ (1971, 1982) SPT-
based method, which has been widely used in geotechnical practice around the world for

more than twenty years.

The method of Robertson and Wride (1998) (referred as the NCEER CPT-based method
hereafter) was recommended by Youd et al. (2001) to evaluate the liquefaction resistance
of sandy soils. The NCEER CPT-based method was used to evaluate the CRR of sandy
soils for sites with CPT sounding in this thesis. Figure 2.5 is a flowchart showing the
equations and procedures to calculate the cyclic resistance ratio at earthquake moment

magnitude of 7.5, CRR7s using the NCEER CPT-based method. The factor of safety
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against liquefaction can be calculated by following the flowchart in Figure 2.2.

The major procedures to evaluate the liquefaction potential of sandy soils using the
NCEER CPT-based method with CPT data are illustrated in Figure 2.6 by using a
working example. The CPT tip resistance q. and sleeve friction f;, as shown in Figures
2.6a and 2.6b, can be directly calculated from the CPT soundings. The soil behavior type
index I, as presented in Figure 2.6¢, is a key parameter used in the NCEER CPT-based
method. It is a function of q, f;, vertical total stress, and vertical effective stress. Figure
2.6d shows the (qcin)es Vvs. depth plot. The equivalent clean sand normalized CPT
penetration resistance, (qcin)es, 18 @ function of I, qc, vertical total stress, and vertical
effective stress. The cyclic stress ratio (CSR) and cyclic resistance ratio (CRR) are
shown in Figure 2.3e. The cyclic stress ratio (CSR) is a function of earthquake
magnitude, peak surface acceleration, vertical total stress, and vertical effective stress.
The cyclic resistance ratio (CRR) is a function of (qcin)es only. If CSR exceeds CRR,
liquefaction of the soil is highly likely during the earthquake. The factor of safety against
liquefaction (FS), as shown in Figure 2.6f, is a ratio of CRR to CSR. If FS is equal to or
less than 1.0, liquefaction of the soil is highly expected during an earthquake. Soils with
an I greater than 2.6 are generally clayey soils and are assumed to be non-liquefiable in
the NCEER CPT-based method. In addition, soils above the ground water table are also

assumed to be non-liquefiable.

2.7 Summary

Soil liquefaction is a complex phenomenon that can be affected by a variety of factors
that control either the liquefaction resistance of soils or the cyclic stresses induced by a
given earthquake. A number of factors influence the liquefaction resistance of soils
including soil density, soil composition and grain characteristics, in-situ stress conditions,
soil structure and age, and previous strain history. The cyclic stresses induced by a given
earthquake are mainly controlled by the magnitude of a given earthquake, the peak

surface acceleration, and in-situ stress conditions in soils.
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A number of approaches to evaluate the liquefaction potential of sandy soils have been
developed over the years. In general, the most common approach used by engineers is
the cyclic stress approach (e.g., Seed and Idriss 1971). Currently, the use of in-situ
testing results and field performance data has become a popular means of assessing
liquefaction susceptibility in the cyclic stress approach. Several field tests are commonly
used for the evaluation of the liquefaction resistance of sandy soils including the cone
penetration test (CPT), the standard penetration test (SPT), shear-wave velocity
measurement, and the Becker penetration test (BPT). In the United States and most other
countries, the standard penetration test (SPT) has been the most commonly used in-situ
test for characterizing the liquefaction resistance of sandy soils because of the simplicity
of the SPT. However, the SPT has many limitations, such as test equipment and
procedure dependence, low repeatability, low reliability, the discontinuity of
measurements, and so on. Recently, the CPT has become popular for site
characterization because of its greater repeatability and reliability and the continuous
nature of its profile as compared with other field tests. The CPT has also been
increasingly used in evaluating liquefaction potential for sandy soils in geotechnical
practice. In this thesis, the NCEER SPT- or CPT- based methods, as summarized by
Youd et al. (2001), were used to evaluate the liquefaction resistance of saturated sandy

soils.

Soil liquefaction can result in both engineered structure failures and ground failures.
Engineered structure failures include bearing capacity failures of buildings, the buoyant
rise of buried structures, failures of retaining walls, and other structural failures caused by
ground failures. Generally, liquefaction-induced ground failures include flow slides,
lateral spreads, ground oscillation, ground settlements, and sand boils. Research in this

thesis focuses on liquefaction-induced ground settlements and lateral spreads only.
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Table 2.1 Terminology of liquefaction recommended by Robertson (1994) and Fear

(1996)

Terminology | Flow Liquefaction Cyclic Liquefaction Cyclic Mobility
Loading Static or cyclic Cyclic with shear stress Cyclic without
Conditions reversal shear stress
reversal
Seil Strain softening Strain softening or strain | Strain softening or
Response to hardening strain hardening
Shear
Induced In-situ shear stresses
Stress State | greater than minimum Effective stress state Zero effective
undrained shear reaches essentially zero stress does not
strength develop
Failure or Sufficient volume of Strain softened shear Limited
Deformation | soil must strain soften. | modulus can lead to large deformations,
Potential Failure can result in deformations during unless very loose

slide or flow depending

cyclic loading. Soils will

soil results in flow

upon geometry and tend to stabilize upon liquefaction
stress state. termination of cyclic
loading.
Soil Types Any metastable Almost all saturated Almost all

saturated soil; very
loose granular deposits,

very sensitive clays,

and loess deposits.

sands, with limited
deformations in clayey
soils.

saturated sands,
with limited

deformations in
clayey soils.
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Nn: measured standard penetration resistance
FC (%): fines content
Oy, (kPa): in-situ vertical effective stress

Cn = (100/0,,)* and if Cy>1.7,1let Cy=1.7 \
Ce=0.5-1.0 for Donut hammer
Cg=0.7- 1.2 for Safety hammer
Ceg=0.8-1.3 for Automatic-trip Donut-type hammer
Cg = 1.0 for borehole diameter of 65 — 115 mm
Cg = 1.05 for borehole diameter of 150 mm
Cg = 1.15 for borehole diameter of 200 mm
Cr = 0.75 for rod length of 3 m or less
Cr = 0.8 for rod length of 3 to 4 m
Cr = 0.85 for rod length of 4 to 6 m
Cr = 0.95 for rod length of 6 to 10 m

Cr = 1.0 for rod length of 10 to 30 m
k Cs = 1.0 for standard sampler /

[ (Nl)60 =Ny Cn:Cg-Cq-Cg-Cy J

/ (N)goes =0t+B-(Ny)go \

o=0 for FC<5
a = exp(1.76 — 190/ FC?)) for 5 < FC < 35

a=50 forFC2>35
B=10 forFC<5

B =0.99 + (FC'® /1000) for 5 < FC <35

\ B=12 forFC2>35 /

N
CRR7_5 — 1 +( 1)6005 + 50 > _L
34 —(N})eocs 135 10-(N,) +45 200
1760cs

Figure 2.1 Flowchart for estimating the cyclic resistance ratio at earthquake
moment magnitude of 7.5, CRR7 s, using the NCEER SPT-based method (Youd et
al. 2001)
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M,,: moment magnitude of earthquake
amx (g): peak horizontal acceleration at the ground surface
Oy, (kPa): in-situ vertical total stress
Ovo (kPa): in-situ vertical effective stress
CRR; s: calculated using the flowchart in Figure 2.1 or 2.5

l

r, =1.0-0.00765-z forz<9.15m
1, =1.174-0.0267-z for9.15m<z<23m

l

CSR =0.65-a,, (" J-rd
(o)

=

[ MSF=10**/M?%* ]

FS = % -MSF
CSR

Figure 2.2 Flowchart for calculating factor of safety against liquefaction (FS) by the
NCEER SPT- or CPT-based method (Youd et al. 2001)
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Figure 2.4 A cross section of a typical cone for the electric cone penetration test
(CPT)

(modified from Lunne et al. (1997))
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q. . tip resistance, f; : sleeve friction
Oyo » Oy : In-situ vertical total and effective stress
units: all in kPa

/ initial stress exponent : n = 1.0 and calcualte Q, F, and I, \
ifl.<=1.64, n=0.5
if 1.64 <1, <3.30, n= (I, -1.64)*0.3 + 0.5
if.>=3.30,n=1.0
iterate until the change in n, An < 0.01

if 0,,’ > 300 kPa, let n = 1.0 for all soils )

A ¢

Q=1:=%) ¢, ,  F=——__.100
100 (qc _ovo)

I, =347 —logQ)? + (1.2 + log F)?

v

ifl.<=1.64, K.=1.0
if 1.64< I, <2.60, K. =-0.403L* + 5.581 1’ ~21.63 2+ 33.75 . - 17.88
if I, >= 2.60, evaluate using other criteria; likely non-liquefiable if F > 1%
BUT,if1.64 <. <236 and F < 0.5%, set K. = 1.0

v

[ (qclN)cs =Kc'Q ]

v

~

3
(Qan)
CRR ;5 =93-(# +0.08 | if 50 <= (gein)es < 160

Qan)
CRR 5 =0.833. (ﬁﬁ] +0.05 | if (qesn)es < 5O

if I, >=2.60, evaluate using other criteria; likely non-liquefiable if F > 1%

- J

Figure 2.5 Flowchart for estimating CRR; 5 using the NCEER CPT-based method

(modified from Robertson and Wride (1998))
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CHAPTER 3 ESTIMATION OF LIQUEFACTION-INDUCED GROUND
SETTLEMENTS FOR LEVEL GROUND BY A CPT-BASED APPROACH

3.1 Introduction

Liquefaction of loose, saturated granular soils during earthquakes is a major hazard for
construction of facilities in many regions. Both ground settlements and lateral spreads
are the pervasive types of liquefaction-induced ground deformations for level to gently
sloping sites.  This chapter focuses on estimating liquefaction-induced ground
settlements. Liquefaction-induced ground settlements are essentially vertical
deformations of surficial soil layers caused by the densification and compaction of loose
granular soils following earthquake loading. They may occur in both level and sloping
ground during an earthquake and generally are major deformation failures with level
ground. During past major earthquakes, significant damage to engineered structures and

lifelines has been caused by liquefaction-induced ground settlements.

Several methods have been proposed to estimate liquefaction-induced lateral ground
displacements, including numerical models, laboratory testing approaches, and field-test-
based methods. Challenges associated with sampling loose sandy soils limit the
applications of numerical and laboratory testing approaches in routine practice. Field-
test-based methods are likely best suited to provide simple, reliable, and direct methods
to estimate liquefaction-induced ground deformations for low- to medium-risk projects

and to provide preliminary estimates for high-risk projects.

To date, an SPT-based method (Tokimatsu and Seed 1987) and an SPT&CPT-based
method (Ishihara and Yoshimoni 1992) have been used to calculate liquefaction-induced
ground settlements for clean sands only. A method to estimate liquefaction-induced
ground settlements based on the CPT for all sandy soils has not yet been developed even
though the CPT has greater reliability and a nearly continuous profile of test data

compared with other field tests and has been increasingly used in evaluating liquefaction
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potential in geotechnical practice. Therefore, a simple CPT-based approach to estimate
liquefaction-induced ground settlements is needed in the practice of geotechnical

engineering.

The objective of the research in this chapter is to develop a CPT-based approach to
estimate liquefaction-induced ground settlements at sites with essentially level ground
during earthquakes. The performance of the proposed CPT-based method will be then
evaluated by comparing the calculated and measured ground settlements at available case
history sites. The major factors that affect estimation of liquefaction-induced ground
settlements using CPT data will also be discussed in detail in this chapter. Guidance for
taking the effects of these factors into account in estimating liquefaction-induced ground

settlements using the proposed CPT-based approach will be provided as well.

32 A CPT-based Approach to Estimate Liquefaction-induced Ground
Settlements

3.2.1 Post-liquefaction volumetric strain from laboratory tests

Nagase and Ishihara (1988) conducted cyclic simple shear tests on saturated loose,
- medium-dense and dense samples of Fuji River sand. Both uni-directional and multi-
directional loading conditions were simulated by employing irregular time histories of
motions observed during major earthquakes in Japan between 1964 and 1983. Following
the undrained application of the irregular loading, pore water pressures were allowed to
dissipate and the resulting volumetric strains of the samples were measured. The amount
of re-consolidation volumetric strain found from the tests provides a measure of the
volumetric strain that may occur for in-situ deposits of sands following liquefaction

during earthquakes.

Based mainly on the laboratory results of Nagase and Ishihara (1988), Ishihara and

Yoshimine (1992) established a family of curves, as shown in Figure 3.1, from which the
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volumetric strain resulting from dissipation of pore water pressures was correlated with
relative density (or density index) and the factor of safety against liquefaction (FS) for
clean sands. These curves are used to estimate post-liquefaction volumetric strain for

clean sands in this study.

3.2.2 Relative density from CPT

Relative density (D,) was used by Ishihara and Yoshimine (1992) to quantity the state of
density of a sand. However, D, can not be measured directly from the CPT. Several
empirical correlations between D; and cone tip resistance (qc) have been proposed (e.g.,

Jamiokowski et al. 1985; Tatsuoka et al. 1990).

The curves proposed by Ishihara and Yoshimine (1992) were based mainly on results
from laboratory tests conducted on Fuji River sand. However, no calibration chamber
testing has been carried out to establish the relationship between D; and q. for Fuji River
sand. Ishihara and Yoshimine (1992) recommended use of the correlation proposed by

Tatsuoka et al. (1990) for Toyoura sand.

It is known that grain characteristics of sands may affect the correlation between D, and
qc. Grain characteristics of Fuji River sand are similar to those of the five sands used by
Jamiolkowski et al. (1985) and the sand used by Tatsuoka et al. (1990). Hence, the
correlation (Equation [3.1]) by Tatsuoka et al. (1990) is used in this study since this
method provides slightly smaller and more conservative estimates of relative density than

the correlation by Jamiolkowski et al. (1985) when qc is less than about 10 MPa.

[3.1] D, =-85+76log(q,,,)

where D; is the relative density of a clean sand as a percentage, and gy is the normalized

CPT tip resistance corrected for effective overburden stresses corresponding to 100 kPa.
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3.2.3 Correction for grain characteristics

The curves of Figure 3.1 proposed by Ishihara and Yoshimine (1992) were based on
laboratory test results on clean sand. If these curves are used to estimate the post-
liquefaction volumetric strains of silty sands using the CPT, some modifications for grain
characteristics or fines content on the CPT soundings and their interpretations must be

made.

There are two potential approaches to account for the effect of grain characteristics. One
approach is to use the equivalent clean sand normalized CPT penetration resistance,
(qein)es, defined by Robertson and Wride (1998) to account for the effect of grain
characteristics or fines content on CPT soundings. The parameter, (qcin)es, Can then be
treated as the cone tip resistance for a clean sand and used directly to estimate the post-

liquefaction volumetric strain at certain values of factor of safety (FS).

An alternate approach is to estimate the relative density (D;) of silty soils using the CPT
and then use D; and FS to evaluate the post-liquefaction volumetric strain based on the
curves by Ishihara and Yoshimine (1992). This implicitly assumes that silty soils with
the same D; and FS may result in the same post-liquefaction volumetric strains under
cyclic loading. Unfortunately, no generally accepted correlation between D, and CPT

data is available for silty soils.

One major advantage of the first approach is that it is convenient to get both FS and
(gein)es from the liquefaction potential analysis and then estimate the post-liquefaction
volumetric strain. The proposed CPT-based method in this study uses the first approach
to estimate post-liquefaction volumetric strains for sandy and silty soils. The correlations
between (qcin)es and post-liquefaction volumetric strain (g,) for different FS were
developed on the basis of the curves of Ishihara and Yoshimine (1992), as shown in

Figure 3.2. Equation [3.2] is the mathematical expressions for the curves in Figure 3.2.
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[3.2a] if FS<0.5,
[3.2b] if FS = 0.6,
[3.2c] if FS = 0.6,
[3.2d] if FS =07,
[3.2¢] if FS=0.7,
[3.2f] if FS=0.8,
[3.2g] if FS=0.8,
[3.2h] if FS = 0.9,
[3.2i) if FS =0.9,
[3.2j] if FS = 1.0,
[3.2k] ifFS = 1.1,
[3.21] if FS = 1.2,
[3.2m] if FS = 1.3,
[3.2n] if FS = 2.0,

With the CPT sounding, the design earthquake (M and amax) and other input parameters
(e.g., ground water table, unit weight), the equivalent clean sand normalized CPT
penetration resistance, (qcin)ces, and FS for sandy and silty soils can be obtained from the
CPT-based liquefaction potential analysis proposed by Robertson and Wride (1998) (or
the NCEER CPT-based method). The post-liquefaction volumetric strain can then be

, =102-(g) "
£, =102+ (qy) "
£, =2411(q,)e,
£, =102-(q,y),, "
£, =1701-(q,y),, ™
£, =102+ (g, )y "
£, =1690- (g1, "
g, =102+(q,),, "
g, =1430-(g,),,

gv = 64 : (qclN )cs'-o.93

-0.65

gv = 1 1 ' (qclN )cs
gv = 9'7 . (qclN )05—0-69

gv = 76 ' (qclN )65‘0-71

for 33 < (gein)es < 200
for 33 < (gein)es < 147
for 147 < (qein)es < 200
for 33 < (gein)es < 110
for 110 < (qein)es < 200
for 33 < (gein)es < 80
for 80 < (gcin)es < 200
for 33 < (qeiN)es < 60
for 60 < (qcin)es < 200
for 33 < (qein)es < 200
for 33 < (ge1n)es < 200
for 33 < (Qein)es < 200

for 33 < (gein)es < 200

£,=0.0  for33 < (qen)es < 200

estimated using Figure 3.2 for every reading in the CPT sounding.

3.2.4 Calculating ground settlement

For sites with level ground, far from any free face (e.g., river banks, seawalls), it is
reasonable to assume that little or no lateral displacement occurs after the earthquake,

such that the volumetric strain will be equal or close to the vertical strain. If the vertical

- 36 -



strain in each soil layer is integrated with depth using Equation [3.3], the result should be
an appropriate index of potential liquefaction-induced ground settlement at the CPT

location due to the design earthquake.

B3] 5,=Yeny

i=1

where Sy is the calculated liquefaction-induced surface ground settlement at the CPT
location; &,; is the post-liquefaction volumetric strain for the soil sub-layer i; Az; is the

thickness of the sub-layer i; and n is the number of soil sub-layers.

Figure 3.3 is a flowchart showing the procedures to estimate liquefaction-induced ground
settlements using the proposed CPT-based method. These procedures can be illustrated
in Figures 3.4 and 3.5 using a CPT profile from the Marina District site in California.
This site is discussed in detail in the next section. Figure 3.4 illustrates the major steps in
evaluating liquefaction potential using the NCEER CPT-based method (or Robertson and
Wride’s (1998) method) and shows the profiles of measured CPT tip resistance qc, sleeve
friction f;, soil behavior type index I, cyclic resistance ratio CRR & cyclic stress ratio
CSR, and factor of safety against liquefaction FS, respectively. Data in Figures 3.4a and
3.4b can be directly obtained from the CPT sounding. Figures 3.4c, 3.4d and 3.4e show
the results calculated based on the NCEER CPT-based method as discussed in Section
2.6. Note that, according to Robertson and Wride’s approach, CRR is not calculated
when the soil behavior type index is greater than 2.6. These soils are assumed to be non-

liquefiable in Robertson and Wride’s approach.

The four key plots for estimating liquefaction induced ground settlements by the
proposed CPT-based method are presented in Figure 3.5. Figures 3.5a to 3.5d show the
profiles of equivalent clean sand normalized tip resistance (qcin)es, factor of safety FS,
post-liquefaction volumetric strain €,, and liquefaction induced ground settlement Sy,
respectively. Data in Figures 3.5a and 3.5b are from the liquefaction potential analysis.

Figure 3.5¢ shows post-liquefaction volumetric strains &,, which were calculated based
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on the curves in Figure 3.2, with depth. The settlement shown in Figure 3.5d is obtained

using Equation [3.3] and the volumetric strains from Figure 3.5c.

3.3 Evaluation of the Proposed CPT-based Approach by Case Histories

In the past 20 years, a number of post-liquefaction CPTs have been conducted at sites
around the world, especially in the USA. In addition, earthquake-induced ground
deformations have also been measured at some of these sites. These case histories
provide an opportunity to evaluate the proposed CPT-based method for estimating
liquefaction-induced ground settlements by comparing estimated settlements with those

measured in the field.

Ohe hundred and thirty three CPT soundings have been collected from fifteen case
history sites in the USA. Eight case history sites are associated with lateral spreads and
five case history sites have post-liquefaction phenomena of sand boils and cracks but no
reported values of liquefaction induced ground settlements. Hence, only two case history
sites (Marina District and Treasure Island) are available to evaluate the proposed CPT-

based liquefaction-induced ground settlement method.
3.3.1 Marina District

The Marina District is located on the north side of San Francisco, California. During the
1989 Loma Prieta earthquake the area was significantly damaged, even though it was
more than 100 km from the epicenter. Liquefaction induced sand boils, ground fissures,

and ground settlements were observed and recorded.

Following the 1989 earthquake, several groups conducted post-earthquake investigations
in the area. A subsurface investigation that included five CPT soundings were
performed and vertical settlements caused by the earthquake were measured by the US

Geological Survey (Bennett 1990). Bardet and Kapuskar (1991) also conducted a
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subsurface investigation including nine CPTs in the Marina District. Two of these CPTs
only penetrated into soils down to 2 to 3 m and thus can not be used in this study. Three
of the CPTs were conducted at locations near the seawall where both lateral spreads and
ground settlements occurred during the earthquake due to the adjacent free face. A total
of nine CPTs (M1, M2, M3, M4, M6, C-2, C-8, C-9, C-12) were used to evaluate the
proposed CPT-based method.

The stratigraphy in the Marina District generally consists of three distinct sand deposits
overlying the San Francisco Bay Mud or bedrock (Holzer and O’Rourke 1990). Figure
3.6 is a plan showing the general locations of the geologic units in the Marina District.
The western part of the district in the upper 8 m contains mainly beach sand deposits.
CPT soundings M1, M2, M3, C-8, and C-9 penetrated in this material. The central part
of the district is underlain by sand to silty sand fill in the upper 8 m. Much of this fill was
placed back hydraulically in 1912 as a slurry with no compaction (Rollins and McHood
1998). CPT soundings M4, C-2, and C-12 penetrated this sediment. Both the beach sand
and the hydraulic fill overlie bay mud. The eastern part of the district is underlain by
dune sand in the upper 11 m and no bay mud is beneath the dune sand. CPT M6

penetrated the dune sand sediment.

The input data for the proposed CPT-based method include: CPT soundings (cone tip
resistance and sleeve friction) with depth, moment magnitude of the earthquake,
maximum surface acceleration during the earthquake, depth to ground water table, and

the unit weights of the soils.

No accelerograph was located in the Marina District before the earthquake. The closest
site that recorded main-shock accelerograms was located on bedrock of the Pacific
Heights, approximately 1.5 km south of the Marina District (Boatwright et al. 1992). As
a result, many researchers (Bardet et al. 1992; Bennett 1990; Boatwright et al. 1992;
Holzer and O’Rourke 1990; O’Rourke et al. 1991; Rollins and McHood 1998; Taylor et
al. 1992) have conducted studies to estimate the maximum surface acceleration (amay) at

the Marina District during the Loma Prieta earthquake. The variation of the maximum
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surface accelerations either calculated or assumed ranged from 0.12g to 0.32g for the

Marina District during the Loma Pritea earthquake.

There are generally three distinct geological zones in the Marina District area, which are
different in soil type, soil compressibility, and soil thickness of each layer. 1t is
reasonable to assume that they had a different response to the earthquake and thus the
different values of ama.. Based on the work by Idriss (1990), Seed et al. (1994), and
others, values of ama, of 0.12g, 0.16g, and 0.24g were used in this work for the eastern
(dune sand, no bay mud), western (beach sand over thinner bay mud), and central zones

(hydraulic fill over thicker bay mud) of the Marina District.

The depth to the ground water table varied between 2.3 m and 5.5 m within the Marina
District during the earthquake (Bonilla 1992). A moment magnitude of 7.0 was used to
model the 1989 Loma Prieta earthquake (Boulanger et al. 1995; Gilstrap 1998). Average
total unit weights of 15.0 kN/m® and 19.4 kN/m> were assumed for soil above and below

the ground water table, respectively.

Table 3.1 presents the liquefaction-induced ground settlements measured and calculated
using the proposed CPT-based method for the Marina District. The calculated
settlements are quite similar to the measured/estimated settlements. In general, the

calculated settlements are slightly larger than the actual values.

O’Rourke et al. (1991) used the SPT based method of Tokimatsu and Seed (1987) to
estimate the liquefaction-induced settlement at the Marina District. They assumed a peak
ground acceleration of 0.2 g and an earthquake magnitude of 7.1 in their analyses. The
calculated settlements by O’Rourke et al. (1991) are presented in Table 3.2. Rollins and
McHood (1998) also computed the settlements at six SPT locations in the Marina District
using the SPT based method of Tokimatsu and Seed (1987). However, they adopted a
peak ground acceleration of 0.15 + 0.05g and an earthquake magnitude of 6.75 as the
input. Although Tokimatsu and Seed (1987) did not specify a procedure for correcting

for fines content in the settlement computation, Rollins and McHood (1998) corrected for
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fines content by adjusting the volumetric-strain curves in a manner consistent with the
correction of Seed et al. (1985) for liquefaction triggering. The ranges of settlements
calculated by Rollins and McHood (1998) are also presented in Table 3.2.

The results in Table 3.2 show that the calculated settlements using the proposed CPT-
based method are much closer to the measured values than those calculated using the SPT
based method for the Marina District site. This is especially the case for the hydraulic fill
zone where large settlements occurred due to the earthquake and where the SPT based
approaches overestimate the settlements by up to a factor of two. The discontinuous
nature in a SPT and low resolution with its readings in a very loose or loose sandy soil

layer may partially contribute to the bad performance of the SPT-based method.

3.3.2 Treasure Island

Treasure Island is a 400 acre man-made island situated in San Francisco Bay
approximately midway between the cities of San Francisco and Oakland, California.
During the 1989 Loma Prieta earthquake, liquefaction-related phenomena, including sand
boils, ground surface settlements, and lateral spreading movements, were evident at many
locations across the island. The buildings and underground utilities on/in the island were

damaged by the ground settlements and lateral displacements (Egan and Wang 1991).

Following the 1989 earthquake, several groups conducted post-earthquake investigations
in the area (Power et al. 1998; Hryciw 1991). Liquefaction-induced ground settlements
and lateral movements were recorded at nine existing benchmarks on the island. The
liquefaction-induced differential settlements between the ground and piled buildings on
the island were also observed (Bennett 1998). CPT data were collected at forty-two
locations around the island (Power et al. 1998; Hryciw 1991). However, only twelve of
the CPT soundings can be used to evaluate the proposed CPT-based method for this case
history site since the majority of the CPT locations were close to the perimeter of the

island where both lateral spreads and ground settlements occurred.
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Subsurface materials at Treasure Island can generally be divided into four strata:
hydraulically placed sand fill, native shoal sand and clay, recent bay sediments, and older
bay sediments (Power et al. 1998) as shown in Figure 3.7. The hydraulically placed sand
fill was dredged from various borrow sources located within San Francisco Bay during
filling operations and consisted of mostly fine-to-medium-grained sand material
containing different amounts of gravel, silt and clay depending on the location. The sand
fill is supported by a rock mound placed on either the native soil or fill materials to act as
a retaining dike along the island’s perimeter. The shoal sand is similar to the fill deposit
but with higher density and shell content. The sand fill and shoal sand range in combined
thickness from approximately 7.5 m to 15 m. The recent bay mud consists primarily of
soft to stiff silty clay and range in thickness from about 4.5 m to 40.5 m. The older bay
sediments consist of very stiff sandy, silty, and/or peaty clay and dense sand and overlie

the bedrock that is about 85 m below the ground surface.

Treasure Island is relatively flat. The ground water levels in the island are typically at
depths of 1.5 to 2.4 m below the ground surface. In this study, the ground water table
was assumed to be 2.0 m below the ground surface. Ground motion was recorded at the
fire station on Treasure Island during the 1989 Loma Prieta earthquake. The recorded
peak acceleration was 0.16 g (Hryciw et al. 1991). The ground response analyses
(Hryciw et al. 1991; Power et al. 1998) had shown that the intensity of ground shaking
did not vary greatly in different places on the island. Consequently, a peak acceleration
of 0.16 g was used in this study. A moment magnitude of 7.0 was used to model the
1989 Loma Prieta earthquake. Average total unit weights of 15.0 kN/m® and 19.4 kN/m®

were assumed for soil above and below the ground water table, respectively.

No measured values of liquefaction-induced ground settlements are available at the
locations where the CPTs used in this study were penetrated. However, the pre-
earthquake and post-earthquake data from nine survey benchmarks in the island indicated
that the total settlements generally ranged from 5 to 15 cm (2 to 6 inches) (Power et al.
1998). Furthermore, observations of the ground-surface settlements adjacent to piled

structures also indicated that the settlements were generally as much as approximately 15
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cm (6 inches) (Power et al. 1998).

The calculated settlements and the ranges of observed liquefaction-induced ground
settlements for Treasure Island are shown in Table 3.3. In general, the calculated
settlements are larger than the observed values. This implies that the proposed method
appears to be conservative for this case history site. The possible reasons for this
conservativeness will be discussed in detail in next few sections. However, it is useful to
reflect on the accuracy of our calculation of ground settlements in sand for the simple
case of static vertical loading. For example, Tan and Duncan (1991) proposed that the
most accurate static-loading settlement predictions should be multiplied by 1.7 to ensure
that 85 percent of the measured settlements would be less than the computed settlements
(Rollins and McHood 1998). Thus, considering the complexity involved in the
estimation of liquefaction-induced ground settlements under earthquake loading, the

agreement here between observed and calculated settlements is encouraging,.

34 Effects of Other Major Factors on Calculated Settlements

3.4.1 Maximum surface acceleration

The amplification of earthquake motions is a complex process and is dependent on soil
properties, thickness, frequency content of motions and local geological settings. For a
given earthquake and geological setting, the amplification increases with the increase of

soil compressibility and with soil thickness (Law 1990).

Maximum surface acceleration at a site is one important parameter used in evaluating
liquefaction potential of sandy soils. However, its determination is difficult without
recorded accelerograghs for a given earthquake because it may vary with soil
stratigraphy, soil properties, earthquake properties, the relative location of the site to the
epicenter and even ground geometry. Ground response analysis may help to solve the

problem but still leave some uncertainty in the results.
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As an example, Table 3.4 shows the different values of maximum surface acceleration
estimated or assumed by the different researchers for the Marina District site under the
1989 Loma Prieta earthquake. The values vary from 0.12 g to 0.32 g. Obviously, this
wide range of the values will produce uncertainty in evaluating liquefaction potential and
estimating liquefaction-induced ground settlements. The effects of these variations on
the calculated settlements may be much different for the different CPT soundings as
illustrated in Figure 3.8. The calculated settlement for the CPT M6 is very sensitive to
the peak surface acceleration for values less than 0.2 g. A change of the peak surface
acceleration from 0.12 g to 0.20 g would cause the calculated ground settlement
increasing from 2 cm to 20 cm for the CPT M6. On the contrary, a variation in the peak
surface acceleration from 0.12 g to 0.20 g only causes slightly change of the calculated
settlement for the CPT M2. And for all three CPT soundings studied, the calculated
ground settlements almost does not change if the peak surface acceleration is greater than

0.20 g at which the calculated volumetric strains have reached their maximums.

3.4.2 Fines content or mean grain size

Lee and Albaisa (1974) conducted laboratory cyclic triaxial tests to study earthquake
induced settlements in saturated sands with different grain sizes. They found that grain
size has a significant effect on the re-consolidation volumetric strains when "initial
liquefaction” occurs or the peak pore pressure ratio reaches to 100% in soils. Their test
results indicated that volumetric strains would increase with increasing mean grain size at
a given relative density. Generally, increase of fines content in sands will result in
decreasing mean grain size of the sands. Therefore, it can be concluded that post-
liquefaction volumetric strains would decrease with increasing fines content in sands at a

given relative density.

Both Tokimatsu and Seed (1987) and Ishihara and Yoshimine (1992) methods are
applicable to saturated clean sands only. However, it is a practical necessity to include

sands having fines content greater than five percent, ranging from sands with little silt to
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silty sands.

Seed and Harder (1990) stated that "triggering” (i.e. initial liquefaction) and "post-
triggering” (i.e. liquefaction induced deformations) analyses for liquefaction are
inherently different as they relate to different phenomena. Unfortunately, at present there
are no systematic laboratory "post-triggering” testing data available on silty sands as
reported for clean sands. Equally, there are no systematic field "post-triggering" data
accumulated on liquefaction induced volumetric strains relating to silty sands. As a
result, a compromised alternative procedure is to adopt similar approaches with "post-
triggering” (i.e. liquefaction induced volumetric strains) analysis for sands with fines as

with “triggering” (i.e. liquefaction resistance) analysis.

The effect of fines content on liquefaction resistance of sand had been investigated by
several researchers (Iwasaki et al. 1978; Tatsuoka et al. 1980; Tokimatsu and Yoshimi
1981; Zhou 1981). They found that silty sands are considerably less vulnerable to
liquefaction than clean sands with similar SPT blow-counts. Based on this observation,
“correction factors” of SPT blow-counts or “corrected” cyclic resistance ratio for sands
with different fines contents or mean grain sizes had been widely used in liquefaction
potential analyses using SPT or CPT based methods (Seed and Idriss 1982; Robertson
and Campanella 1985; Seed et al. 1985; Robertson and Wride 1998). Robertson and
Wride (1998) used (qcin)es to incorporate the effect of sand grain characteristics on cyclic

resistance ratio in liquefaction potential analysis.

(gcin)es is the value with consideration of the appropriate "correction" values for the
apparent fines content in liquefaction potential analysis. In this study, (qcin)cs is also used
to estimate post-liquefaction volumetric strains for sands with fines. This approach is
based on an assumption that both liquefaction resistance and post-liquefaction
deformation properties of sandy soils including silty sands can be quantified using the
same method and formula as clean sands if equivalent clean sand normalized cone
penetration resistance, (qciN)es, is used. This implies that no further correction procedure

is needed for the effect of fines content or mean grain size if (qein)cs is used to estimate
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the liquefaction induced settlements of sandy soils including silty sands. Because (qein)es
will increase with increase of fines content with sands for a given cone tip resistance, the
resultant calculated post-liquefaction volumetric strains will decrease with increase of
fines content for a given factor of safety. Therefore, in general, this approach appears to
indirectly account partially or wholly for the effect of grain characteristics on post-
liquefaction volumetric strains and cast the same trend as observed by Lee and Albaisa

(1974).

34.3 Transitional zone or thin sandy soil layers

Many researchers (Sanglerat 1972; Campanella and Robertson 1988; Berg 1994;
Vreugdenhil 1995; Robertson and Fear 1995; Robertson and Wride 1998) have
recognized the influence of soil layering on CPT cone resistance. Based on the results of
the experiments and numerical analyses for a two layered system, Berg (1994) concluded
that the thickness of at least 40 — 50 cm is required to ensure reaching full tip resistance
in a CPT for a stiff frictional deposit (e.g., sand) sandwiched by softer soil layers.
Vreugdenhil (1995) also concluded that the error in the measured cone resistance within a
thin stiff layer is a function of the thickness of the layer as well as the stiffness of the

layer relative to that of the surrounding softer soil.

It is also recognized that transitional zones between soft clay layers and stiff sandy soil
layers or thin sandy layers surrounding by thick soft soil layers have an influence on the
results of a liquefaction potential analysis and calculated liquefaction-induced settlements
in this study. However, it should be noted that the influence of the transitional zones or
thin sandy layers on calculated (qcin)cs, and FS has been partially counteracted implicitly
in Robertson and Wride’s method. Generally, the measured tip resistance in a sandy soil
layer close to a soft soil layer (usually a clayey soil layer) is smaller than the “actual” tip
resistance and the resultant friction ratio is greater than the “actual” friction ratio due to
the influence of the soft soil layer. As a result, the calculated L. will increase, therefore,
the correction factor K¢, (qcin)es, and FS will increase as well. So, finally, the (qcin)cs and

FS may be close to the “true” values in a same sandy soil layer that is not influenced by
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the soft soil layer. Therefore, the calculated ground settlements would be close the
“actual” values because of this implicit correction incorporated with Robertson and

Wride’s method.

In this study, no further correction is taken to quantify the influences of both the
transitional zones and thin sandy layers on the tip resistance of a sandy soil layer because
of its complexity. This is on the conservative side in estimating liquefaction potential
and liquefaction related deformations. Further research is needed to quantify the
influence of transitional zones or thin sandy soil layers on calculated FS and liquefaction-

induced ground settlements.

3.4.4 The three dimensional distribution of liquefied soil layers

Both Tokimatsu & Seed (1987) and Ishihara & Yoshimine (1992) suggested that the
surface ground settlements could be calculated by multiplying the volumetric strain by
the thickness of the liquefied layer and adding them together through the depth.
However, the three-dimensional distribution of liquefied soil layers may affect ground

surface settlements.

The vertical distribution of liquefied layers may play a role on ground surface
settlements. Liquefaction of a relatively thick but deep sandy soil (Figure 3.9a) may have
minimal effect on the performance of an overlying structure founded on shallow
foundations. However, liquefaction of a near surface thin layer of soil (Figure 3.9b) may
have major implications on the performance of the same structure. Ishihara (1985)
investigated the effect of thickness of liquefiable soil and non-liquefied surface layer on
liquefaction-induced damage. He used observations from case history sites affected by
the 1983 Nihonkai-Chubu earthquake and 1976 Tangshan earthquake to develop
boundary curves for site identification of liquefaction-induced damage with different
peak ground acceleration levels. A study to evaluate and verify Ishihara’s (1985) criteria
was performed by Youd and Garris (1995) using the data calculated from a wide range of

earthquakes and site conditions. Youd and Garris found that the thickness bounds
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proposed by Ishihara appear to be valid for sites not susceptible to ground oscillation or
lateral spread, however, the bounds suggested by Ishihara are not valid for the prediction
of ground-surface disruption for sites susceptible to ground oscillation (includes ground
settlements) or lateral spread. O’Rourke and Pease (1997) also evaluated Ishihara’s
(1985) criteria by using the data from the Marina, South of Market and Mission Creek
case sites. They generally agreed with the conclusions of Youd and Garris (1995).
Gilstrap (1998) concluded that Ishihara’s (1985) relationships for predicting liquefaction-
induced surface effects may be over-simplified on the basis of his case history studies.
Furthermore, the application of Ishirara’s criteria in practice for cases with multiple

liquefied layers (Figure 3.9c) is not clear.

Besides the effect of vertical distribution of liquefied layers, the horizontal extent of
liquefied layers may also have effect on ground surface settlements. A small locally
liquefied soil zone with limited horizontal extent (Figure 3.9d) would have limited extent
of surface manifestation than that for a horizontally extensive liquefied soil zone with the
same soil properties and vertical distribution of the liquefied layer. On the other hand,
the locally liquefied soil zone may be more damaging to the engineered structures and
facilities due to the potential large differential settlements. However, no quantitative
study has been reported for the effect of horizontal extent of liquefied layers on ground

surface settlements.

Ignoring the effect of three-dimensional distribution of liquefied layers on ground surface
settlements may result in over-estimating liquefaction-induced ground settlements for
some sites. Engineering judgement is needed to consider the effect to avoid an overly
conservative design. Case histories from previous earthquakes have indicated that little
or no surface manifestation was observed for cases where the depth from ground surface
to the top of the liquefied layer was greater than 20 m. Based on this observation, it may
be reasonable to expect that a liquefied layer beneath a thick non-liquefied layer of 20 m
would not contribute to the surface ground settlement. On the other hand, caution should
be paid to locally liquefied soil zones since potential differential settlements around the

zones may be more significant even though the total ground settlements are same as those
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for horizontally extensive liquefied soil zones.

3.4.5 Correction factor K,

Robertson and Wride (1998) recommended that the correction factor K. is set to be equal
to one instead of using K. of 1.0 to 2.14 when the CPT data plot in the zone defined by
1.64 < 1.<2.36 and F < 0.5%. The purpose of this recommendation was to avoid
confusing very loose clean sands with denser sands containing fines because both very
loose clean sands and denser sands containing fines may fit in the same zone. As a result,
if a soil with its CPT data fitted in the zone is a denser sand containing fines, the
calculated (qcin)cs for the soil with this recommendation may be reduced to only 50% of
the “real” value calculated without the recommendation. This recommendation is on the
conservative side in evaluating liquefaction potential of sandy soils. However, on the
other hand, this recommendation may result in over-estimating of liquefaction-induced

ground settlements for sites with denser sands containing fines fitted in that zone.

This seems to be true for some of the CPT soundings in the two case histories studied in
this research. For example, based on soil profiles, CPT profiles, and engineering
judgement, the soil should be assessed as a denser sand containing fines, but a portion of
the soil was evaluated as a very loose clean sand with K. set to be one due to the
recommendation. To investigate the effect of this recommendation on the calculated
settlements for these two case history sites, the settlements were re-calculated without
this recommendation and are shown in Table 3.5. The effect can be seen from the
differences between the values calculated with and without this recommendation in Table
3.5. The differences are up to 14% for several CPT soundings tested in Treasure Island
and negligible for the soundings tested in the Marina District. It is understandable that
the effect of this recommendation on calculated ground settlements may vary with sites
and will depend on the amount of the soils fitted in the zone defined by 1.64 < I,<2.36
and F < 0.5% within a soil profile for a site studied. If a large amount of the soils is fitted
in the zone for the site, the effect would be much more significant than that for the two

case history sites studied above. Therefore, soil sampling is recommended to further
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clarify soil properties for the specific sites where a large amount of the soils are fitted in

the zone defined by 1.64<I.<2.36 and F< 0.5%.
3.4.6 A cutoff line of I. equal to 2.6

A cutoff line of I equal to 2.6 is set in the Robertson and Wride (1998) to distinguish the
sandy and silty soils with clayey soils which are believed non-liquefiable in general.
Gilstrap (1998) studied the case histories by using Robertson and Wride’s method and
compared the I. calculated using the CPT soundings with the index test results of the
samples that were taken from the boreholes close to the CPT locations at the case history
sites. He found that more than 95% of the samples that had the associated CPT
soundings with calculated I. greater than 2.6 were classified as clayey soils based on the
index test results. He then concluded that the I cutoff line of 2.6 is generally reliable for
identifying clayey soils. However, he also noticed that 20% to 50% of the samples that
had the associated CPT soundings with calculated I. ranging from 2.4 to 2.6 were
classified as clayey soils as well based on the index test results. This implies that the

cutoff line of I equal to 2.6 appears slightly conservative for clayey soils.

To investigate the sensitivity of the calculated settlements to this cutoff line for the two
case histories studied in this research, a cutoff line of I, equal to 2.5 was also tested. The
calculated settlements using the new cutoff line are shown in Table 3.5. The differences
between the calculated settlements for the cutoff lines of I, equal to 2.6 and 2.5 are up to
about 17% for several CPT soundings tested in Treasure Island and minor for the
soundings tested the Marina District. It is understandable that the effect of the cutoff line
with L equal to 2.6 on calculated ground settlements may vary with sites and will depend
on the amount of the soils having calculated I ranging from 2.5 to 2.6 within a soil
profile for a site studied. If a large amount of the soils has the calculated I, ranging from
2.5 to 2.6 for the site, the effect would be much greater than that for the two case history

sites studied above.

The combinated influence of the recommendation for K. and the cutoff line of L equal to
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2.6 on the calculated settlements for the two case history sites was also investigated. The
differences in the calculated settlements for the cases with and without the combinated
influence are up to 25% as shown in Table 3.5 for some of the CPT soundings in
Treasure Island and minor for all the CPT soundings in the Marina District. As
mentioned above, the effect may vary with sites and will depend on the amount of the
soils having calculated I ranging from 2.5 to 2.6 or/and fitted in the zone defined by
1.64<1.:<2.36 and F< 0.5% within the sites studied.

Ignoring influence of the recommendation for K and the cutoff line of I equal to 2.6 on
the calculated ground settlements is on the conservative side. However, it may cause
over-estimation of liquefaction-induced ground settlements for some sites where a large
amount of the soils have a calculated I close to 2.6 or/and are fitted in the zone defined
by 1.64<I.<2.36 and F< 0.5%. Therefore, soil sampling is recommended to further

clarify soil properties for the specific sites mentioned above.

3.5 Recommendations

Reasonable agreement between calculated settlements by the proposed CPT-based
method and measured settlements at the two case history sites provides encouragement
that the proposed methodology captures the dominant factors influencing liquefaction-
induced ground settlements. Although further evaluations are required with future case
history data, the proposed method appears to provide a satisfactory estimate of
liquefaction-induced ground settlements, should be useful for low to medium risk

projects and also provide preliminary estimation for higher risk projects.

A number of factors may affect the accuracy of calculated settlements in estimating
liquefaction-induced ground settlements. The maximum surface acceleration is one of
the major factors. Its determination is difficult without measured values at a studied site
and rough estimates using available simple correlations often create much uncertainty

concerning the estimated liquefaction-induced ground settlements. For important
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projects, a site specific response analysis is required to determine maximum surface

accelerations.

Fines content or mean grain size of sandy soils may affect liquefaction-induced ground
settlements. However, their effects on the calculated settlements may be partially
included in the proposed CPT-based approach. More studies are required to investigate

these effects, and no further correction is recommended at this stage.

The effects of a transitional zone between a sandy soil and a clayey soil or thin sandy soil
sandwiched between two soft clayey soil layers on cone tip resistance are obvious. They
may also affect the estimation of liquefaction-induced ground settlements when using
CPT data. However, these effects on the calculated settlements may also be partially
incorporated with the proposed CPT-based approach. More studies are also required for

the effects and no further correction is recommended at this stage.

Both vertical and horizontal distribution of liquefied layers in a site may play a role in
ground surface settlements. Ignoring the effect of the three-dimensional distribution of
liquefied layers on ground surface settlements may result in over-estimating liquefaction-
induced ground settlements for some sites. Unfortunately, no reliable measure is
available to quantify this effect at this stage. Therefore, engineering judgement is needed

to consider the effect in order to avoid an overly conservative design.

Robertson and Wride’s method may be conservative in evaluating liquefaction potential
and estimating liquefaction-induced ground settlements for some sites where a large
amount of the soils are fitted in the zone defined by 1.64<I.<2.36 and F< 0.5. Therefore,
soil sampling with some index tests is strongly recommended to further clarify soil

properties for the specific sites mentioned above.
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3.6 Summary and Conclusions

A CPT-based approach has been presented to estimate liquefaction-induced ground
settlements for sites with level ground using CPT data. The approach combines an
established CPT-based method for liquefaction potential analysis with laboratory test

results to estimate the liquefaction-induced volumetric strains for sandy and silty soils.

The proposed methodology was used to estimate the liquefaction-induced ground
settlements at the Marina District and Treasure Island case history sites devastated by
liquefaction during the 1989 Loma Prieta earthquake. Good agreement between the
calculated and measured liquefaction-induced ground settlements was found. The
proposed CPT-based method provided better results when compared with the existing
SPT-based method. It is suggested that the proposed CPT-based method may be used to
estimate liquefaction-induced settlements for low to medium risk projects and also

provide preliminary estimates for higher risk projects.

The major factors that affect estimation of liquefaction-induced ground settlements using
CPT were also discussed in detail in this chapter. These factors include maximum
surface acceleration, fines content or mean grain size, the transitional zone or thin sandy
soil layers, three-dimensional distribution of liquefied soil layers, the correction factor K.,
and the cutoff line of I equal to 2.6. The recommendations for taking the effects of these
factors into account in estimating liquefaction-induced ground settlements using the

proposed CPT-based approach were also presented.
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Table 3.1 Comparison of the liquefaction-induced ground settlements measured

and calculated using the proposed CPT-based method for the Marina District

Ground water Calculated Measured
level settlement using settlement
proposed CPT- (Bennett 1990)
(Bonilla 1992) based method (cm)
CPT Amax
(m) (cm)
M6 0.12 55 2.3 0.0-1.6
Ml 0.16 2.3 5.9 0.0-34
M2 0.16 2.7 1.9 0.0-34
M3 0.16 2.7 1.0 1.1
C-8 0.16 2.7 3.0 1.9
C-9 0.16 2.6 0.1 00-34
M4 0.24 24 11.2 9.6
C-2 0.24 2.3 12.1 9.6 -10.7
C-12 0.24 2.3 9.4 7.0-10.7
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Table 3.3 Comparison of the liquefaction-induced ground settlements measured

and calculated using the proposed CPT-based method for Treasure Island

Calculated settlement using | Observed settlement
Zone CPT proposed CPT-based approach | (Power et al. 1998)
(cm) (cm)
C-28 15.9
C-32 14.4
5to 10 cm
C-33 15.3
Zone one C-34 12.2
(about 2 to 4 inches)
C-35 10.7
C-37 11.8
C-42 17.2
C-29A 18.8
C-30 27.0 10to 15 cm
Zone two C-31 33.3 (about 4 to 6
C-39 23.6 inches)
UM10 25.8
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Site investigation Design
with CPT earthquake
Y

Moment magnitude
PT data
c 2 ] of earthquake (M,,)

and peak surface
acceleration (aa,)

/

Liquefaction potential analysis to
calculate FS and (qcin)cs

(using the flowcharts in Figures
2.2 and 2.5)

Y

Calculation of the post-liquefaction
volumetric strain (g,)

(using Equation {3.2])

Y

Calculation of liquefaction-induced ground
settlement for level ground

(using Equation [3.3])

Figure 3.3 A flowchart illustrating the application of the proposed CPT-based

approach to estimate liquefaction-induced ground settlement on level ground
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CHAPTER 4 THE MECHANISMS AND MAJOR CONTROLLING FACTORS
OF LIQUEFACTION-INDUCED LATERAL SPREADS

4.1 Introduction

Historically, liquefaction research focused first on excess pore pressure buildup due to
the seismically-induced shear stresses and strains in the ground and on the triggering of
liquefaction in horizontal or mildly sloping deposits. While new tools and refinements
continue to be developed on the subjects of pore pressure buildup and liquefaction
triggering, these aspects are reasonably well understood and reliable evaluation methods
already exist (Dobry and Abdoun 1998). On the other hand, the response of soils after

the triggering of liquefaction remains poorly understood.

Large lateral ground deformation, which induces severe damage to various infrastructure
and lifeline systems, has been observed during past earthquakes in liquefied sandy soil
deposits with level ground close to free faces or gently inclined surfaces. However,
estimation of the ground deformation is much more difficult and depends in a complex
way on a number of factors. In the last two decades, several groups of researchers (e.g.,
De Alba et al. 1976; Sasaki et al. 1992; Taboada 1995) have conducted laboratory cyclic
triaxial or simple shear, one-g shake-table, and dynamic geotechnical centrifuge model
tests to investigate the mechanisms of the liquefaction-induced ground deformations
associated with lateral spreading of ground during earthquakes. Great strides have also
been made in the last decade toward empirically determining and correlating these factors
with ground deformation (e.g., Hamada et al. 1986; Bartlett and Youd 1995; Rauch and
Martin 2000) on the basis of available case histories. Nevertheless, there are still
uncertainties and disagreements between researchers about basic aspects of the
mechanisms of liquefaction after triggering (Dobry and Abdoun 1998). These
uncertainties currently pose a major hurdle in the development of reliable analytical

techniques for evaluating more precisely liquefaction-induced deformations. Therefore,
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the understanding of the mechanisms of liquefaction-induced lateral spreads is a

prerequisite to estimate correctly liquefaction-induced lateral displacements.

In this chapter, the mechanisms and controlling factors for liquefaction-induced lateral
spreads will be reviewed and discussed based mainly on testing results in laboratory
cyclic triaxial or simple shear, one-g shake-table, and dynamic geotechnical centrifuge

model tests and field observations during past earthquakes.

4.2 The Mechanisms and Displacement Modes of Liquefaction-induced Lateral

Spread

4.2.1 Introduction

There are generally two different opinions among researchers about the displacement
modes associated with liquefaction-induced lateral spreads. One opinion (e.g., Dobry
and Baziar 1992) generally contends that the lateral displacement mainly occurs along a
failure surface with concentrated strains, that the displacement is independent of the
thickness of liquefied layers, and that one of the major factors controlling lateral spreads
is the minimum undrained shear strength of the soil within the failure zone. An alternate
hypothesis (e.g., Sasaki et al. 1992; Yasuda et al. 1992) is that the lateral displacement is
contributed to by distributed residual shear strains throughout liquefied layers because of
a decrease in shear strength and shear modulus due to liquefaction, and that the thickness
of liquefied layers plays an important role in the mode of lateral displacement. In the
following several sections, the displacement modes associated with liquefaction-induced
lateral spreads will be discussed along with a review of the available results from one-g
shake-table testing and dynamic centrifuge modeling and observations from case

histories.
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4.2.2 Results from one-g shake-table testing

Sasaki et al. (1991) carried out a series of one-g shake-table tests to study lateral
displacements of gently sloping (2.5% to 7.5%) ground due to soil liquefaction during
earthquakes. Typical results from their tests are shown in Figure 4.1. Figure 4.1
indicates that the surface lateral displacements resulted from distributed residual shear
strains within the layers rather than from concentrated strains along a failure surface.
Miyajima et al. (1991) also conducted nine one-g shake-table tests to investigate the
major factors that affect liquefaction-induced lateral displacements. Figure 4.2 shows the
relationship between the thickness of loose sand layers and average displacement for the
different ground slopes from the test results of Miyajima et al. (1991) and indicates that
the average displacement increased with an increase in the thickness of the loose sand
layers. To study the mechanism for permanent ground displacement due to soil
liquefaction, shake-table tests on twenty-four soil models were conducted by Yasuda et
al. (1992). They found that liquefaction-induced ground displacements did not occur at
the boundary between the liquefied layer and the lower non-liquefied layer but in the
whole liquefied layer with an almost constant residual shear strain (see Figure 4.3).
Figure 4.3 illustrates the configuration of one of their tested models, Model B, and its

displacement mode during the test.

4.2.3 Results from centrifuge modeling

Abdoun (1997) conducted thirteen centrifuge model tests of sand liquefaction with and
without pile foundations for multi-layered soil deposits to study the performance of both
the ground and piles under liquefaction-induced lateral spreads. Figure 4.4 (a) provides a
sketch of his Model 4 (one of the models used in his tests) setup and instrumentation
location and Figure 4.4 (b) shows the soil lateral displacement profiles of the Model 4 at
different times during shaking. The results plotted in Figure 4.4 (b) suggest that no
concentrated shear strain occurred at the interfaces between the liquefied soil (Nevada
sand) and the non-liquefied soil (cemented sand), and near uniform residual shear strain

was triggered throughout the liquefied layer. Taboada and Dobry (1998) also performed
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eleven centrifuge tests of liquefaction-induced lateral spreading in sand using a laminar
box similar to that of Abdoun (1997). Figure 4.5 is an example of the profiles of the
measured lateral displacements and shear strains in one of the centrifuge model tests by
Taboada and Dobry (1998). Although the induced residual shear strains shown in Figure
4.5 in the liquefied layer were not uniform, the lateral displacement did occur through out

the whole liquefied layer.

To study the behavior of the mildly sloping ground subjected to earthquake loading and
liquefaction, Fiegel and Kutter (1994b) carried out two centrifuge modeling tests. The
first model consisted of a uniform layer of saturated sand, while the second consisted of a
layer of sand overlain by a relatively impermeable layer of non-plastic silt; both model
slopes were constructed at an angle of 2.6°. In the uniform sand model, the lateral
displacement was distributed throughout much of the layer (see Figure 4.6 (a)); however,
in the layered model, displacement was concentrated along the interface between the two
layers (see Figure 4.6 (b)). They found that the concentration displacement was
consistent with a reduction in the shear resistance between the silt layer and the sand
layer due to the redistribution of voids at the interface. This phenomenon will be

discussed further in Section 4.7.

4.2.4 Observations from case histories

Moss Landing is one of two case history sites where liquefaction-induced lateral
displacements were measured by slope inclinometers that were installed before
earthquakes. Three slope inclinometers labeled SI-2, SI-4, and SI-5 were installed along
the shoreline edge of Sandholdt Road at Moss Landing prior to the 1989 Loma Prieta
earthquake (Boulanger et al. 1997). Readings were made before and after the earthquake.
The differences in the readings were attributed to liquefaction-induced lateral
displacements due to the earthquake. The measured lateral displacements according to
depth for the three inclinometers are shown in Figure 4.7. No evidence of concentrated
strains along a failure surface was found, however some non-uniform residual shear

strains did take place throughout one or two soil layers.
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Permanent ground displacements during the 1964 Niigata earthquake and the 1983
Nihonkai-Chubu earthquake caused enormous damage to houses, buildings, and lifeline
facilities due to soil liquefaction. Based on studies of the measured permanent ground
displacements (using pre- and post-earthquake photographs) caused by the two
earthquakes, Hamada et al. (1986) found that the ground displacement was generally
proportional to a power of 0.48 of the thickness of the relevant liquefied layers for each

of the studied case history sites.

Based on the work of Bartlett and Youd (1992, 1995), Youd et al. (1999) developed an
empirical model from multiple linear regression analyses of U.S. and Japanese case
histories of liquefaction-induced lateral spreads during previous earthquakes. They found
that the thickness of a liquefied layer was an important factor controlling the magnitude
of liquefaction-induced lateral displacements in their studies. The calculated lateral
displacement was proportional to a power of 0.547 of the thickness of saturated

cohesionless soils with normalized SPT values, (N1)go, equal to or less than 15.

4.2.5 Discussion and Summary

Uncertainties concerning the displacement modes associated with liquefaction-induced
lateral spreads remain at present. However, the available data from one-g shake-table
tests and centrifuge modeling tests, and the observations from previous case histories
generally support that lateral displacements in a liquefaction-induced lateral spread result
from the accumulation of residual shear strains that were distributed throughout liquefied
layers. Consequently, one would expect that the magnitude of liquefaction-induced
lateral displacements should be dominated by the distributed residual shear strains in

liquefied layers and the thickness of liquefied layers.

The residual shear strains in liquefied layers are primarily a function of two parameters:
1) the maximum shear strains under loading conditions without biased static shear

stresses, and 2) the biased (driving) in-situ static shear stresses. The biased in-situ static
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shear stresses are mainly controlled by geometric parameters (e.g., ground slope, free
face height, and the distance to a free face) characterising ground geometry at the site.
The thickness of liquefied layers also influences the magnitude of liquefaction-induced
lateral displacements with greater lateral displacements for thicker liquefied layers.
Therefore, the three major components controlling the magnitude of liquefaction-induced
lateral displacements are the maximum shear strains in liquefied layers, the thickness of

liquefied layers, and geometric parameters at a studied site.

4.3 Soil Characteristics

4.3.1 The effects of soil properties

A number of soil properties influence the susceptibility of a soil to liquefaction. They
include soil density, composition, gradation, particle shape, structure and age. The
effects of these factors on soil liquefaction susceptibility have been discussed in Section

2.2. Generally, these factors also affect liquefaction-induced lateral displacements.

It is understandable that soil density (or relative density) is one major factor controlling
the potential lateral displacement of a soil in a lateral spread. Seed and Lee (1966)
conducted cyclic triaxial tests to study the behavior of sands after initial liquefaction and
found that relative density influenced the rate of increase of strain amplitude, with an
increasing number of stress cycles following liquefaction. The slower rate of strain
increased with increasing density, and the gradual transition in behavior from loose to

dense sand was readily apparent, as shown in Figure 4.8.

Soil composition and grain characteristics affect both the liquefaction characteristics of a
soil as noted earlier in Section 2.2.2 and lateral displacements in lateral spreads.
Currently, most studies focus on the effects of fines (particles smaller than 0.075 mm in
size) in sand on the liquefaction resistance of the sand only. Koester (1994) has found

that the fines content (percent by weight finer than 0.075 mm) had a more pronounced
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effect on the liquefaction resistance, at a given void ratio, than the plasticity of the fines
for soils with less than 30% fines. On the other hand, Ishihara (1996) found that the most
important index property influencing the cyclic resistance was the plasticity index of the
fines contained in sand. Generally, researchers agree that both fines content and the
plasticity of the fines play important roles in the soil liquefaction resistance. This also
appears to be true for the effects of fines on the liquefaction-induced lateral
displacements, although their effects on lateral displacements have not been fully

evaluated at present.

Note that the fines content also affects the in-situ penetration resistance as measured by
penetration tests (SPT or CPT ). That is, for soils with the same cyclic resistance, the
penetration resistance is lower in soils with a higher proportion of fines. Consequently,
soils with the same penetration resistance are compared, the cyclic resistance is greater
for soils having more fines. This phenomenon is evident in the widely-used empirical
methods for evaluating liquefaction potential based on SPT data (Seed et al. 1985),

where, for a given SPT value, the liquefaction resistance increases with fines content.

Research has indicated that both the structure and age of a soil may significantly
influence the liquefaction resistance of the soil as discussed in Section 2.2.4. For
cohesionless material, the older the deposit, the greater the resistance to liquefaction. It is
also reasonable to expect that cemented sands will have higher cyclic resistance to initial
liquefaction due to the “adhesion”. However, the post-liquefaction behavior of cemented
or aged sands may be different due to the breakdown of the bondage during liquefaction.
So the effects of structure and age on post-liquefaction behavior may be different from
those on liquefaction potential. As well, penetration resistance in the SPT or CPT also
increases when the soil is cemented or aged. If two sands have the same value of
penetration resistance and are in other ways the same except that one is cemented or aged
and the other is non-cemented or recently deposited, it is expected that the potential
lateral displacement as a result of an earthquake could be larger for the cemented or aged

sand than for the non-cemented or recently deposited sand.
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4.3.2 The role of soil-dilative response at large strain

The restraint on shear strain due to soil-dilative response at large shear strains has been
noted and referred to as a form of cyclic-mobility in several pioneering liquefaction
studies (e.g., Seed and Lee 1966; Casagrande 1975). Elgamal et al. (1998) presented a
comprehensive summary of the available research on soil-dilative response at large shear
strains and concluded that this response appears to have a dominant impact on the
magnitude of liquefaction-induced accumulated deformations in clean sands. The
evidence for soil-dilative response was observed in undrained cyclic laboratory tests, one-
g shake-table studies, centrifuge experiments, and in-situ seismic responses. A brief
summary of this evidence is given below, based mainly on the work of Elgamal et al.
(1998).

De Alba et al. (1976) conducted large-scale simple shear tests and found that specimens
tended to dilate as shear strain increased for medium and dense sands. They concluded
that there was a limited amount of shear strain that could be developed regardless of the
applied stress ratio or the number of stress cycles for sands with relative densities greater
than about 45% and without the presence of a biased-driving shear stress. Similar
responses were also observed and documented in cyclic laboratory tests for numerous
sands (Seed and Lee 1966; Ishihara 1985; Arulmoli et al. 1992; Shamoto et al. 1997). In
addition, soil-dilative response has been observed as well in cyclic laboratory tests in the
presence of a biased-driving shear stress (Arulmoli et al. 1992; Taboada et al. 1996).
Although cycle-by-cycle accumulation of permanent strain increments in a biased
preferred direction was observed in these tests, it is clear that a drop in excess pore
pressure and an increase in shear stress were observed at each of large shear strain
amplitudes in a biased direction for a cyclic triaxial test with an imposed initial deviatoric

stress, as shown in Figure 4.9.

Dilative soil behavior has been frequently observed in shake-table studies. Most of these
studies were conducted in Japan (Koga and Matsuo 1990; Sasaki et al. 1992; Towhata
and Toyota 1994; Shamoto et al. 1996), as summarized by Elgamal et al. (1998). The
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common feature during these shake-table tests is that the acceleration spikes
corresponding to instants of reduction in excess pore pressure and an increase in shear
stress at large shear strain amplitudes were observed in a down-slope direction for the

tested models with an inclined ground surface.

The occurrence of a similar spiky acceleration response was also reported in a large
number of centrifuge studies (Lee and Schofield 1988; Arulmoli et al. 1992; Toboada
1995; Abdoun 1997; Zeghal et al. 1999). For instance, Toboada (1995) conducted ten
centrifuge model tests of liquefaction-induced lateral spreading to simulate a horizontal
or sloping 10 m thick layer of water-saturated course sand of infinite lateral extent on an
impervious rigid base. The slope angle simulated in the field ranged from 0° to 10°. He
found that the solid skeleton of the soil tries to dilate and induces an instantaneous
reduction in pore pressure and a corresponding increase in soil shear strength at large
cyclic strains of about 1% to 2% in the ground with a ground slope greater than about two
percent. He also concluded that this dilative response, which was found to become more
prominent as the slope angle and the input acceleration increased and as the input
frequency decreased, limited the downslope strain accumulation and thus the value of the

final lateral displacement.

Furthermore, recent records of field seismic site response (Holzer et al. 1989; Zeghal and
Elgamal 1994) during liquefaction also displayed peculiar acceleration spikes associated

with simultaneous instants of excess pore-pressure drop.

All the evidence mentioned above suggests that the soil-dilative response at large strains
may result in a significant regaining of shear stiffness and strength at a large cyclic shear
strain, which may lead to a strong restraining effect on the magnitude of accumulated
permanent shear strains in lateral spreads. This dilative response is believed to be more
prominent in denser soils and as the slope angle and the input acceleration increase and as

the input frequency decreases.
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44 Earthquake Characteristics

4.4.1 The effects of earthquake characteristics

The “size” of an earthquake is obviously a very important parameter for both the
evaluation of liquefaction potential and the estimation of liquefaction-induced lateral
displacements during the earthquake.  Earthquake magnitude is a quantitative
measurement of earthquake size. Large magnitude earthquakes are capable of producing
large and widespread ground failure in moderately to highly liquefiable soils that are
located near the seismic source. In contrast, lateral spread displacement tends to be

smaller and more limited for moderate to smaller earthquakes.

The distance to a seismic energy source or fault rupture is another important parameter in
evaluating liquefaction potential and estimating liquefaction-induced lateral
displacements. During large earthquakes, severe and damaging lateral spreads occur
close to the seismic energy source. The amount of liquefaction-induced ground
displacement tends to diminish logarithmically with increasing distance from the fault
rupture (Youd and Perkins 1987).

The peak horizontal ground acceleration (amax) is often used to characterize the intensity
of strong ground motion. Earthquake shaking must have a sufficient amplitude to
generate excess pore pressure and initiate liquefaction. Once the soil has liquefied, the
resulting ground displacement also increases with increasing values of am., (Bartlett
1991). This idea is supported by the centrifuge test results of Taboada and Dobry (1998).
The value of anax can be related to the magnitude of an earthquake and the distance to the
seismic energy source through empirical attenuation relationships (e.g., Joyner and Boore
1988). However, the determination of am. is difficult without having recorded
accelerograghs for a given earthquake because am.x varies with soil stratigraphy, soil

properties, other earthquake properties, and even ground geometry.

The duration of strong motion can influence the severity of earthquake damage. Long-
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lived strong ground motion tends to increase the extent of liquefaction in the soil and
prolongs the time that the mobilized soil mass is subjected to downslope translation by
earthquake and gravitational forces (Bartlett 1991). It has been observed in both one-g
shake-table tests (e.g., Sasaki et al. 1992) and centrifuge experiments (e.g., Taboada
1995) that permanent deformations in a lateral spread after liquefaction of the soils in the
lateral spread accumulated on a cycle by cycle basis. Therefore, it is understandable that
the liquefaction-induced lateral displacement increases with increased durations of strong
ground motion. Generally, the duration of strong motion increases with increasing
earthquake magnitude. There are also available empirical relationships (e.g., Krinitzsky
et al. 1988) to estimate the duration using the magnitude and distance to the epicenter of

the earthquake.

Earthquakes produce complicated loading with components of motion that span a broad
range of frequencies (Kramer 1996). Tatsuoka et al. (1986) conducted cyclic undrained
triaxial tests to study the effect of loading frequencies on liquefaction resistance of clean
sands and found that the effect of loading frequency between 0.05 Hz and 1.0 Hz was
very small. The same conclusions were reached by Peacock and Seed (1968) based on
the results of simple shear tests at frequencies between 1/6 and 4 Hz, and by Yoshimi and
Oh-oka (1975) based on the results of ring shear tests at frequencies ranging from 1 to 12
Hz. Taboada and Dobry (1998) conducted centrifuge tests to investigate the effect of
loading frequency on the magnitude of lateral displacements in a lateral spread. They
found that the final permanent shear strains for the experiment run at input frequency of 1
Hz were about twice those of the experiment run at 2 Hz after 20 cycles of shaking.
Nevertheless, the duration of the shaking for the experiment run at 1 Hz was also exactly
twice that of the experiment at 2 Hz. Therefore, it appears that the duration rather than
the loading frequency is the key parameter that contributes to the difference in the

measured shear strains.

4.4.2 The role of inertial forces

Cyclic liquefaction or cyclic mobility of a saturated sandy soil can be triggered by the
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inertial forces (manly cyclic horizontal shear stress) produced by an earthquake if the
cyclic loading is sufficiently large in magnitude and duration. However, the role of the
inertial forces in the post-liquefaction phenomena (e.g., liquefaction-induced lateral
spreading) during an earthquake may be quite different from that in the triggering of soil
liquefaction. To assess the relative influence of static and inertial forces on a lateral
spread, Sasaki et al. (1991) conducted a special model test on a one-g shake-table. In this
test, a conical embankment was liquefied with unidirectional base motions. The resulting
slope movements were generally radially outward from the slope and were not
significantly greater in the direction of the shaking. Sasaki et al. (1991) concluded that
the influence of the inertial forces was indirect, determining the extent of soil liquefaction

and possibly controlling the rate of development of the lateral soil movement.

On the other hand, the inertial forces in soils during an earthquake appear to play a direct
role in governing the ground movement in a liquefaction-induced lateral spread. Castro
(1987) suggested that the lateral spreading of a gentle slope is not likely to continue after
earthquake motions cease because the static shear stresses in a lateral spread are
relatively low. On the basis of all available evidence from one-g shake-table and
centrifuge model tests, Dobry and Abdoun (1998) also supported the idea that lateral
ground deformation in lateral spreads stops when the shaking stops, except where
liquefied layers are in a very steep slope or very close to a steep free face, where large
static driving shear stresses exist. Although eyewitness’ accounts of lateral spreads in
past earthquakes confirmed that liquefaction-induced lateral movements might continue
for some time after an earthquake, Dobry and Abdoun (1998) believed that the continued
ground deformations were probably caused by shaking due to after-shocks that were too
weak to be felt by the witnesses, but strong enough to cause significant strains and

displacements in the already liquefied soil.

The role of inertial forces in a lateral spread is not quite clear at present. More research is
required to assess the role of inertial forces in liquefaction-induced lateral displacement.
Generally, it is believed that both static and inertial forces may play some role in driving

the down-slope movements in a lateral spread.
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45 Ground Geometry and In-situ Shear Stress

4.5.1 The effects of ground geometry

As described in Section 2.3.4, lateral spreads generally occur on gentle slopes ranging
from 0.3 to 5 percent (Youd 1978) or on level/inclined ground with a free face. A free
face is any abrupt topographical depression such as an escarpment, river channel, canal,
or road cut. The results of one-g shake-table tests and centrifuge model tests and field
observations from case histories indicate that ground geometry has a major effect on the

magnitude of lateral displacements in a lateral spread.

Miyajima et al. (1991) conducted one-g shake-table tests to study the effect of the slope
of a loose sand layer on the average lateral displacement and found that the average
displacement increased with increasing ground slope. They also observed that the

velocity of ground displacement increased with ground slope.

Taboada et al. (1996) investigated the effect of ground slope on the lateral displacement
in a lateral spread. Seven centrifuge tests were conducted with the same input motion but
with various prototype ground slopes ranging from 0° to 10°. They found that the
measured permanent lateral displacement increased with increasing prototype slope

angle, as shown in Figure 4.10.

Based on U.S. and Japanese case histories of liquefaction-induced lateral spreads during
previous earthquakes, Youd et al. (1999) developed an empirical model from multiple
linear regression analyses. In their model, the magnitude of lateral displacement is
proportional to a power of 0.343 of the ground slope (in percent) for sites with gently
sloping ground. In addition, they found that lateral spread displacement markedly
increased with the proximity of a free face and decayed logarithmically when the distance

to the free face increased. This phenomenon was also clearly observed in the lateral
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spreads that occurred during the 1995 Hyogoken-Nambu earthquake, as reported by
Ishihara et al. (1996). Bartlett and Youd (1995) also observed that the height of the free
face (i.e., the depth of a channel) influenced displacement as well. The higher the height

of the free face, the larger the lateral displacement, if other factors are the same.

Rauch (1997) also conducted multiple regression analyses on the basis of case history
lateral displacement data obtained during 16 major previous earthquakes throughout the
world. He found that the square root of the average lateral displacement was linearly

proportional to the ground slope and the height of the free face in a lateral spread.
4.5.2 The role of in-situ static shear stress

As discussed in Section 4.5.1, ground geometry (ground slope, distance to a free face,
free face height) has a significant effect on lateral displacements in a lateral spread.
Nevertheless, its effect can be partially or wholly explained as the effect of in-situ static
shear stress on the lateral displacements. For example, the effect of ground slope on
liquefaction-induced lateral displacements for sloping ground can be partially or fully
explained as the effect of the static shear stresses in a direction parallel to the ground
surface on the lateral displacements. This is because the static shear stresses are
proportional to the ground slope. Although more complicated stress distributions likely
exist in the vicinity of a free face for ground with a free face, generally the static shear
stresses in a direction parallel to the ground surface decrease with increasing distance to a
free face. This trend is similar to that for lateral displacements that decrease with
increasing distance to a free face. Therefore, the effect of ground geometry can be
explained partially as the effect of the static shear stresses. Of course, a free face
provides an unrestricted boundary, leading to greater horizontal displacements of the
ground during an earthquake, and this may not be accounted for by the static shear

stresses.

Local slide failures may occur in the vicinity of a free face where high static shear

stresses usually exist because of the steep slope of the free face. Local slide failure may
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cause large deformations in the vicinity of the free face. The large deformations cannot
be accounted for by the liquefaction-induced lateral spread discussed previously. In these
cases, slope stability analysis may need to be conducted to evaluate the stability.
Furthermore, if local slide failure occurs in the vicinity of a free face, retroactively
progressive slide failures may also be triggered at the site, the mechanism of which is

quite different from that of liquefaction-induced lateral spreads.

4.6 Boundaries and the Three-dimensional Distribution of Liquefied Layers

4.6.1 The effects of the three-dimensional distribution of liquefied layers

The vertical distribution of liquefied soil layers in a lateral spread may have an effect on
the magnitude of the lateral displacement. For instance, consider two sites with the same
ground slope and with liquefied layers with the same soil conditions (e.g., same thickness
of liquefied layers and the same factor of safety against liquefaction) but having different
vertical positions. The liquefied layer is close to the ground surface in one site as shown
in Figure 4.11 (a) but at a deep depth in the other site, as shown in Figure 4.11 (b).
Logically, it is expected that the magnitude of the lateral displacements resulting from the
same earthquake for these two sites may be different due to the different effects of the
upper non-liquefied layers. The same comments may be made for a lateral spread that
occurs in ground with a free face. For the three cases, as shown in Figure 4.12, other
conditions remain the same, but the vertical position of the liquefied layer is different. It
is also envisaged that the magnitude of the lateral displacements resulting from the same
earthquake for these three cases may be different and would be the largest for the case
shown in Figure 4.12 (a) and the smallest for the case in Figure 4.12 (c) because of the
different effects of lateral confinement. The soil profile for each of the hypothetical cases
discussed above is only with one layer of liquefied soils. In fact, multiple liquefied layers
may exist for some of sites in the field, thus making the effect of the vertical distribution

of liquefied layers even more complicated.
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A horizontally continuous and uniform sandy soil layer rarely exists in the field even for
man-made soil structures. Figure 4.13 is one example that illustrates the lateral variation
of the thickness of the liquefied layers and the liquefaction-induced lateral displacements
at a site in Noshiro City where extensive lateral spreads occurred during the 1983
Nihonkai-Chubu earthquake. Figure 4.13 shows that both the thickness of the liquefied
layers and the liquefaction-induced lateral displacements at the site changed dramatically
in the horizontal direction. The variation of the properties and thickness of the liquefied
layers in the horizontal direction creates more difficulties in estimating liquefaction-

induced lateral displacements.

4.6.2 The effects of boundaries

The magnitude and direction of displacements in a lateral spread may be affected by
natural or constructed features in the vicinity. For example, O’Rourke and Lane (1989)
reported that a lateral spread in San Francisco was strongly influenced by the underlying
topography. Hamada et al. (1986) found that the slope of the bottom non-liquefied layer
beneath a liquefied later affects the direction and magnitude of the lateral displacements
if the slope of the bottom non-liquefied layer is greater than the surface slope. In
contrast, Yasuda et al. (1992) and Sasaki et al. (1992) found that almost no displacement
occurred for level ground with an inclined bottom in their shake-table tests. They also
observed that the direction of lateral displacements was controlled by the direction of the
inclined ground surface and not by that of the inclined bottom when the ground surface
and the bottom non-liquefied layer inclined in the opposite direction. Rauch (1997)
thought that a level surface over a liquefied deposit of variable thickness would become
sloped as a result of greater settlements in the thicker sections, and consequently,
displacements might occur in the direction towards greater thickness of the liquefied soil.
Nevertheless, the role of the bottom geometry of a liquefied soil layer is not clear at the

current stage.

Retaining walls, quay walls, piles, piers, tunnels, pipelines, and other structures can

constrict the movement of a lateral spread. This was evidenced in many case history sites
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(e.g., some sites in Niigata City (Hamada 1992b)). On the other hand, local large ground
deformation caused by the failure of retaining structures such as quay walls and retaining

walls may not be interpreted as liquefaction-induced lateral spreads.

The lateral displacements in a lateral spread are not uniform even for a sloping ground
with a uniform sandy soil in shake-table tests. Sasaki et al. (1992) observed that the
lateral displacement is at its maximum at the top of a slope but negligible at the toe of a
slope in their shake-table tests. Besides the lateral displacements, subsidence occurred

near the top, while heaving was evident near the toe.

The boundaries of a lateral spread are usually defined by the general limits of the
liquefied deposit. Ground surface failures can also extend for some distance beyond the
boundary edges. O’Rourke and Lane (1989) named this feature marginal slumping.
Marginal slumping occurs when movement of the soil blocks in a lateral spread releases
the lateral supports to the soil further up the slope. Ground deformations may then occur

beyond the zone of liquefied soil.

4.7 Redistribution and Drainage of Excess Pore Pressures

4.7.1 The effect of the redistribution of pore water in an undrained liquefied layer

Shake-table (Liu and Qiao 1984) and centrifuge (Fiegel and Kutter 1994a) tests have
shown that pore water draining from the voids of loose layers can accumulate beneath the
less permeable layers and form water interlayers (Kramer 1996). Kokusho (1999) also
observed that a water film developed beneath the silt layer overlaying a loose sand layer
in his shake-table tests. He also found that the maximum thickness and duration of a
water film were approximated as being inversely proportional to the sand density,
indicating that the effect of a water film will be more pronounced for looser soils. If a
water film is formed in a sand layer continuously along a potential slip surface due to a

less permeable upper soil layer, the upper soil might move as a block along the water
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film. This may explain the observation by Fiegel and Kutter (1994b) as discussed in
Section 4.2.3 that the lateral displacement was concentrated along the interface between
an upper silt layer and a lower sand layer in one of their centrifuge model tests. Based on
the above-mentioned observations, it is probable that the water film effect has an
important role in lateral spread for a liquefied, very loose sand layer overlaid by an

impervious soil layer in the field.

In addition, even if a water film is not formed, the upward migration of pore water and
the tendency for soil grains to settle will probably result in a weaker sandy layer beneath
a low permeability layer. Below a clayey, surficial soil at the site studied by Youd and
Bennett (1983), the penetration resistance was significantly lower in the upper one to two

meters of thick sand deposit that was liquefied.
4.7.2 The effects of the drainage of excess pore pressures in a liquefied layer

The migration of pore water in partially drained conditions can have a significant impact
on the magnitude of displacements in a lateral spread since some degree of pore water
drainage almost always occurs in nature (Rauch 1997). Stark and Mesri (1992) noted
that partial drainage of excess pore pressures can produce an increase in shear resistance
as sliding progresses and therefore reduce the magnitude of lateral displacements in a

lateral spread.

On the other hand, excess pore pressures generated in a liquefied soil deposit can increase
the pore pressures in adjacent soils. Seed and Lee (1966) pointed out that the migration
of excess pore pressures might cause liquefaction of adjacent soils even when the
adjacent soil would not otherwise be subject to liquefaction in a given seismic event.
Upward movement of pore water can even induce liquefaction or softening of the sandy
soil in the capillary zone just above the ground water level. One piece of field evidence
is that a permanent lateral strain of about 3% in the sandy soil above the ground water
level in one of the Moss Landing case history sites during the 1989 Loma Prieta

earthquake was measured by an inclinometer that was installed before the earthquake, as
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shown in Figure 4.7 (c).

4.8 Acceleration Isolation due to Liquefaction of Underlying Soils

4.8.1 Isolation of acceleration

The development of positive excess pore pressures leading to soil liquefaction causes soil
stiffness to decrease during an earthquake. With the decrease in soil stiffness, the
amplitude and frequency content of the surface motion may change considerably
throughout an earthquake (Kramer 1996). In the most extreme case, the development of
liquefaction in even a thin very loose sandy soil layer can cause the stiffness of the soil
layer to be so low that the high-frequency components of bedrock motion cannot be
transmitted to the upper soil layers above the liquefied layer. This phenomenon has been
observed in the recorded accelerograms from several past earthquakes and measurements

of accelerations in both centrifuge and shake-table tests.

In the 1964 Niigata earthquake, an accelerogram (Aki 1988) recorded at a building
resting on liquefiable soil shows that both the acceleration amplitude and frequency were
reduced after about 7 seconds since the motion began when the soil was liquefied.
Compared with the recorded accelerogram on the bedrock close to Treasure Island,
O’Rourke and Pease (1992) also noticed that the recorded surface acceleration
experienced a sudden drop after about 15 seconds on Treasure Island where the loose
hydraulic fill was liquefied during the 1989 Loma Prieta earthquake. Furthermore, a
vertical array of seismometers was installed at depths of 83m, 32mm 16m and Om from
the ground surface at Port Island in Kobe, Japan before the 1995 Hyogoken-Nambu
(Kobe) earthquake (Iwasaki and Tai 1996). Figure 4.14 shows the recorded motions of
EW components at the different depths at the Port Island during the 1995 Kobe
earthquake. It can been seen that both the magnitude and frequency of the motion at the
ground surface are much smaller than those at deep depth. Iwasaki and Tai (1996)
concluded that the fill material within the top 15 m in the Port Island may have liquefied
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during the earthquake and the liquefaction caused de-amplification of the higher

frequency components of the earthquake acceleration.

Kanatani et al. (1995) studied the behavior of saturated sand subject to earthquake
excitation through large shake-table tests. They found that the response acceleration near
the ground surface (A1) was almost zero after 2 seconds in the tested loose sand (D,
=57%), as shown in Figure 4.15, and concluded that the dramatic decreases in the
response accelerations in the loose sand were caused by a high pore pressure ratio of

about 0.84.

Taboada (1995) conducted ten centrifuge model tests of liquefaction-induced lateral
spreading to simulate a horizontal or sloping 10 m thick uniform layer of water-saturated
course sand (D; =45%) of infinite lateral extent on an impervious rigid base. The slope
angle simulated in the field ranged from 0° to 10°. Figure 4.16 shows the recorded lateral
accelerations at depths of 0.0 m, 2.6 m, 7.5 m, and 10 m (base) in one of Taboada’s tests
with a field ground slope of 1.3° (a 2.3% slope). Note that the accelerations were
dramatically reduced after 3 seconds at the ground surface and 6 seconds at a depth of 2.6
m. Interestingly, the pore pressure measurements indicated that the times for the changes
of accelerations exactly coincided with the times of the occurrence of pore pressure ratios
reaching one (fully liquefied) at the surface and a depth of 2.6 m. However, there was
almost .no change in the acceleration at a depth of 7.5 m because the sand at a depth of
7.5 m was not fully liquefied (the pore pressure ratio was much less than one) during the
test. These observations further support the idea that a liquefied zone may isolate the

upper zones from further seismic excitation during earthquakes.

Another interesting observation from Taboada (1995) is that the isolation of acceleration
by liquefied layers plays less of a role with an increase in ground slope for sloping
ground. Figure 4.17 compares the recorded accelerations at the ground surface for
ground with the different field slope angles of 0°, 1.3°, 4.8°, and 10° under a similar base
acceleration. Figure 4.17 shows that a sudden drop in accelerations for ground with the

slope angles of 0° and 1.3° was clearly observed but no obvious reduction in
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accelerations for ground with the slope angles of 4.8° and 10° occurred even though the
sand at the shallow depth was fully liquefied during all the tests. Instead, large upslope
acceleration spikes were observed for ground with the slope angles of 4.8° and 10°,
which were due to the dilative shear-strain response as discussed in Section 4.3.2.
However, Abdoun (1997) conducted several centrifuge tests using the same equipment
but for the models with three layers of soils (non-liquefiable layer, liquefiable layer, and
non-liquefiable) and with a field ground slope angle of 4.8°. The measurements in his
tests indicated that the recorded accelerations in the top non-liquefiable layer dropped
dramatically after the liquefaction of the underlying liquefiable sand even for ground with

a slope angle of 4.8°.

On the other hand, the effect of the liquefaction of underlying soils on the acceleration of
upper soil layers also depends on the horizontal extent of the liquefied layers. In real
situations, seismic energy will be transmitted to the liquefiable site both through its base
and through non-liquefied soil at the edges of the liquefiable deposit. This has an
important influence on site response since the relatively stiff soils at the edges have a
greater potential for transmission of forces in comparison with the semi-fluid nature and
low stiffness of the liquefied soil. Pease and Bureau (1998) concluded that most of the
energy transmitted into the surface non-liquefied layer over a narrow liquefied site
appears to occur through the horizontal boundaries (or edges), and the characteristics of

the liquefied soil have little influence on the observed behavior.

4.8.2 The effects of acceleration isolation due to liquefaction of underlying soils

Seismic acceleration of a soil layer in level ground or in gentle slopes (less than 5%) may
be reduced due to the liquefaction of the underlying soil layers as discussed above. This
reduction in acceleration may also influence the development of shear strains in the upper
layers and therefore may limit resultant lateral displacements in a liquefaction-induced

lateral spread.

Figure 4.18 shows the profiles of permanent lateral displacement at the end of shaking for
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different slope angles in the field, dfgeq, in the centrifuge model tests conducted by
Taboada (1995). Figure 4.18 indicates that the top layer of about 2.0 m in the models
with slope angles equal or less than 4.8° did not contribute much to the lateral
displacements at the ground surface. The reduction in acceleration in the upper zone due
to liquefaction of the underlying soil zones appears to be a major reason for this
phenomenon. Similar phenomena were also observed in centrifuge tests performed by
Abdoun (1997) as shown in Figure 4.4 and in the shake-table tests conducted by Sasaki et
al. (1991) as shown in Figure 4.1. In addition, based mainly on the observations in
shake-table tests, Towhata et al. (1991, 1992, 1999) used a sinusoidal function to
simulate the distribution of horizontal permanent displacement along a vertical cross
section of a uniform liquefied soil layer. This implies that they assumed that the upper
zone in the liquefied layer contributes much less to the permanent displacement at the

ground surface than the lower zone of the liquefied zone dose.
4.8.3 The effects of liquefaction sequence of multiple liquefied layers

The effect of the acceleration reduction in the upper zome by liquefaction of the
underlying soil zones on lateral displacements in a liquefaction-induced lateral spread for
a uniform liquefied layer has been discussed in Section 4.8.2. The effect is more

complicated for ground with multiple liquefied layers as shown in Figure 4.19.

For example, consider that two gently sloping grounds are with two similar liquefiable
layers and experience the same earthquake but are with reverse vertical distribution of the
two liquefiable layers, as shown in Figures 4.19 (a) and (b). For the case in Figure 4.19
(a), the soil liquefaction in the upper very loose sand layer may not affect the triggering
of liquefaction in the lower medium dense sand layer. If the earthquake loading is strong
enough, soil liquefaction can be triggered iln the lower medium dense sand layer as well.
As a result, both layers may contribute to the lateral displacement of the ground. On the
other hand, for the case in Figure 4.19 (b), because soil liquefaction may be triggered first
in the lower very loose sand layer and thus isolate the upper medium dense sand layer
from further seismic acceleration, the upper medium dense sand layer may not be
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liquefied during the same earthquake. Therefore, it seems that the liquefaction sequence
of multiple liquefied layers may also influence the liquefaction-induced lateral

displacements.

4.9 Conclusions

Liquefaction-induced lateral spreads are a pervasive type of liquefaction-induced ground
failures for gentle slopes or on level (or gently inclined) ground with a free face (e.g.,
river banks, sea walls, road cuts). During past major earthquakes, enormous damage to
engineered structures and lifelines has been caused by liquefaction-induced ground lateral
spreads. A lot of research has been conducted to investigate the mechanisms and
controlling factors of lateral spreads by means of laboratory cyclic triaxial or simple
shear tests, one g shake table tests, and dynamic geotechnical centrifuge model tests. The
review of the available testing results of these tests and the studies of case histories
associated with past earthquakes generally suggest the following observations and

conclusions:

» Test results from one g shake table and centrifuge model tests and observations from
case histories generally support the hypothesis that lateral displacements in a
liquefaction-induced lateral spread result from distributed residual shear strains
throughout liquefied layers. Three major components controlling the magnitude of
liquefaction-induced lateral displacements are the maximum shear strains in liquefied
layers, the thickness of liquefied layers, and geometric parameters characterising
ground geometry (e.g., ground slope, free face height, and the distance to a free face)

at a studied site.

« Soil properties (e.g., soil density, soil composition, grain characteristics, as well as
structure and age), earthquake characteristics (e.g., earthquake magnitude, the
distance to seismic energy or fault rupture, peak horizontal ground acceleration, the

duration of strong motion), and ground geometry are three of the most important
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factors influencing liquefaction-induced ground lateral spreads. Two of the three
major components controlling the magnitude of liquefaction-induced lateral
displacements, the maximum shear strains in liquefied layers and the thickness of
liquefied layers, are mainly determined by soil properties and earthquake

characteristics.

The restraint on shear strain due to soil dilative response at large strain has been
observed in laboratory cyclic triaxial/simple shear tests, shake table tests, and
centrifuge model tests. The soil dilative response may lead to a strong restraining
effect on the magnitude of cyclic and accumulated residual shear strains of soils in a

lateral spread.

Both boundaries and the three-dimensional distribution of liquefied layers may have
effects on lateral displacements in lateral spreads. The effect will be on a case-by-

case basis.

The seismic acceleration of a soil layer in level ground or gentle slopes (less than 5%)
may be reduced due to the liquefaction of the underlying loose soil layers. This
reduction of acceleration may also influence the development of shear strains in the
upper layers and, therefore, may limit the resulting lateral displacements in a
liquefaction-induced lateral spread.  This phenomenon is supported by an
approximate sinusoidal function distribution of horizontal permanent displacement
along a vertical cross section of a uniform liquefied soil layer in shake-table and

centrifuge model tests.

Redistribution (including the development of a water film beneath a low permeability
layer) and drainage of excess pore pressures in liquefied layers during earthquakes
may also play some role in a lateral spread. However, it is very difficult to quantify

their effects.

A water film may be formed at the top of a liquefied, very loose thick sand layer
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beneath a soil layer with a very low permeability. This film may either lead to the
potential for large and concentrated displacements occurring along the film because
of its very low shear strength and stiffness or may possibly isolate the upper layers
from further seismic acceleration and thus limit the lateral displacement at the ground
surface if static driving shear stresses at a given site are low enough and a flow slide

will not be triggered.

Although the mechanisms and controlling factors of liquefaction-induced lateral spreads
are complex and have not been fully understood currently, thére is a need for tools to
estimate the magnitude and distribution of lateral displacements in lateral spreads. In
Chapters 7, 8, and 9 of this thesis, a set of new semi-empirical approaches to estimate the

magnitude and distribution of lateral displacements in lateral spreads will be developed.
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Figure 4.4 An example of the model setup and measured lateral displacements in

one of the centrifuge model tests by Abdoun (1997)

(modified from Abdoun (1997))
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Figure 4.5 An example of the profiles of the measured lateral displacements and

shear strains in one of the centrifuge model tests by Taboada and Dobry (1998)

(modified from Taboada and Dobry (1998))
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(b) Pattern of lateral displacement in a two layer system
(a uniform sand layer overlain by a silt layer)

Figure 4.6 Patterns of lateral displacements in centrifuge modeling tests by Fiegel
and Kutter (1994b)

(modified from Fiegel and Kutter (1994b))
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Figure 4.8 Axial strain vs. number of cycles for a sand with different relative

density, D, , in cyclic triaxial tests by Seed and Lee (1966)

(modified from Seed and Lee (1966))
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Figure 4.9 Time histories of strain, stress, and excess pore pressure (EPP) for an
undrained stress-controlled cyclic triaxial test of Nevada Sand (Dr = 40%) with an

imposed static (initial) deviatoric stress tested by Arulmoli et al. (1992)

(modified from Arulmoli et al. (1992))
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(1996)
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Port Island during the 1995 Hyogoken-Nambu earthquake
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CHAPTER 5 PREVIOUS RESEARCH ON ESTIMATING HORIZONTAL
GROUND DISPLACEMENTS ASSOCIATED WITH LIQUEFACTION-
INDUCED LATERAL SPREADS

5.1 Introduction

Lateral spreads resulting from soil liquefaction during past earthquakes have caused
tremendous damage to engineered structures and lifelines. During the past two decades,
many research efforts have been made to estimate liquefaction-induced lateral spreading
displacements. Currently, more than a dozen methods have been proposed to predict the
magnitude of lateral displacements in lateral spreads. The methods can be grouped into
four categories: laboratory scale model simulations, simplified analytical methods, stress-
deformation analyses using finite element techniques, and empirical models. The major
methods in each of the categories will be briefly reviewed, and the strengths and

limitations of each of the methods will be discussed in this chapter.

5.2 Laboratory Scale Model Simulations

5.2.1 Shake-table modeling

In the last decade, Japanese researchers conducted a number of large shake-table tests to
model the behavior of liquefaction-induced lateral spreads (Miyajima et al. 1991; Sasaki
et al. 1991; Yasuda et al. 1992; Toyota and Towhata 1994). The effects of surface slope,
bottom shape, thickness of soil layers, soil density, and other factors on lateral
displacements were studied in these tests. The test results improved the understanding of
mechanisms and controlling factors of liquefaction-induced lateral displacements.
However, because shake-table models are limited in dimensions, laboratory one-g shake-
table tests can not realistically simulate field conditions, including complicated soil

stratigraphy, soil properties, and stress, drainage, and boundary conditions.
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First, soil stratigraghy is complicated, and soil properties vary with depth in the field. So
it is not realistic to fully simulate field soil stratigraphy and soil properties in laboratory

shake-table models.

The depth to liquefied soils in the field is generally greater than the full height (less than
1.5 m in general) of shake-table models. Thus, the stress conditions in shake-table
models are different from those in the field. Toyota and Towhata (1994) recognized that
if a soil is contractive in the field, the same soil at the same density in a model under a
lower overburden pressure might be dilative. Therefore, the liquefied soil behavior in a

shake-table model may differ significantly from the field response.

Also problematic is the fact that shorter drainage paths in a scale model result in more
rapid pore pressure dissipation rates than those found in the field (Rauch 1997).
Consequently, the liquefied soil in a scale model tends to re-solidify more rapidly,
resulting in smaller displacements, when the model is subjected to the same earthquake

excitation as a lateral spread in the field.

Capillary rise can also be a significant factor in laboratory scale models when an
unsaturated soil layer over a liquefiable soil layer, as is commonly found in the field, is
modeled. Capillary action creates negative pore pressures that increase the shear strength

of the soil because of larger effective stresses.

Finally, boundary conditions of the soil in a shake-table model may differ greatly from
those in the field. For example, rigid box used in a shake-table model may restrict the

down-slope lateral displacement at the toe of a slope close to the edge of the box.

5.2.2 Centrifuge modeling

Geotechnical centrifuge equipment has been used to simulate liquefaction-induced lateral

spreading of gently sloping ground (Fiegel and Kutter 1994b; Taboada 1995; Elgemal et
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al. 1996; Abdoun 1997). Centrifuge modeling is another useful tool in investigating the
mechanisms and controlling factors involved in liquefaction-induced lateral spreads.
Because of its capability in simulating field vertical static stresses in a centrifuge model,
centrifuge modeling is also useful in illustrating the pattern of displacements across a
vertical section through a liquefied soil. However, centrifuge models of lateral spreading
can suffer from the same deficiencies encountered in one-g shake-table models, as
discussed in Section 5.2.1. Moreover, centrifuge models of lateral spreading are

hampered by two additional, significant problems.

The first drawback with centrifuge models arises from the difficulty in scaling the time
rate of pore water seepage (Rauch 1997). For a model accelerated to N g’s, seepage and
pore pressure dissipation will proceed as if the soil in the prototype had a permeability N
times greater than the soil in the centrifuge model (Fiegel and Kutter 1994b). Hence, a
model constructed of silt might have the seepage characteristics of clean sand in the field.
Simulating the liquefaction and lateral spreading of real soils is thus problematic. An
alternative way to solve this problem is to saturate the soil used in a centrifuge model
with a fluid of greater viscosity, such as silicone oil or a glycerine-water mix. However,
such a fluid may adversely affect the simulation in other ways. For example, the
presence of an oily fluid on the constitutive properties of the soil produces unknown
effects on intergranular friction in sandy soils, while the effects on fine grained soils like

silts and clays are obviously much more complicated (Ko 1994).

Furthermore, Arulanandan and Scott (1993) reported difficulties in accurately
determining displacements in centrifuge tests. Very small displacements occurring in the
centrifuge model correspond to large movements in a real slope. However, precise
displacement measurements in the scale model are much difficult. Arulanandan and
Scott consider measured displacements to be inherently less accurate than all other

measured data in centrifuge models of liquefaction events.
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5.3 Simplified Analytical Methods

5.3.1 Sliding block analysis

Newmark (1965) proposed a practical approach for estimating permanent ground
displacements of slopes and embankments due to earthquake shaking based on an
analogy to a rigid block resting on a frictional inclined plane under seismic loading. For
example, for a given rigid block resting on a frictional inclined plane under seismic
loading, if seismic inertial forces acting on the rigid block become large enough that the
total (static plus dynamic) driving forces exceed the available resisting forces, the factor
of safety calculated by the pseudo-static limit equilibrium analysis will drop below 1.0, at
which point the block is no longer in equilibrium. As a result, the block driven by the
unbalanced force will move. The calculated seismic acceleration causing the factor of
safety equal to 1.0 for the block is defined as yield acceleration. If the earthquake
accelerations exceed the yield acceleration at various time intervals, displacements are
initiated during those time intervals. The displacements are computed by a simple double

integration procedure.

The Newmark (1965) approach is based on several simplified assumptions. These

include:

» Displacements occur along a single, well defined slip surface;

« The soil above the slip surface behaves like a rigid block;

« The soil does not undergo strength loss as a result of shaking, and yield acceleration
remains constant during sliding;

 No site response analysis is conducted to determine acceleration time history.

The Newmark (1965) appraoch has been used extensively by engineers and/or modified
by a number of researchers. Generally, there are four major types of improvements or
modifications to the original Newmark procedure:

» to develop new design charts using the recorded acceleration time histories and/or

probability theory (e.g., Franklin and Chang 1977; Lin and Whitman 1986; Yegian et
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al. 1991; Jibson 1993);

to account for the dynamic response of slopes or embankments by applying
decoupled (e.g., Madisi and Seed 1978; Bray et al. 1995) or coupled dynamic
response analysis (e.g., Lin and Whitman 1983; Kramer and Smith 1997);

to consider shear strength changes during earthquake shaking (e.g., Houston et al.
1987; Matasovic et al. 1997) or soil shear rate effects (e.g., Lomos and Coelho 1991;
Tika-Vassilikos et al. 1993) for non-liquefiable geo-materials;

to consider shear strength reduction of liquefiable soils due to liquefaction or excess
pore pressure build-up during earthquakes (e.g., Sarma 1975; Castro 1987; Baziar
1991; Dobry and Baziar 1992; Byrnes et al. 1992; Jing et al. 1996).

However, despite the improvements or modifications mentioned above, the Newmark

approach still has the following limitations, especially when it is applied to estimate

displacements in a liquefaction-induced lateral spread:

The Newmark approach is only suited to a rigid-body movement of soil. However,
liquefied soils in a liquefaction-induced lateral spread are associated with large shear
deformation and do not behave as a rigid body.

A well-defined failure plane must be assumed in the Newmark approach. However,
the results from one-g shake-table and centrifuge model tests and the observations
from previous case histories appear to support the contention that liquefaction-
induced lateral spreads are caused by the distributed shear strains throughout whole
liquefied layers rather than by the concentrated shear strains along a well-developed
shear plane, as discussed in Section 4.2.

Shear strengths along the assumed shear plane, which are required for the Newmark
analysis, are very difficult to determine. First, it is very difficult to obtain
representative “undisturbed” saturated granular soil samples for laboratory testing.
Second, it is unclear whether the type of shear strength to be used along the slip plane
should be the peak or residual strength observed in monotonic undrained shear tests,
or those observed in cyclic loading followed by monotonic shear. Furthermore, the
shear strength in a liquefiable soil changes dramatically with the development of

excess pore pressure, the occurrence of liquefaction, and subsequent deformations
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during earthquake shaking. Finally, the dilative response of liquefied soils at large
strains may also play a significant role in regaining shear strength at large cyclic shear
strains, as discussed in Section 4.3.2.

» A single value for the calculated displacement is obtained for a lateral spread in the
Newmark approach. Neither lateral nor vertical distribution of the displacement can
be predicted using this approach. However, case histories (e.g., Hamada et al. 1986;
Ishihara et al. 1996) have shown that lateral spread displacement markedly increased
with the proximity of a free face and decayed logarithmically with increasing distance

to the free face, as mentioned in Section 4.5.1.

Despite the above limitations, the Newmark approach has been widely used to estimate

dynamic deformations of embankment dams or liquefaction-induced lateral

displacements by practical engineers (Chugh 2000). It is believed that this approach will

be continuously applied in geotechnical practice due to its following advantages:

» The approach is relatively simple and widely used by the geotechnical engineers.

» Both inertial and static forces can be taken into account in estimating lateral ground
displacements.

» Real field recorded time histories of seismic motions can be used in this approach.

5.3.2 Towhata’s minimum potential energy approach

Towhata et al. (1991, 1992, 1996, and 1999) developed a mathematical theory for the
prediction of lateral ground displacements induced by soil liquefaction. Through the use
of the knowledge obtained from shake-table tests, together with the principle of the
minimum potential energy at force equilibrium, the theory of maximum possible
displacement was developed. Towhata’s model predicts maximum possible movements
in a lateral spread, corresponding to the ultimate displacements that will occur if the
foundation soil remains liquefied for a sufficient length of time. That is, lateral spreading
is assumed to continue until a minimum energy state is achieved. In laboratory shake-
table tests, the ultimate displacements are produced by shaking the models until down-

slope displacements stop while the underlying soil remains liquefied. In the field,
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Towhata’s model corresponds to a long duration seismic event that results in the

maximum possible movement of a lateral spread. Notably, Towhata’s model assumes a

flow failure under static loads and neglects inertial effects during dynamic loading.

The four key assumptions in Towhata’s model, which are based on observations from

shake-table model tests, are:

The distribution of lateral displacements in a vertical cross section of a liquefied soil
deposit can be represented by a sinusoidal equation — zero at the bottom and the
maximum at the top of the liquefied layer.

The volume of the liquefied soil is unchanged during deformation.

The liquefied soil behaves as a liquid governed by the hydraulic gradient. Its shear
stiffness and strength are generally set to zero.

The surficial non-liquefied soil layer behaves like an elastic solid and is modeled as

an elastic, 2-D beam that resists Jateral movement of the liquefied, subsurface layer.

The advantages of the Towhata model can be summarized as the following:

The material parameters required in the model are only the unit weights of the
liquefied layer and top non-liquefied layer, and the Young’s modulus of the top non-
liquefied layer.

The effect of the top non-liquefied layer can be quantified.

Ground geometry, even though it is relatively simple, and other simplified boundaries
can be taken into account.

Both the lateral and vertical distributions of the displacements can be given.

The closed-form solutions are available and relatively simple.

However, Towhata’s analytical model appears to have four fundamental weaknesses:

The model is capable of predicting only the maximum or ultimate displacements and
generally overestimates lateral displacements in a liquefaction-induced lateral spread
in most cases.

The liquefied soil does not simply behave as a pure liquid with zero shear strength as

assumed in the Towhata approach. The characteristics and behavior of liquefied soils
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during and after earthquake shaking are much more complicated and have not been
fully understood yet.

« Towhata’s model relies on a parameter representing the elastic stiffness of the non-
liquefied, surface soil layer. This parameter is poorly defined, not well understood,
and difficult or impossible to measure (Rauch 1997).

« Only relatively simple geometry can be considered. Most importantly, steep free
faces commonly associated with lateral spreads are almost impossible to simulate in

the model.

5.3.3 Shamoto’s residual shear strain charts

Shamoto et al. (1998) developed three charts to estimate the liquefaction-induced residual
shear strain potential for soils with a fines content of 0, 10, and 20% respectively for level
ground. Based on these charts, the residual shear strain potential can be estimated if the
cyclic stress ratio, adjusted SPT N-value, and fines content of a soil are known. Shamoto
et al. (1998) suggested calculating the maximum liquefaction-induced horizontal ground
surface displacement in level ground near a waterfront (e.g., in the soils behind a quay

wall) by integrating the residual shear strain potential over depth.

The Shamoto et al. (1998) method is simple and may be used to estimate the maximum
liquefaction-induced horizontal ground surface displacement in level ground near a
waterfront. However, it has several limitations as described below.

» Only the potential, maximum horizontal ground displacement near a waterfront can
be estimated. In the field, this maximum displacement may or may not occur
depending on the boundary conditions near a waterfront.

 Local slide failure may occur near a waterfront where large static shear stresses exist.
The local slide failure may cause large deformations of the soils near a waterfront.
However, the Shamoto et al. (1998) method cannot take the local slide failure into
account in estimating the potential, maximum horizontal ground displacement.

 The lateral displacement at a location away from a waterfront cannot be directly

estimated by the method.
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» This method cannot be used to estimate liquefaction-induced lateral displacements for

sloping ground.

54 Stress-deformation Analysis
5.4.1 The strain potential approach

Seed et al. (1975) developed a procedure for estimating the earthquake-induced slope
deformations that occurred in the Upper and Lower San Fernando dams during the 1971
San Fernando earthquake. In this procedure, the static stresses in the soils before the
earthquake were computed using a conventional stress-deformation finite-element
analysis, and the cyclic shear stresses were calculated using a dynamic linear or
equivalent linear finite-element analysis. Based on the computed static and cyclic stress
conditions, cyclic laboratory tests were then conducted to predict the strain potential for
each element in the finite-element analyses. Horizontal displacements were estimated to
be the product of the average strain potential along a vertical section through the slope

and the height of that section.

The method implicitly assumes that the strains that develop in the field will be the same
as those that develop in a similarly loaded laboratory test specimen and that the
maximum shear stress acts in the horizontal direction in all elements. Analyses based on

the strain potential approach are clearly approximate.
5.4.2 The stiffness or strength reduction approach

Hamada et al. (1987) modeled a lateral spread in Noshiro, Japan, using a two dimensional
finite element mesh representing a plan view of a slide area. The major assumptions in

their analysis are:
o The unliquefied, surficial soil layer was modeled as an elastic plate using plane stress

elements.
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 The underlying liquefied layer was assumed to be liquid with zero shear strength.

Displacements were then computed under a given ground slope and boundary conditions
using a static finite element analysis. Despite the very simple nature of this analysis, the
computed displacements were in good agreement with the field observations at the
Noshiro slide. However, this procedure is highly dependent on the assumed elastic

propetties of the surficial soil.

Yasuda et al. (1991, 1992) proposed a simplified procedure for prediction of permanent
liquefaction-induced ground displacements. In this procedure, they assumed that the
permanent ground displacement would occur in liquefied, softened ground due to the
static shear stress present before liquefaction. Two static finite element analyses were
performed in their procedure. In the first, static stresses were computed using elastic
parameters for the soil prior to an earthquake. Then, in the second analysis, the static
stresses were held constant while the stiffness of the soil was reduced to simulate
softening due to liquefaction. The difference in the displacements computed in the two
analyses was then taken to represent the liquefaction-induced movements. The key to the

analysis is determining an appropriate stiffness reduction to represent the liquefied soil.

5.4.3 The nonlinear analysis approach

Prevost (1981) and Finn (1990) developed dynamic, 2-D, coupled models to couple shear
strength loss during cyclic loading with pore pressure generation. In a nonlinear dynamic
finite element procedure (TARA-3FL) proposed by Finn (1990), the pre-earthquake
stress-strain state is calculated for each element. During the dynamic part of the analysis,
as liquefaction is triggered in elements that are liquefiable, the undrained shear strength
of the liquefied elements is allowed to drop to its residual value. Once liquefied, the
residual strength of these elements is unable to sustain the pre-earthquake and dynamic
shear stresses. The finite element mesh is allowed to progressively deform until
equilibrium is restored. Therefore, these finite element models are appropriate only for
failures involving flow at a residual shear strength. Finn (1991) reported that the

computed deformations were highly dependent on the residual strength specified,
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although determining a reliable estimate of the residual strength is difficult.

A somewhat less sophisticated finite element model has been used by Gu et al. (1993,
1994) to calculate the post-earthquake deformations at the Lower San Fernando Dam and
Wildlife case history site. The initial effective stresses were determined through
incremental finite element analysis simulating the field conditions. The post-earthquake
deformation analysis was also conducted using an incremental finite element analysis
under fully undrained conditions which considered stress redistribution. In their
analyses, the hyperbolic strain softening relationship was introduced to simulate the post-
peak behavior of liquefied materials. Excess pore pressures, independently estimated by
other approaches, were inputted to specific soil elements. Liquefaction of soil elements
then caused an imbalance in shear loads, and the resulting deformations that ended in an

equilibrium condition were computed using an iterative procedure.

As introduced by Elgamal et al. (1998, 1999), a new soil constitutive model was
developed by Parra (1996), based on the original framework of plasticity theory for
frictional cohesionless soils presented by Prevost (1985). The model simulates the
characteristics of soil response observed in centrifuge experiments, shake-table tests, and
cyclic laboratory sample tests. The observed characteristics include the biased cycle-by-
cycle accumulation of cyclic shear strains due to the presence of a locked-in driving shear
stress, a strong restraining effect on the magnitude of cyclic and accumulated permanent
shear strains due to soil dilation at a large cyclic shear strain, and so on. As commented
on by Elgamal et al. (1999), this model primarily focuses on medium, medium-dense, and
dense sand (or silt) because loose cohesionless soils may display a dominant contractive
response with little dilative tendency and an increased level of accumulated shear

deformations.

5.4.4 Summary of stress-deformation analysis approaches

For problems involving the deformation of a soil mass, stress-deformation finite element

methods are often well suited for modeling the relevant mechanics and boundary
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conditions (Rauch 1997). However, when these methods are applied in estimating

liquefaction-induced lateral displacements during earthquakes, engineers and researchers

face the following three major challenges.

First, a very sophisticated constitutive model would be required to meticulously
simulate all aspects of a liquefaction-induced lateral spread. A rigorous finite
element model would be needed to model seismic excitation, soil softening as a result
of the accumulation of excess pore pressures, rapid loss of shear strength as the soil
liquefies, large distortion of the liquefied deposit, redistribution of pore water,
possible progressive failure, soil dilation at a large cyclic shear strain, and
reconsolidation as excess pore pressures are drained. The resulting finite element
formulation would require fully-coupled, effective stress, and highly non-linear soil
models and would also need to consider both inertial loads and large strains. Much of
this modeling challenge is a consequence of the transformations from solid soil to
liquid and back to solid, which processes are beyond the scope of conventional solid
mechanics.

The general inadequacy of rigorous numerical models for liquefaction-induced
deformations has been recently demonstrated (Manzari et al. 1994). As part of the
VELACS project (Verification of Liquefaction Analysis by Centrifuge Studies)
(Arulanandan and Scott 1993), numerical predictions were compared with the
behavior of carefully constructed centrifuge models. While the onset of liquefaction
could be accurately calculated, predictions of the ensuing ground deformations were
much less reliable even though the soil conditions in the scale models were well
known. Moreover, all of the available numerical procedures were deficient in
simulating the behavior of dilative soils.

Last, but not least, it is very difficult to provide significant details of soil profiles and
sufficient accuracy of soil property determinations for rigorous numerical analysis
even for large, high-risk projects. For example, the residual strength of a liquefied
soil is a key parameter required for almost all the available numerical analyses in
estimating post-liquefaction deformations. However, the determination of the
residual strength is very difficult and less accurate. Although taking frozen samples

to ensure undisturbed samples for the determination of the residual strength in
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laboratory tests is the best available technique, this technique is very expensive and is
limited to large, high-risk projects. Furthermore, for many soils with substantial fines
content, the freezing technique cannot be used. Similar restrictions hold for other

specified soil parameters in a given specific numerical model.

5.5 Empirical Models
5.5.1 Hamada’s empirical model

Based on pre- and post-earthquake aerial photographs, Hamada et al. (1986) published
horizontal ground displacement vector maps for many areas damaged by lateral spreads
in Niigata and Noshira, Japan during the 1964 Niigata and 1983 Nihonkai-Chubu
earthquakes respectively. In combination with the information from the 1971 San
Fernando earthquake, Hamada et al. conducted a simple regression analysis. The
parameters chosen as relevant were the thickness of liquefied layers and the steeper slope
angle of either the bottom of the liquefied layer or ground surface. The result of the

regression is given by:

[5.1] D=075-vH -0

where D is the horizontal displacement (m) and H is the thickness (m) of liquefied soil.
When more than one soil layer liquefies, H is measured as the distance from the top-most
to the bottom-most liquefied soil, including all intermediate soil layers. 0 is the slope (%)
of either the ground surface or the base of the liquefied soil, whichever is greater. When

a free face is present, the surface slope is measured to the toe of a free face.

Equation [5.1] provides a best-fit line for the data compiled by Hamada and his co-
workers. However, the database was heavily biased towards the lateral spreads in
Noshiro and thus represented a narrow range of seismic and site conditions. The

accuracy of the fitted equation outside these confines is unknown, and, consequently, the
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usefulness of Hamada’s empirical model is limited.

5.5.2 Youd and Perkins’ LSI model

Youd and Perkins (1987) evaluated cases of liquefaction-induced lateral spreads that
occurred in a very specific geologic setting. Their study was limited to the lateral spread
of gently sloping, geologically recent, fluvial deposits of shallow, continuous, saturated,
cohesionless, liquefiable soils that had estimated standard penetration resistances ranging
from 2 to 10 blows per foot. By applying these restrictions to the cases included in their
study, they limited the range of site conditions, thus effectively reducing the variation of

topographical and soil factors in their model.

Based on case studies from historical earthquakes in the western United States and

Alaska, Youd and Perkins (1987) developed a simple regression equation:

[5.2] logLSI = -3.49-1.86logR + 0.98M

where the LSI (the Liquefaction Severity Index) is defined as the general maximum
magnitude of ground displacement in inches and assigned an arbitrary upper limit of 100,
corresponding to a displacement of 2.5 m, which was considered sufficient to indicate
severe failures. R is the horizontal distance (km) to the seismic energy source and My, is

the moment magnitude of an earthquake.

Equation [5.2] reflects the seismic attenuation characteristics of western North America
and may not be valid for other regions of the world. The LSI model is primarily based on
earthquake factors and is intended to provide a conservative upper bound for predicting
horizontal ground displacement for sites that have moderate to high liquefaction
susceptibility. Ground displacements that are significantly different from the LSI may
occur at sites where site topographical and soil conditions differ significantly from those

used in developing the LSI since site-specific factors are not considered in the LSI model.
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5.5.3 Bartlett and Youd’s MLR model

Bartlett (1991) and Bartlett and Youd (1995) have developed a more sophisticated
empirical model for estimating lateral displacement in a liquefaction-induced lateral
spread. They studied case history sites for the past seven major earthquakes in the United
States and Japan and established a database comprised of 448 sets of data including
seismological, topographical, geological, and geotechnical parameters, and 19
observations from Ambraseys (1988). Based on the compiled database, Bartlett and
Youd then conducted modified stepwise multiple linear regression (MLR) analyses to
identify the factors that most strongly influenced lateral ground displacements and to
develop relevant empirical equations. They found that there are two ground geometry
conditions which should be handled separately in lateral spreading: one is level ground
with a free face and another is sloping ground without a free face. The final MLR
equations given by Bartlett and Youd (1995), which are slightly modified from those in
Bartlett (1991), are:

for level ground with a free face,

[5.3] logD =-16.366 +1.178M, —0.9271logR —0.013R +0.6571log W +
0.3481logT,5 +4.52710g(100 - E) - 0.922D50,

for sloping ground without a free face,

[5.4] logD =-15.787 +1.178M, —0.927logR - 0.013R +0.42910gS +
0.3481og T, +4.52710g(100 - E,,) — 0.922D50

where D is the estimated lateral ground displacements in meters, M,, is the moment
magnitude of the earthquake, and R is the nearest horizontal distance (km) to the seismic
energy source or fault rupture. T)s is the thickness (m) of saturated, cohesionless soils
(excluding soils deeper than 20 m or with a clay content greater than 15%) with Nj g
equal to or less than 15, where Njgo is the standardized SPT blowcount. Fis is the

average fines content (the % finer than 0.075 mm) in T;s, and D50;s is the average mean
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grain size Dso (mm) in Tys. W is the free face ratio (%), defined as the ratio of the toe-to-
crest height of the free face and the horizontal distance to the free face toe. S is the
gradient of the ground surface (%) defined as the change in elevation over horizontal
distance for long, uniform slops. When the surface topography is not uniform, a special
definition of S is used to account for small, local benches (ridges, banks, etc.), as

illustrated by Bartlett and Youd (1995).

The Bartlett and Youd MILR equations are a definite improvement over past attempts to
estimate liquefaction-induced lateral displacements empirically since they took into
account major seismological, topographical, geological, and geotechnical factors. The
equations are very simple and straightforward to use. Lateral displacements can be
directly estimated from SPT results in addition to seismological and topographical
information without the requirement of liquefaction potential analysis. Nevertheless,
Bartlett and Youd’s model still have some limitations:

» About two thirds (299 out of 448) of the total measurements in their database were
from the sites in Niigata City for the 1964 Niigata, Japan earthquake. The soil
profiles in Niigata City are unique and relatively simple. The soils in the top 20 m or
more are generally uniform clean sands with a shallow ground water table (about 1.0
m). During the earthquake, about 10.0 m or more of thick top saturated sand was
liquefied over widespread areas, causing large liquefaction-induced lateral
displacements. In addition, the measured horizontal ground displacements in Niigata
City were generated from the analyses of pre- and post-earthquake aerial photographs
and had an accuracy of about * 0.72 m (Hamada et al. 1986). As a result, the unique
geological setting in Niigata City, in combination with their heavy dependence on the
data from Niigata City, makes Bartlett and Youd’s model less reliable when the
model is applied to a given site where both the soil profile and soil properties are
much different from those in Niigata City.

+ Bartlett and Youd’s database has only 68 observations with measured displacements
of smaller than 1.0 m among the total of 448 observations. This means that Bartlett
and Youd’s model was mainly based on the data with measured displacements greater

than 1.0 m. As a result, the displacements predicted by the model are generally twice
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or more the measured values for the cases in which the measured displacements are
less than 1.0 m in the case history sites studied by Bartlett and Youd. Nevertheless,
practical geotechnical engineers have more interest in displacements less than 1.0m or
2.0m because lateral displacements of more than 2.0 m are considered too damaging
and cannot be accepted by engineers.

The SPT position was not same as the position where the field lateral displacement
was measured for the majority of the observations in Bartlett and Youd’s database.
The distance from the nearest SPT position to the location where relevant lateral
displacement was measured is about 80.0 m as an average and is more than 100 m (up
to 670 m) for 105 observations in their database. Therefore, for cases in which the
local soil profile and soil properties at the SPT location are much different from those
at the location where relevant lateral displacement was measured, the interpretation of
the data concerning soil profile and soil properties would be inappropriate.

Using average values of soil parameters in the layers with N go equal to, or less than
15 through one borehole may mask the obvious geological difference between the
different sandy layers in one borehole and cause the final values of F;5, D505 for
different site conditions to be very close and therefore inappropriately reduce the
importance of Fs and D505 in the final MLR model.

Soil properties are characterized only by the SPT, which has poor reliability and

repeatability with respect to its testing results when compared with the CPT.

5.5.4 The modified Bartlett and Youd’s MLR model

Youd et al. (1999) made several modifications to Bartlett and Youd’s (1995) MLR

model. These modifications are:

The MLR equations were corrected for 72 miscalculated displacements from the 1983
Nihonkai-Chubu, Japan earthquake in Bartlett and Youd’s (1995) database achieved
by dividing the magnitude of each of the miscalculated displacements by a factor of
1.9. With this correction made, the case history data were re-analyzed using the MLR
procedure.

Several sites where boundary effects significantly interfered with free lateral-spread

-124 -



movement were removed from the data set (8 displacement vectors were removed).

» Additional case history data (82 displacement vectors) were added from three recent
earthquakes.

« The functional form of the mean-grain-size term in the MLR equations was modified
from (D50:5) to log(D50;s) to improve the performance of the model for coarse
grained soil (D50;5 > 1.0 mm). Then the form was additionally adjusted to the form
log(D50;5 + 0.1) to prevent predicted displacements from becoming large when very
small mean grain sizes are entered into the equation.

» The maximum value of fines content entered into the equation was capped at 55
percent.

o The form of the equation was changed from log(R) to log(R*), where
R" =R +10¥M-"389 1 prevent the prediction of very large displacements when R
becomes small.

The modified equations after a series of re-analyses on the basis of the above-mentioned

modifications are:

for level ground with a free face,

[5.5] logD =-18.084 +1.581M, —1.518logR" —0.011R +0.551log W +
0.54710gT;5 +3.9761og(100 - ;) — 0.92310g(D50,5 +0.1)

for sloping ground without a free face,

[5.6] logD = -17.614 +1.581M,, —1.518logR" —0.011R +0.343log S +
0.5471og T, +3.97610g(100 — ;) — 0.92310g(D50,, +0.1)

where the symbols are same as those defined in Bartlett and Youd’s (1995) equations.

The modified Bartlett and Youd’s model corrected errors in the work of Bartlett and
Youd (1995), added more case history data to the database, and incorporated changes to
the functional form of the model to add robustness to the new MLR model. Most of the

added data sets to the database have ground displacements in the 0.25 m to 1.0 m range,
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thus overcoming the limitation of the shortage of measured displacements less than 1.0 m
in the previous database. Although most of the limitations with Bartlett and Youd’s
(1995) model still exist in the modified one, the modified model is one of the best
available empirical approaches to estimate liquefaction-induced lateral displacements at

this stage.

5.5.5 Rauch and Martin’s EPOLLS model

Based on case history data for 71 lateral spreads that occurred during 15 past

earthquakes, Rauch and Martin (2000) developed a new empirical method, called the

EPOLLS model, to predict the average horizontal surface displacement on a potential

lateral spread. Although the EPOLLS model was also developed from a multiple linear

regression analysis, as was Bartlett and Youd’s MLR model, the EPOLLS model is
different from the MLR model in the following ways:

« A single average value for each of all the selected parameters in the EPOLLS model
was used in Rauch and Martin’s database for a lateral spread, that is, only one set of
data is collected for one lateral spread. However, a number of sets of data at different
locations in a lateral spread were used in Bartlett and Youd’s database.

« The EPOLLS model was designed to predict an average horizontal displacement at a
site, that is, the average magnitude of all measurable displacements on a lateral
spread, while the MLR model predicts different lateral displacements at different
locations on a single lateral spread.

« The length of the sliding area in a lateral spread is a key parameter in the EPOLLS

model, but not considered in the MLR model.

The EPOLLS model is comprised of three components for predicting lateral
displacements: regional, site, and geotechnical components, as shown below. Depending
on the availability of the parameters in a given potential lateral spread site, each
component can be used separately with increased reliability from regional component to

geotechnical component.
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Regional component,

[5.7] Avg_Horz = (D, —2.21)> +0.149

[5.8] D, =(613M, —13.9R, ~2420A , —11.4T,)/1000
Site component,

[5.9] Avg_Horz = (D +Dg —2.44)* +0.111

[5.10] D =(0.523L,;,, +42.3S,, +31.3H,,,)/1000

Geotechnical component,
[5.11] Avg_Horz = (D +Dg +Dg —2.49)> +0.124
[5.12] D =(50.6Zyg,;, —86.1Z,,)/1000

where My, is the moment magnitude of an earthquake, Ry is the distance to a fault rupture
(in km), Anax is the peak horizontal acceleration (g) at the ground surface at a site, and Ty
is the duration (sec) of strong earthquake motions at the site. Lgge is the maximum
length (m) measured horizontally from the head to the toe of a lateral spread, Sop is the
average slope (%) across the surface of a lateral spread, and Hg,c. is the height (in m) of a
free face. Zpsmin is the depth (in m) to the minimum factor of safety measured in
potentially liquefiable soil, and Zjq is the depth (in m) to the top of a liquefied sublayer.

Avg_Horz is the estimated average horizontal displacement (in m) in a lateral spread.

Being fairly simple to be applied, Rauch and Martin’s EPOLLS model is an alternative

tool for predicting average surface horizontal movements on a potential lateral spread.

The model has the distinct advantage of allowing engineers to characterize the likely

ground movements to a degree commensurate with how well the site conditions are

known. However, the following limitations appear with this model:

» For the regional component, the relationship between peak horizontal acceleration
Amax and average lateral displacement Avg_Horz does not appear logically reasonable
because Avg Horz decreases with increasing Am.x if other parameters remain
constant in the EPOLLS model. A similar trend also exists between the duration of
strong shaking Tq and Avg_Horz in the EPOLLS model. Logically, if two sites have
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the same distance (same R¢) to the fault rupture for a same earthquake (same M,,), a
larger lateral displacement is expected at the site that experiences a larger Ap,, and
T, but the reverse situation is not true: a smaller lateral displacement as predicted by
the regional component occurs.

In the EPOLLS model, there is no parameter characterizing important soil properties
such as soil density (or penetration resistance or residual shear strength, etc.) because
the depth to the minimum factor of safety Zpsmin and the depth to the top of the
liquefied soil Zjq only characterize the soil profile or vertical distribution of the
liquefied layers but not the extent of soil liquefaction. For example, if two sites have
the same Zgsmin and Ziq but different soil properties, say different soil densities, it is
reasonable to envisage that the lateral displacement at the site with much loose sand
would be much larger than that at the site with denser soil. However, this important
soil parameter is not present in the EPOLLS model.

It is difficult to determine the duration of strong motions before a potential
earthquake and the length of a potential lateral spread for prediction purposes.

Case histories have shown that lateral displacements decrease with increasing
distances to a free face for level ground with a free face. So using average values to
characterize lateral displacements for ground with a free face may cause
displacements to be overestimated at locations far away from the free face and
displacements to be underestimated in the vicinity of the free face.

Liquefaction potential analysis is needed before using the EPOLLS model.

5.6 Discussion and Conclusions

Several groups of methods have been proposed to estimate liquefaction-induced ground

lateral displacements, including laboratory modeling approaches, numerical and

analytical analyses, and field-data-based methods.

Laboratory-scale models built on conventional shake-tables and geotechnical centrifuges

have been used to investigate lateral spreading under controlled conditions. While useful
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in exploring the mechanics of liquefaction-induced failures, laboratory-scale models are
unsatisfactory in providing fully realistic models of lateral spreading and are seldom
directly used to estimate liquefaction-induced lateral displacements in geotechnical

design.

The modified Newmark’s (1965) sliding block analytical approaches have been widely
used to estimate dynamic deformations of embankment dams or liquefaction-induced
lateral displacements by the practical engineers. The major limitation with these
approaches is the assumption that the soils in a lateral spread move laterally as a rigid
block along a well-defined failure plane. However, field observations in combination
with laboratory-scale tests did not support this assumption. Furthermore, shear strengths
along the assumed shear plane, which are required for the Newmark analysis, are very

difficult to determine.

The analytical model of Towhata et al. (1999) shows promise for providing useful
predictions of the maximum or ultimate displacements. However, because liquefied soils
are assumed to behave as a liquid with zero shear strength in this model, the model

generally overestimates lateral displacements in a liquefaction-induced lateral spread.

The residual shear strain charts proposed by Shamoto et al. (1998) were developed for
estimating liquefaction-induced residual shear strain potential for soils in level ground
only. The residual shear strains do not relate to static shear stresses or field ground
geometry. These charts cannot be directly used to estimate lateral displacements in a
lateral spread even through these charts may be applied to give a possible estimation of

the maximum lateral displacement at the waterfront for level ground with a free face.

Several models for stress-deformation analysis using finite element techniques have been
used to calculate displacements in a lateral spread. Reliability of the predictions using
these models mainly depends on: (1) a rigorous and relevant constitutive model and (2)
appropriate input data for the analysis. However, first, the expense and difficulty

associated with obtaining and testing high quality samples of loose sandy soils and the
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need for accurately and repetitively measuring many uncommon material constants for
stress-deformation analyses using a rigorous constitutive model significantly limit the
applications of numerical methods. Second, the general inadequacy of the available
rigorous numerical models for estimating liquefaction-induced deformations has been

recently demonstrated (Manzari et al. 1994).

Due to the complicated nature of liquefaction-induced lateral spreads, several available
field-data-based empirical models (Hamada et al. 1986; Youd and Perkins 1987; Bartlett
and Youd 1995; Youd et al. 1999; Rauch and Martin 2000) have shown advantages for
estimating post-liquefaction deformations because of their simplicity and the fact that
they are based on field observations. It is difficult to choose one empirical model over
another since they all seem to give similar results within a factor of two or three.
Generally, both Hamada’s model and Youd and Perkins’ model characterize only partial
factors that control the magnitude of lateral spreading displacements and therefore are
useful only to specific geological regions and earthquakes. Rauch and Martin’s SPT-
based model is a useful tool for predicting average horizontal movements on a potential
lateral spread. The SPT-based model of Youd et al (1999) may be the best of the
available empirical models to estimate lateral displacements in a liquefaction-induced

lateral spread at this stage even though it still has some limitations as noted.

These field-data-based models entirely rely on empirical evidence and do not incorporate
the extensive knowledge gained from laboratory studies of soil liquefaction. No CPT-
based method to estimate liquefaction-induced lateral displacements is currently available
even though the CPT has greater repeatability and reliability and provides a continuous
profile compared with other field tests. Therefore, it is suggested that simple semi-
empirical approaches be developed for estimating liquefaction-induced lateral
displacements using SPT or CPT data on the basis of laboratory testing results and case

history data.
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CHAPTER 6 ESTIMATION OF THE LATERAL DISPLACEMENT INDEX
(POTENTIAL) FROM SPT OR CPT DATA

6.1 Introduction

The mechanisms governing liquefaction-induced lateral spreads have been reviewed and
discussed in Chapter 4. The available results from one-g shake table and centrifuge tests
and observations from case histories generally support the idea that lateral displacements
are associated with distributed residual shear strains throughout liquefied soil layers
rather than concentrated strains along a potential failure surface for liquefaction-induced
lateral spreads. As a result, the distributed residual shear strains in liquefied layers and
the thickness of liquefied layers have important influence on the magnitude of

liquefaction-induced lateral displacements.

As discussed in Chapter 4, the magnitude of residual shear strains is primarily a function
of two parameters: 1) the maximum shear strains under the static and seismic loading
conditions without biased static shear stresses, and 2) the biased (driving) in-situ static
shear stresses. The biased in-situ static shear stresses are mainly controlled by the
geometric parameters characterizing ground geometry (e.g., ground slope, free face
height, and the distance to a free face). Therefore, the three major components
influencing the magnitude of liquefaction-induced lateral displacements are the
maximum shear strains in liquefied layers, the thickness of liquefied layers, and the

geometric parameters at a site (see Figure 6.1).

In this chapter, procedures are developed to estimate the maximum shear strains in
liquefied layers under static and seismic loading conditions without biased static shear
stresses. A new parameter, defined as the lateral displacement index (potential), is then
introduced. The index incorporates two of the three major components determining the

magnitude of liquefaction-induced lateral displacements: the thickness of liquefied layers
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and the maximum shear strains in liquefied layers. This index will be used as a major
parameter in developing several SPT- and CPT-based approaches for estimating

liquefaction-induced lateral displacements in the next three chapters of this thesis.

6.2 Estimation of the Maximum Shear Strains from SPT or CPT Data

6.2.1 The maximum shear strains of clean sands as determined by laboratory

testing

Cyclic shear strains may be induced by cyclic shear stresses for saturated sandy soils
under undrained loading conditions. The maximum amplitude of cyclic shear strains that
are induced during undrained cyclic loading for a saturated sandy soil without biased
static shear stresses in the direction of cyclic loading is referred to as the maximum shear
strain (Ymax) in this research. Figure 6.2 shows cyclic shear stress-strain curves and the
relevant maximum shear strain for an undrained cyclic simple shear test of a clean sand

without biased static shear stresses in the direction of cyclic loading.

Nagase and Ishihara (1988) conducted cyclic simple shear tests on saturated loose,
medium-dense and dense samples of clean Fuji River sand under static and seismic
loading conditions without biased static shear stresses. Both uni-directional and multi-
directional loading conditions were simulated by employing irregular time histories of the
motions that were observed during the major earthquakes in Japan between 1964 and
1983. Based mainly on these laboratory tests, Ishihara and Yoshimine (1992) developed
a family of curves that provide a relationship between the maximum amplitude of shear
strain (Ymax) and the factor of safety against liquefaction (FS) for different relative

densities (D;) for clean sands (Figure 6.3).

Modification of Ishihara and Yoshimine’s (1992) relationship is required to account for
dilative response of the soil that may restrict the development of shear strains. Evidence
of soil dilative response at large shear strains was observed in undrained cyclic laboratory
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tests, one-g shake table studies, centrifuge experiments, and in-situ seismic responses, as
discussed in Section 4.3.2. De Alba et al. (1976) also found from large-scale simple
shear tests that the specimens tended to dilate as shear strain increased for medium and
dense sands. Seed (1979) postulated that only a limited amount of shear strain could be
developed for sand at any given relative density, regardless of the number of stress cycles
applied, and that further increases in strain could be difficult to achieve unless the full
undrained resistance of the soil was exceeded. He proposed a curve (Figure 6.4) to
present the relationship between the limiting shear strain and relative density for clean
sands. With additional supporting data from Tokimatsu and Yoshimi (1984), who
conducted laboratory tests using undisturbed frozen sand samples, Seed et al. (1985)
further stated that the values of the limiting shear strains in Figure 6.4 may well be of the

correct order of magnitude.

In this study, the relationship between Ymax and FS developed by Ishihara and Yoshimine
(1992) were modified by limiting the maximum shear strains for different relative
densities of clean sands as proposed by Seed (1979). Figure 6.5 shows the relationship
between the maximum amplitude of shear strain (Ymax) and the factor of safety against
liquefaction (FS) for different relative densities (D;) for clean sands. The mathematic

expressions for the curves in Figure 6.5 are listed in Equation [6.1]:

[6.1a] ifD;=90%, ¥, =3.26-(FS)™"*  for0.7<FS<20
[6.1b] ifD,=90%, ¥, =62 forFS<0.7

[6.1c] if D, =80%, ¥, =3.22-(FS)?®  for0.56<FS<2.0
[6.1d] if D,=80%, ¥, =10 forFS<0.56

[6.1€] ifD;=70%, ¥ =3.20-(FS)?®  for0.59 <FS<2.0
[6.1f] if D, =70%, ¥, =145  forFS<0.59

[6.1g] if D, =60%, ¥, =3.58-(FS)™**  for0.66 <FS<20
[6.1h] if D, =60%, ¥, =227 forFS<0.66

[6.1i] if D, =50%, ¥, =422-(FS$)*”  for0.72<FS<2.0
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[6.1j] if D, =50%, ¥, =34.1 for FS <0.72

[6.1a] ifD,=40%, ¥, =331-(FS)7”  for.0<FS<20
[6.1k] if D,=40%, ¥, =250-(1.0-FS)+3.5 for0.81<FS<1.0
[6.11] if D,=40%, ¥, =512 forFS<0.81

6.2.2 Estimation of the maximum shear strains using SPT or CPT data for clean

sands

Both the factor of safety against liquefaction (FS) and relative densities (D;) are needed
for estimating the maximum shear strains of in-situ clean sands for a given earthquake
using the curves in Figures 6.5. The factor of safety can be evaluated from liquefaction
potential analysis using the NCEER SPT- or CPT-based methods with SPT or CPT data.
Relative density of a clean sand may be estimated from SPT or CPT results using the
available correlations. In this study, the correlation proposed by Tatsuoka et al. (1990)

was applied to estimate the relative density of clean sands using:

[6.2] D, =-85+76log(q,\)

where D is the relative density of a clean sand as a percentage, and ¢y is the normalized

CPT tip resistance corrected for effective overburden stresses corresponding to 100 kPa.

Several correlations (e.g., Meyerhof 1957; Seed 1979; Skempton 1986; Kulhawy and
Mayne 1991) are available to estimate relative densities of clean sands from SPT blow
counts. Tokimatsu and Yoshimi (1983) found that the relative densities estimated using
Meyerhof’s (1957) correlation with SPT N values that were measured using equipment
with a free fall of the hammer (or a rod energy ratio of about 78%) were in good
agreement with the relative densities measured in the laboratory for the undisturbed in-
situ clean sand samples obtained using the in-situ freezing technique. Ishihara and
Yoshimine (1992) also used Meyerhof ‘s (1957) correlation to estimate relative densities
of clean sands from SPT results. However, Ishihara and Yoshimine did not specify the
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SPT rod energy ratio in their paper. Fortunately, Ishihara et al. (1993) stated that the SPT
N-values in Japan are currently obtained mostly by means of a free fall of the hammer,
the trip monkey, which has a rod energy ratio of about 78% of the theoretical free-fall
energy of the hammer. Therefore, it is reasonable to assume that Ishihara and Yoshimine
(1992) implicitly used a rod energy ratio of about 78% as a standard in applying
Meyerhof’s correlation in their paper. In this study, a modified version of Meyerhof’s
(1957) correlation with SPT N values corresponding to a rod energy ratio of 78% was

used, given by:

[63] Dr =16'\/(N1)73 =14- (N1)60

where D; is relative density of a clean sand as a percentage, (N)eo is the normalized SPT
N value corrected for the rod energy ratio (with a reference energy ratio of 60%),
overburden effective stress (with a reference effective stress of 100 kPa), rod length,
borehole diameter, and sampling method, as discussed in Youd et al. (2001); and (N;)7s is

equal to (Nj)eo/1.3.

Generally, the calculated relative density using Equation [6.3] is reasonably consistent
with the relative densities calculated using some other available correlations (Seed 1979;

Skempton 1986; Kulhawy and Mayne 1991) for a given SPT N value.

6.2.3 Estimation of the maximum shear strains using SPT or CPT data for silty

sands or sandy silts

The curves in Figure 6.3 proposed by Ishihara and Yoshimine (1992) were developed
based on laboratory test results on clean sands. If these curves are used to estimate the
maximum shear strains of silty sands or sandy silts using SPT or CPT results, some
modifications for the effects of grain characteristics or fines content on the values of the

SPT or CPT data and their interpretations must be made.

In this research, the equivalent clean sand normalized SPT N value, (Ni)socs, Or the
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equivalent clean sand normalized CPT penetration resistance, (qcin)ecs, Was used to
account for the effect of grain characteristics or fines content on SPT N values or CPT
soundings. The parameter, (N)socs Or (qcin)es, Can then be treated as the SPT N value or
CPT cone tip resistance for a clean sand and be used directly to estimate the maximum
shear strains. The relationships between maximum shear strains (Ymax) and the factor of
safety against liquefaction (FS) for different relative densities (D;) ( or (Nj)eges and

(gcin)es ) are shown in Figures 6.5 and were used in this study.

With the known data of the SPT N values or CPT soundings, the parameters for a given
earthquake, and other input parameters (e.g., ground water table, unit weight), the (N{)socs
or (gein)es and FS for sandy and silty soils can be estimated from the liquefaction
potential analysis using the NCEER SPT- or CPT-based method. The maximum shear
strain can then be calculated based on the curves in Figure 6.5 and Equation [6.3] or [6.2]

for every reading in the SPT or CPT results.

There is no curve in Figures 6.3 and 6.4 for the soils with a D, less than 40%. As a result,
there is no curve for a relative density less than 40% (or an (N)eocs less than 8 or for a
(gciN)es less than 45) in Figure 6.5. In this study, soils with a relative density less than
40% (or (Ni)socs less than 8 or (qcin)es less than 45) were assumed to have the same
potential maximum shear strains as soils with a relative density of 40% ( or an (N})esocs
equal to 8 or a (gcin)es €qual to 45). The assumption was accepted for the following
reasons:

+ There is no basis for extrapolating the data beyond the values posted in Figure 6.5;

» Generally, natural sandy soils with an (N;)gocs less than 8 or a (qcin)cs less than 45 are

less common in the field.

Nevertheless, caution should be taken when a substantial amount of soil with an (N)ggcs
less than 8 or a (gcin)es less than 45 is detected during liquefaction potential analysis.
For such cases, more extensive investigation should be taken to evaluate the flow failure
susceptibility of the soil, especially when the static shear stresses in the ground are

relatively high. The deformations caused by flow failures can be much larger than
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lateral spreads and are beyond the scope of this research.

6.3 Estimation of the Lateral Displacement Index of Sandy Soils using SPT or
CPT Data

The profile of the calculated maximum shear strain (Ymax) according to depth for a given
site where SPT or CPT data are available can be obtained with applying the relevant
calculated FS and (Nj)socs Or (qcin)es to the curves in Figure 6.5. Integrating the
calculated Ymax values with depth will produce a value that is defined as the lateral

displacement index (LLDI) in this study. The LDI can be calculated using:
zmax
[6.3] LDI= [y,,dz
0

where Znay is the maximum depth of liquefied layers at a given CPT or SPT location, and
z is depth.

The lateral displacement index incorporates two of the three components dominating the
magnitude of liquefaction-induced lateral displacements: namely, the thickness of
liquefied layers and the maximum shear strains in liquefied layers, as illustrated in Figure
6.6. Because the thickness of liquefied layers and the maximum shear strains in liquefied
layers characterize soil profile, soil properties, and the characteristics of an earthquake
(see Figure 6.6), LDI also embodies the effects of the characteristics of both soils and an
earthquake on liquefaction-induced lateral displacements. Thus, for certain ground
geometry, LDI is a good indicator of the potential of liquefaction-induced lateral

displacements.

Figure 6.7 illustrates the major procedures to calculate LDI using SPT data using a
working example. Figures 6.8a and 6.8b show SPT N values and fines contents (FC),

which can be obtained from the SPT and grain size analysis of relevant soil samples
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respectively. Based mainly on SPT N values and fines contents, the equivalent clean
sand normalized SPT N value — (N})gocs — can be calculated using the NCEER SPT-based
method, Figure 6.7c. Then the factor of safety against liquefaction (FS), Figure 6.7d, can
be estimated using the NCEER SPT-based method with the (N)socs and major earthquake
parameters. With the known (Ny)socs and FS, the maximum shear strains (Ymax), as shown
in Figure 6.7¢, can be estimated from relationships in Figure 6.5 and Equation [6.3].
Finally, the lateral displacement index (LDI) can be calculated by integrating the Ymax
with depth (see Figure 6.7f).

The major procedures to calculate the LDI using CPT data are similar to those described
above using SPT data. Figures 6.8a and 6.8b show the CPT tip resistance (qc) and sleeve
friction ratio (Rg), which can be calculated directly from CPT soundings. Based mainly
on ¢c and Ry, the equivalent clean sand normalized tip resistance — (qcin)es — can be
calculated using the NCEER CPT-based method, Figure 6.8c. The factor of safety
against liquefaction (FS), Figure 6.8d, can be estimated using the NCEER CPT-based
method with (gein)es and major earthquake parameters. The potential maximum shear
strains (Ymax), as shown in Figure 6.8¢, can then be estimated from relationships in Figure
6.5 and Equation [6.2]. Finally, the lateral displacement index (LDI) (see Figure 6.8f)
can be calculated by integrating the Ymax With depth. The major procedures to calculate

the LDI using SPT data are similar to those described above using CPT data.

6.4 Effects of Other Major Factors on Calculated Lateral Displacement Index

6.4.1 Maximum surface acceleration

A number of factors may influence the accuracy of calculated lateral displacement index.
The maximum surface acceleration is one of the major factors. The maximum surface
acceleration at a site is one important parameter used in evaluating liquefaction potential
of sandy soils. However, its determination is difficult without recorded accelerograghs

for a given earthquake because it may vary with soil stratigraphy, soil properties,
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earthquake properties, the relative location of the site to the epicenter and even ground
geometry. Its significant effects on estimated ground settlements have been discussed in
Section 3.4.1. Similar effects on calculated lateral displacement index may be expected.
Therefore, for important projects, a site specific response analysis is required to

determine maximum surface accelerations.

6.4.2 Transitional zone or thin sandy soil layers

The effects of a transitional zone between a soft clayey layer and a stiffer sandy soil layer
or a thin sandy soil layer sandwiched by two thick soft layers on CPT sounding and
estimated factor of safety against liquefaction have been discussed in Section 3.4.3.
Using a working example, Figure 6.9 illustrates the effect of transitional zones on the
calculated factor of safety (FS) and its corrections. Based on the I; profile shown in
Figure 6.9c, there are three major transitional zones (circled by dashed-lines in Figures
6.9a and 6.9c) at about 7 m, 8 m, and 13 m depths. These transitional zones result in
three very thin layers at which the calculated factors of safety are below 1.0, as shown in
Figure 6.9d. However, generally, the calculated factors of safety for both the soft clayey
layer and the stiff sandy soil layer that are associated with each of the transitional zones
are greater than 1.0. This suggests that the calculated factors of safety for the transitional
zones do not reflect the “true” values of FS but the effects of transitional zones on FS.
Therefore, such miscalculated FS should be corrected based on engineering judgement.
Figure 6.9¢ is a profile of FS after the correction has been exercised for the working
example. In this research, such a simple correction (if applicable) for the effect of a

transitional zone on FS has been followed in estimating FS using CPT data.

The effect of thin sandy soil sandwiched between two soft clayey soil layers on cone tip
resistance and the resulting factor of safety is more complicated than that of transitional
zones. Further research is required to quantify the effect and no correction procedure is

recommended at this stage.
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6.4.3 Correction factor K, in the NCEER CPT-based method

Robertson and Wride (1998) (i.e. the NCEER CPT-based method) recommended that the
correction factor K. is set to be equal to one when the CPT data plot in the zone defined
by 1.64 < I.<2.36 and F < 0.5%. The purpose of this recommendation was to avoid
confusing very loose clean sands with denser sands containing fines because both very
loose clean sands and denser sands containing fines may fit in the same zone. As a result,
if a soil has CPT data that fit in this zone is a denser sand containing fines, the calculated
(qe1n)cs for the soil with this recommendation may be reduced by up to 50% of the “real”
value calculated without the recommendation. This recommendation is on the
conservative side in evaluating liquefaction potential of sandy soils. However, on the
other hand, this recommendation may result in over-estimating of the lateral displacement
index for sites with denser sands containing fines. Therefore, soil sampling is
recommended to further clarify soil properties for the specific sites where a large amount

of the soils have CPT data that fit in the zone defined by 1.64<I.<2.36 and F< 0.5%.

6.4.4 A cutoff line of I equal to 2.6 in the NCEER CPT-based method

A cutoff line of I equal to 2.6 is set in the Robertson and Wride (1998) to distinguish the
sandy and silty soils with clayey soils which are believed non-liquefiable in general.
Gilstrap (1998) studied the case histories by using Robertson and Wride’s method and
compared the I calculated using the CPT soundings with the index test results of the
samples that were taken from the boreholes close to the CPT locations at the case history
sites. He found that more than 95% of the samples that had the associated CPT
soundings with calculated I greater than 2.6 were classified as clayey soils based on the
index test results. He then concluded that the 1. cutoff line of 2.6 is generally reliable for
identifying clayey soils. However, he also noticed that 20% to 50% of the samples that
had the associated CPT soundings with calculated I ranging from 2.4 to 2.6 were also
classified as clayey soils as well based on the index test results. This implies that the
cutoff line of L; equal to 2.6 may appear to be slightly conservative for some clayey soils.

Therefore, soil sampling is recommended to further clarify soil properties for sites at
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which a large amount of soils have a calculated I greater than 2.4.

6.5 Discussion and conclusions

In this chapter, based mainly on laboratory test results, procedures were developed to
estimate the maximum shear strains of sandy or silty soils using in-situ SPT or CPT
results for a given earthquake. A new parameter, defined as the lateral displacement
index (potential), was then introduced. It is calculated by integrating the maximum shear
strains with depth. This parameter can be calculated using either SPT or CPT data. The
procedures for calculating this parameter are simple with only a few additional

calculations following SPT- or CPT-based liquefaction potential analysis.

The lateral displacement index incorporates two of the three components dominating the
magnitude of liquefaction-induced lateral displacements namely: the thickness of
liquefied layers and the maximum shear strains in liquefied layers. This index also
captures the effects of the characteristics of both soils and an earthquake on liquefaction-
induced lateral spreads. The index appears to be a good indicator of the potential of

lateral displacements for a given ground condition during a given earthquake.

There is no curve in Figures 6.3 and 6.4 for the soils with a D, less than 40%. As a result,
there is no curve for a soil with a relative density (D,) less than 40% in Figure 6.5. In this
study, because of a lack of laboratory test data, soils with a relative density less than 40%
(or (Nj)socs less than 8 or (qcin)cs less than 45) were assumed to have the same potential
maximum shear strains as soils with an (Nj)socs equal to 8 or a (gein)es €qual to 45.
Therefore, caution should be taken when a substantial amount of soil with an (N)gocs less
than 8 or a (qcin)es less than 45 is detected during liquefaction potential analysis. For
such cases, more extensive investigation should be undertaken to evaluate the flow
failure susceptibility of the soil, especially when the static shear stresses in the ground are
relatively high. The deformations caused by flow failures can be much larger than lateral

spreads and are beyond the scope of this research.
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A number of factors may influence the accuracy of calculated lateral displacement index.
For important projects, a site specific response analysis is required to determine the
maxmum surface accleration for the studied site. The effect of a transitional zone
between a sandy soil and a clayey soil may be corrected based on engineering judgement.
Soil sampling is recommended to clarify soil properties for specific sites where a large
amount of soils have CPT data that fit in the zone defined by 1.64< I. < 2.36 and F <
0.5% or in the zone of L greater than 2.4 when the NCEER CPT-based method is used to

estimate liquefaction potential and to estimate lateral displacement index.

It is expected that the magnitude of liquefaction-induced lateral displacements may be
estimated using the lateral displacement index and the geometric parameters
characterizing ground geometry (or biased static shear stresses) — the third of the three
components dominating the magnitude of liquefaction-induced lateral displacements. In
next three chapters, empirical correlations among the magnitude of lateral displacements,
the lateral displacement index, and the geometric parameters will be established based on

the available case histories during past major earthquakes.
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Figure 6.3 Relationships between factor of safety and maximum shear strain for
clean sands from laboratory tests
(modified from Ishihara and Yoshimine (1992))
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Figure 6.4 Limiting shear strains in laboratory cyclic simple shear tests

(modified from Seed (1979))
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[ Site investigation with the ]

SPT or CPT
Earthquake Soil profiles and soil
characteristics properties

l |

Liquefaction potential analysis to calculate FS, (N})eocs, and (qein)cs using
the NCEER SPT- or CPT-based method

(using the flowcharts in Figures 2.2 and 2.1 or 2.5)

/ N

Maximum shear strains, Yp.x Thicknelss of liquefied
. ) ayers
(using Equations [6.1], [6.2] or [6.3]) (or FS vs. depth)

.

Lateral displacement index (LDI)
(using Equation [6.4])

Figure 6.6 A flowchart illustrating the major procedures in calculating lateral

displacement index (LDI)
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CHAPTER 7 ESTIMATION OF LIQUEFACTION-INDUCED LATERAL
DISPLACEMENTS FOR GENTLY SLOPING GROUND WITHOUT A FREE
FACE USING SPT OR CPT DATA

7.1 Introduction

A number of liquefaction-induced lateral spreads have occurred during past major
earthquakes throughout the world. Most of the lateral spreads, especially those that
occurred in Japan and the USA, have been extensively investigated. These well-
documented case histories provide valuable data for developing practical approaches to
estimate liquefaction-induced lateral displacements. In this chapter and Chapters 8 and 9,
several semi-empirical approaches are developed to estimate the magnitude of

liquefaction-induced lateral displacements based on the study of available case histories.

The three major components influencing the magnitude of liquefaction-induced lateral
displacements are biased static shear stresses, the thickness of liquefied layers, and the
maximum shear strains in liquefied layers, as discussed in Chapters 4 and 6. Biased
static shear stresses are mainly controlled by the geometric parameters characterizing
ground geometry (e.g., ground slope, free face height, and the distance to a free face).
The thickness of liquefied layers and the maximum shear strains in liquefied layers have
been incorporated into one parameter — the lateral displacement index (LDI), as
introduced in Chapter 6. Therefore, it appears that the magnitude of liquefaction-induced

lateral displacements is mainly controlled by the geometric parameters and LDL

Bartlett (1991) observed that there are generally two distinct types of lateral spreads: 1) a
lateral spread towards a free face, and 2) a lateral spread down a gentle slope where a free
face is not present. Therefore, the two types of lateral spreads are studied separately in
this thesis. This chapter only focuses on the estimation of liquefaction-induced ground

lateral displacements for gently sloping ground without a free face.
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A simple approach to estimate the magnitude of liquefaction-induced lateral
displacements using SPT or CPT data for gently sloping ground without a free face is
presented in this chapter. First, an empirical correlation among measured lateral
displacement (LD), LDI, and ground slope for gently sloping ground is established on the
basis of case history studies, as illustrated in Figure 7.1. An approach is then introduced
bto estimate liquefaction-induced lateral displacements using SPT or CPT data
(characterizing soil profile and soil properties), earthquake magnitude and peak surface
acceleration (characterizing on earthquake properties), and a ground slope (characterizing
ground geometry for sloping ground) for gently sloping ground without a free face. The

application and performance of the proposed approach are also discussed in this chapter.

7.2 Geometric Parameters for Gently Sloping Ground
7.2.1 Lateral displacement patterns in gently sloping ground

Both the results of one-g shake-table and centrifuge model tests and observations from
the available case histories during past major earthquakes indicate that ground slope for
gently sloping ground is one of major parameters controlling the magnitude of
liquefaction-induced lateral displacements, as discussed in Section 4.5. Generally, the

magnitude of lateral displacements increases with increasing ground slope.

However, lateral displacements in a lateral spread are not uniform even for sloping
ground with a uniform slope. Sasaki et al. (1992) observed that the lateral displacement
reached its maximum at the top of a slope, while it was at a minimum at the toe of a slope
in their shake table tests of a uniform sand model with a uniform surface slope. In
addition to lateral displacements, subsidence and cracking (extension) occurred near the
top, but heaving and compression were evident near the toe. These displacement patterns
were also observed in case histories of lateral spreads (e.g., Hamada et al. 1986; Youd

and Kiehl 1996). The above-mentioned observations appear to support the assumption
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that the distance to the toe of a slope is another parameter influencing lateral

displacements in sloping ground.

The interactions of ground movements in a lateral spread play an important role in the
lateral displacement patterns for a sloping ground with several distinct slopes. Because
the lateral displacement for a steeper slope tend to be larger than that for a flatter one for
similar soil and loading conditions, lateral displacements in the ground with different
ground slopes may be complicated due to the interactions of ground movements. For
example, for given soil and loading conditions, the lateral displacement at the lower end
of a flatter slope that is immediately followed by a steeper slope may be larger than that
at the same location in the same slope but without the presence of the steeper slope.
Similar displacement patterns can be envisaged at the upper end of a flatter slope that
immediately follows a steeper slope. For this case, the lateral displacement at the upper
end of the flatter slope may be larger than that at the same locations in the same slope but
without the presence of the steeper slope. Such displacement patterns have been
observed in practice as Figure 7.2 shows the displacement patterns in a lateral spread that
occurred in Noshiro City, Japan during the 1983 Nihonkai-Chubu earthquake. In an
extreme case, the ground with a flatter slope opposing the direction of an adjacent steeper
slope may move in the down-slope direction of the steeper slope, i.e. a direction against
its own down-slope direction. The above observations support the hypothesis that the
closest distance to the crest or the toe of a steeper slope is an additional parameter

influencing the displacements in a flatter slope adjacent to the steeper slope.

Lateral variations in soil conditions in the ground may add more complexity to the
displacement patterns in a lateral spread. Lateral displacement is expected to be larger in
a Jocation with a larger lateral displacement index (LDI) even for ground with a uniform
slope. As a result, the interactions of ground movements in a lateral spread may be much
more complicated for a sloping ground with several distinct slopes and various lateral soil
conditions. The complicated interactions may veil the actual importance of ground slope
in a lateral spread, which has made some researchers (e.g., Doi and Hamada 1992) think

that there is no clear correlation between the magnitude of lateral displacements and the
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ground slope at a given location for sloping ground.

7.2.2 Selection of a major geometric parameter for gently sloping ground

Several other geometric parameters, in addition to ground slope, may affect the
magnitude of lateral displacements in a lateral spread, as discussed in Section 7.2.1.
However, the effect of each of these geometric parameters on lateral displacement may
be different for the different portions on sloping ground. Figure 7.3 is a sketch
illustrating the major geometric parameters controlling lateral displacements in each of
several zones in sloping ground with several distinct slopes. Lateral displacements are
expected to be influenced by several geometric parameters in zones 2, 4, 5, 7 and 8 in
Figure 7.3 because of the interactions of lateral movements in these zones. On the other
hand, the lateral displacement may be mainly controlled by its own ground slope for each
of zones 1, 3, and 6 in Figure 7.3 due to the less significant effects of other geometric
parameters on the lateral displacements in these zones. As a result, the only major

geometric parameter for each of zones 1, 3, and 6 may be its own ground slope.

The study in this chapter mainly focuses on the zones where ground slope is the only
major geometric parameter that controls lateral displacement of gently sloping ground
without a free face. These zones include the upper part of a long slope in a lateral spread
(e.g., zone 1), the upper part of a steeper long slope adjacent to flatter slopes (e.g., zone
3), and the middle part of a flatter long slope connecting to an upper steeper slope (e.g.,
zone 6), as shown in Figure 7.3. Therefore, ground slope is the only geometric parameter
that is used in developing a SPT- or CPT-based approach to estimate liquefaction-
induced lateral displacements for gently sloping ground without a free face in this

research.

Minor local variations in topography appear to have little influence on general ground
movements in a lateral spread, as observed by Youd and Kiehl (1996). Therefore, ground
slope, S, used in this research is defined as the average gradient (as a percentage) over

relatively long (say 20 m or more) ground with a similar general gradient. Figure 7.4
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illustrates the definition of ground slope (S) on gently sloping ground.

7.3 Case Histories

7.3.1 Collection of case histories

Many liguefaction-induced lateral spreads that have occurred during past major
earthquakes throughout the world have been extensively investigated. These well-
documented case histories provide valuable data for developing practical approaches to
estimate liquefaction-induced lateral displacements. In this thesis, case histories from

thirteen past major earthquakes were investigated.

The following data for each of the available case histories have been collected and
applied in developing SPT- or CPT-based approaches in this thesis:
« Measured lateral displacements in a liquefaction-induced lateral spread;

Results of the SPT or CPT tested at the locations that were close to the locations

where the relevant lateral displacements were measured;

Geometric parameters (e.g., ground slope, free face height, distance to a free face)

characterizing ground geometry of a studied site;

Earthquake-related parameters (e.g., earthquake magnitude, peak surface

acceleration) characterizing earthquake characteristics;

Other parameters, such as the location of the ground water table, unit weight of soils.

The case histories data were mainly collected from the available reports and published
papers that are referred to in this thesis. Partial data, especially for the case sites in
Niigata City during the 1964 Niigata earthquake, were obtained from the database that
was compiled by Bartlett (1991) and then published by Dr. T. Leslie Youd of Brigham
Young University on his homepage (http://www.et.byu.edu/ce/faculty/youd/) for

researchers to download.
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Case histories have been divided into three categories in this thesis: 1) gently sloping
ground without a free face, 2) nearly level ground with a free face, and 3) gently sloping
ground with a free face. Brief introductions to the case histories in each of the three

categories are given in this section and Sections 8.3 and 9.3 respectively.

Six case histories associated with six different earthquakes for gently sloping ground
without a free face were studied in this chapter. A summary of the major parameters for
the case histories studied in this chapter is provided in Table 7.1. Of the six case
histories, SPT data were available for five of the cases. Only two cases feature CPT

measurements.

7.3.2 Case sites in San Francisco during the 1906 San Francisco, California,

Earthquake

The 1906 San Francisco earthquake, with an epicenter near San Francisco, occurred on
April 18 at 5:12 a.m. Pacific Standard Time. A moment magnitude of 7.9 was derived
and used by Kanamori (1978) and Bartlett (1991), and the value was adopted in this
study.

Liquefaction-induced ground failures that occurred during the 1906 San Francisco
earthquake caused significant damage in San Francisco and elsewhere in northern
California and were indirectly responsible for extensive fire damage in San Francisco as a
result of the severing of water lines, which greatly hampered efforts to control the
conflagration (Youd and Hoose 1976). Several researchers (Youd and Hoose 1976,
1987; O’Rourke et al. 1992a; Pease and O’Rourke 1998) studied the liquefaction-induced
lateral spreads during the earthquake, and focusing mainly on the zones where severe

lateral spreads occurred, namely the Mission Creek area and the South of Market area.

Soil borings with penetration tests were performed before 1964 for the Mission Creek
and South of Market areas, as reported by Youd and Hoose (1976, 1978). These borings

provide useful information about the soil statigraphy and the depth of the water table.
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However, the penetration tests were conducted using non-standard SPT equipment.
Because the blow counts were not consistent with those obtained by means of the
standard penetration test, O’Rourke et al. (1992a) suggested avoiding using the test data

in the simplified liquefaction potential analysis.

Additional investigations were performed by Pease and O’Rourke (1993) at three
locations in the Mission District and at one location in the South of Market area. A
combination of conventional boring and sampling procedures, standard penetration tests
(SPT), and electric cone penetration (CPT) were used in the investigations. A total of 4

SPTs and 17 CPTs were conducted.

A typical soil profile in the areas where liquefaction-induced lateral spreads occurred
during the earthquake consisted of about a 2 m topsoil layer and a O to 8 m thick artificial
sand fill layer underlain by a natural sand or clay layer and recent bay mud with a
maximum thickness of approximately 20 m. The submerged loose sand fills were
primarily poorly graded dune sands with negligible silt or clay; they were typically 2 to 4
m thick and were identified as liquefiable soil (Pease and O’Rourke 1998). The
topography in the areas was relatively gentle with ground slopes ranging from 1.0% to

2.3%.

In this study, seventeen CPT soundings (Pease and O’Rourke 1993) were used because of
their excellent quality for evaluating liquefaction potential. A total of eight points (4 for
the Mission Creek area and 4 for the South of Market area) of lateral displacement
measurements were collected from Pease and O’Rourke (1998) for these sites. The
locations of these measurements were fairly close to the CPT locations, generally within

150 m to the CPT locations.
Based on an empirical correlation proposed by Joyner and Boore (1988), a maximum

surface acceleration of 0.6 g was estimated by Bartlett (1991) and was adopted in this

study for these two case sites.
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7.3.3 The case site in the Furu-Sumida Creek area, Tokyo during the 1923 Kanto,
Japan, Earthquake

The Kanto earthquake, with an epicenter in the Sagami Bay and a magnitude of 7.9,
occurred on September 1, 1923 at 11:58 a.m. (Hamada et al. 1992a). Several
liquefaction-induced lateral spreads were investigated by Hamada et al. (1992a), but only
one case site, the Furu-Sumida Creek area, Tokyo, provided enough information to
determine the ground geometry, soil conditions, and the magnitude of lateral

displacements, and therefore was studied in this research.

Two SPTs were conducted at locations close to the ground cracking zone where the
ground surface slope was estimated to be about 1.6% before the earthquake (Hamada et
al. 1992a). A typical soil profile in the crack zone consisted of about a 10 m thick layer
of fine sand with about 10% fines content and an overlain soft silt layer to an unknown
depth. The fine sand layer was estimated to be liquefied during the earthquake with an
estimated peak ground acceleration of 0.25 g at the site (Hamada et al. 1992a).
Judgement was required to estimate the lateral displacement that occurred at this site

because of the lack of detailed measurements.

7.3.4 Case sites in Fukui Plain during the 1948 Fukui, Japan, Earthquake

The Fukui earthquake, with an epicenter below the eastern part of the Fukui Plain in
Japan and an estimated moment magnitude of 7.0, occurred at 16:13 on June 28, 1948
(Hamada et al. 1992b). Extensive liquefaction-induced lateral spreads were observed in
several areas in the Fukui Plain, and a number of measurements of the lateral
displacements were made using pre- and post- earthquake aerial photos, as reported by
Hamada et al. (1992b). Unfortunately, only four SPTs in these sites were available for
evaluating liquefaction potential, significantly limiting the data that could be used in this

research.

Four measurements of lateral displacements at Morita-cho, Fukui Plain were collected for
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this study. The locations of these measurements were relatively close to the locations of
the SPT, and the ground slopes ranged from 0.4% to 3.4% at the sites. The subsurface
soils consisted of alternate layers of clay, silt, silty sand, sand, and sandy gravel, making
soil conditions very complex, as commented on by Hamada et al. (1992b). The peak
surface acceleration was estimated at about 0.25 g for the site (Rauch 1997). Although
the measurements of the lateral displacements for this site were based on aerial photos,
the accuracy of the measurements was very poor, and only with a tolerance of about

+1.92 m, as reported by Hamada et al. (1992b).

7.3.5 Case sites in Niigata City during the 1964 Niigata, Japan, Earthquake

The Niigata earthquake, with an epicenter in the Japan Sea and a magnitude of 7.5,
occurred on June 16, 1964 at 1:01 p.m., Japan (Hamada et al. 1986; Hamada 1992a). In
Niigata City, which was about 50 km from the epicenter, buildings, bridges, oil storage
tanks, lifeline facilities, were extensively damaged. Sand boils and ground fissures that
resulted from soil liquefaction were observed in extensive areas throughout Niigata City.
It was reported that liquefaction occurred mostly in reclaimed former channels of the
Shinano and Tsusen Rivers in Niigata City (Hamada et al. 1986). Liquefaction-induced
lateral spreads were observed in both ground with a free face and ground with a very
gentle slope. The case sites with a gentle surface slope and without a free face are

investigated in this chapter.

Soil profiles in the lateral spread zones with gentle surface slopes in Niigata City were
relatively simple. Generally, the soils down to about 20 m from the surface are relatively
clean, fine or medium sands. The estimated thickness of the liquefied layers ranged from

3 mto 15 m (average 9.7 m) for the sites with gentle ground slopes.

Based on Hamada et al. (1986) and other unpublished ground failure maps and borehole
logs, Bartlett (1991) compiled a comprehensive database for case sites in Niigata City.
The database consisted of the measured lateral displacements, relevant ground surface

slopes, and SPT results. Even though Hamada (1992a) published a great deal of data
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about the case sites in Niigata City, it is difficult to obtain more accurate data, especially
the data for ground slopes and SPT results, from the available reports and papers for these
sites than from those collected by Bartlett (1991). Therefore, partial data from Bartlett’s
database were used in this study for the case sites in Niigata City. The distance from the
closest location of several SPTs to the location of lateral displacement measurement was
more than 100 m for some case sites in Niigata City in Bartlett’s database. To avoid
potentially incorrect interpretations of ground conditions for these sites, the data for these
sites were not used in this study. A total of 103 lateral displacement measurements from
the sites in Niigata City were collected, and the results of 27 SPTs associated with the

lateral displacement measurements were used in this study.

The ground slopes for the case sites in Niigata City were relatively long and uniform, and
within a narrow range (from 0.2% to 0.9%). The measured lateral displacements varied
from 0.8 m to 4.6 m for the data used for this study. The lateral displacements were
measured using pre- and post-earthquake aerial photographs, and the accuracy of the
measurements was estimated to be £0.72 m in Nigata City (Hamada 1992a). In addition,
a peak surface acceleration of 0.19 g was reported by Kawasumi (1968) and Bartlett

(1991), and the value was used for all the sites in N iigata City in this research.

7.3.6 The Juvenile Hall case history during the 1971 San Fernando, California,
Earthquake

The San Fernando earthquake, with an epicenter of about 13 km north-northeast of San
Fernando, occurred on February 9, 1971 at 6:01 a.m. Pacific Standard Time and
registered a magnitude of 6.4 on the Richter scale (O’Rourke et al. 1992b). Substantial
damage was caused by liquefaction-induced lateral spreads in the area of the Upper Van
Norman Reservoir during this earthquake. The San Fernando Valley Juvenile Hall was
one of the major sites associated with liquefaction-induced lateral spreads in gently

sloping ground and was studied in this research.

The Juvenile Hall case site was about 12 km from the epicenter of the 1971 San Fernando
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earthquake, but just several kilometers away from the main trace of surface faulting on
the upthrust block in the earthquake. The lateral spread in the area of the Juvenile Hall
was associated with the movement of a large amount of soil (about 1350 m long and 350

m wide) down a slope with an average gradient of about 1.2% (Bartlett 1991).

The soils within the top 10 to 15 m at the site were mainly alluvium deposits. The soil
profile at the site consisted of several laterally and vertically variable units. The
significant variations in sediment units were believed to be due to the complicated
depositional history of the site, as explained by Bennett (1989). The top unit, Unit A,
was a silty sand and above the ground water table. The sublayer beneath Unit A, Unit
B1, was a poorly sorted, loose sandy silt and silty sand. The fines content varied from
50% to 80%, with an average of 65%, and the clay content was about 10% for the soils in
this unit. This unit was identified as the layer of sediment that liquefied during the 1971
earthquake (Bennett 1989). The sublayer Unit B2 was sandy silt with an average clay
content of 19% and was probably not susceptible to liquefaction due to large clay
friction, as noted by Bennett. Unit C, dense silty sand with high liquefaction resistance,
and Unit D, stiff sandy silt with an average clay content of 21%, were identified by

Bennett as unliquefied deposits.

Bennett (1989) performed site investigations of the site with eleven CPTs and six SPTs.
However, the penetration tests were mainly conducted along one section transverse to the
lateral spread. The results of the available five CPTs and five SPTs were used in this
study.

Because of the uniform measured lateral displacement of 1.68 m and a ground slope of
1.2% at the main part of the section where most of the penetration tests were conducted,
only one set of data were used for this site in this research. The lateral displacement
measurements close to the boundaries of the lateral spread in this site were not collected

in this research in consideration of the effects of boundaries or margins.
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7.3.7 Case sites in Noshiro City during the 1983 Nihonkai-Chubu, Japan,
Earthquake

The Nihonkai-Chubu earthquake, with a magnitude of 7.7, occurred in the J apan Sea
about 90 km west of Aomori Perfecture on May 26, 1983 at 12:00 a.m., causing severe
damage to the coastal areas of the Tohoku region (Hamada et al. 1986; Hamada 1992b).
In the city of Noshiro, in particular, which was located about 100 km from the epicenter,
severe damage to houses, buildings, and buried tanks and pipes was caused by

liquefaction-induced lateral spreads.

Hamada et al. (1986) and Hamada (1992b) conducted extensive investigations of the
liquefaction-induced lateral spreads that occurred in Noshiro City during the Nihonkai-
Chubu earthquake. A total of 27 sections with soil profiles, SPT results, and measured
values of lateral displacements were presented in their report. The lateral displacements
were measured using pre- and post-earthquake aerial photographs. The accuracy of the
measurement of lateral displacements was estimated as £17 cm, which is much better
than that for the case sites in Niigata City and Fukui Plain. A total of 32 SPTs were
reported by Hamada et al. (1986), and the data of 21 SPTs were used in this study.

Most of the urban area in Noshiro City was built on sand dunes along the Japan Sea coast
and the alluvial plane of the Yoneshiro River (Hamada et al. 1986). Large lateral
displacements of up to 5.0 m occurred in the sand dune areas with various gentle slopes.
In contrast, relatively small lateral displacements, less than 0.5 m, occurred in the area,
mostly on the alluvial plain. Generally, the subsurface soils in areas where large
displacements occurred consisted of top sandy fill, dune sand, alluvial sand, and alluvial
clay (Hamada 1992b). The dune sand and alluvial sand were estimated to have partially
liquefied, with the thickness of liquefied layers varying from 1.0 to 7.0 m. The two sands

were relatively clean with less than 5% fines content (Bartlett 1991).

The ground slopes in the liquefied areas varied from less than 1% to up to 7.5%. Due to

the interactions of the lateral movements in a lateral spread for sloping ground with
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various ground slopes, as discussed in Section 7.2, it was difficult to select the locations
where lateral displacements were mainly associated with their own ground slopes. Using
the criteria described in Section 7.2, a total of 23 measurements of lateral displacements
were collected from 14 soil sections for the case sites in Noshiro City in this research.
The peak surface acceleration in Noshiro City was estimated to be about 0.25 g (Hamada

et al. 1986), and the value was adopted in this study.

74 Estimating Equivalent CPT Data from SPT Data

Currently, the cone penetration test (CPT) has become very popular for site
characterization because of its greater repeatability and reliability and its continuous
profile of measurements as compared with other in-situ tests. The CPT has also been
increasingly used in predicting liquefaction potential in geotechnical practice because of
its advantages. However, a CPT-based method to estimate liquefaction-induced lateral

displacements has not been developed yet.

One of the objectives of this research is to develop approaches to estimate the lateral
displacements in a lateral spread using CPT data. In developing these approaches, case
history data with CPT results are required. Unfortunately, CPT data were available only
at the sites for two case histories for gently sloping ground without a free face, for one
history for nearly level ground with a free face, and for two case histories for gently
sloping ground with a free face. The data from these limited case histories are not
sufficient to develop the CPT-based approaches. In this research, a compromise was
adopted to obtain equivalent CPT data from available SPT N-values for case histories
where there were no in-situ CPT data. A detailed introduction to this procedure is

presented in the following sections.

7.4.1 The soil behavior type index and fines content

Soil behaviour charts have been developed to estimate soil type from CPT data (e.g.,
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Olsen and Malone 1988; Robertson 1990). As a result, grain characteristics such as
apparent fines content of sandy soils can be estimated directly from CPT data using any
of these soil behaviour charts, such as that by Robertson (1990). Based on Robertson’s
(1990) soil behaviour chart, the boundaries of soil behaviour type are given in terms of
soil behaviour type index (I;) by Robertson and Wride (1997), as listed in Table 7.2. 1. is
a function of normalized CPT tip resistance and friction ratio, as defined in Robertson

and Wride (1998).

Robertson and Wride (1997) suggested a simplified relationship between the soil
behaviour type index (I;) and apparent fines content (FC) as Equation 7.1.

[7.1a] FC (%) =0 if I, <1.26
[7.1b] FC (%) = 1.751.>% - 3.7 if1.26 <=1, <=3.5
[7.1c] FC (%) = 100 ifI,>3.5

Even though the apparent FC may be different from the actual fines content in soils, as
stated by Robertson and Wride (1997), because the apparent FC is also affected by the
degree of plasticity of the fines and other factors, the apparent FC may be approximately
treated as actual fines content for soils with low plasticity fines. If the calculated FC
using Equation [7.1] under a given I is treated as actual fines content, it is found that the
calculated fines content is not quite consistent with the soil type in Table 7.2. For
example, the calculated fines content using [7.1] for L. equal to 2.6 is 35%. However, the
relevant soil type for I. equal to 2.6 in Table 7.2 is sandy silt to clayey silt that may
generally have fines cbntent of up to 50% or more. Furthermore, the calculated FC for I,
equal to 2.95 is only 55%, but the relevant soil type for I equal to 2.95 is silty clay that
may have fines content of up to 100%. Therefore, it appears that Equation [7.1] tends to

give a lower value of calculated FC than the actual fines content.

Gilstrap (1998) compared the calculated FC using Equation [7.1] with the actual fines
content measured in the field for nine case history sites and found that Equation [7.1]

generally under-predicts fines content values for soils with more than 20% fines content.

- 164 -



Similar studies were conducted for the case sites of Heber Road (57 sets of data) and
River Park (52 sets of data), California in this research on the basis of CPT data and
relevant grain size data reported by Bennett et al. (1981). In combination with the 125
sets of data from nine case history sites studied by Gilstrap (1998), a total of 234 sets of
data were collected. These data are plotted in Figure 7.5 as well as the curve for
Equation [7.1] and a fitted curve for the data for comparison. The fitted curve can be

expressed as Equation [7.2]:

[7.2] I, = -6.146E-08(FC)"* + 1.564E-05(FC)? - 1.411E-03(FC)?
+ 6.232E-02(FC) + 1.387

The calculated fines content using [7.2] is now becoming much more consistent with the
soil type in Table 7.2. For instance, the calculated fines content using [7.2] for I, equal to
2.6 is 56.7% for sandy silt to clayey silt. And the calculated FC for I; equal to 2.95 is
now 92% for silty clay. In this research, Equz}tion [7.2] is used to approximately express

the relationship between I; and fines content (FC).
7.4.2 Converting SPT data to equivalent CPT data

Several studies (e.g., Robertson et al. 1983; Kulhawy and Mayne 1990) have been
performed to relate the SPT N value to CPT cone resistance q.. Robertson et al. (1983)
presented a relationship between SPT N value and CPT cone resistance q., as shown in
Figure 7.6, on the basis of the data collected from 18 sites. Although Kulhawy and
Mayne (1991) provided additional data to the data in Figure 7.6 and gave a new best-fit
curve, Lunne et al. (1997) commented that these additional data did not define the SPT
energy ratio, which was probably lower than that for the data by Robertson et al. (1983).

So the correlation in Figure 7.6 was recommended by Lunne et al. (1997).

Mean grain size, Dso (mm), is required when the correlation in Figure 7.6 is applied.
Because Dsp cannot be estimated directly from CPT data, it is difficult to use this

correlation with CPT data. Therefore, Equation [7.3] was developed by Lunne et al.
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(1997) to combine the soil type and I. in Table 7.2 with the CPT-SPT ratios given in
Figure 7.6:

[7.3] (9c/Pa)/Neo = 8.5 (1.0 - 1./4.6)

where P, is the atmospheric pressure, q. is CPT tip resistance with the same unit as P,,
Ngo is the SPT N value corresponding to an energy ratio of 60%, and I is the soil

behaviour type index.

In this research, converting SPT data to CPT data is necessary in order to use a large
amount of SPT data in case histories because of insufficient CPT data. Equation [7.2] is
used to correlate fines content, which is usually measured with SPT, with I, which is a
key parameter used in the NCEER CPT-based method for liquefaction potential analysis.
Equation [7.3] is then used to convert SPT N values to CPT tip resistance, qc. With
known I; and q., the NCEER CPT-based method can be applied to evaluate liquefaction

potential for the available case sites.

7.5 Establishment of Correlation among Lateral Displacement, Lateral
Displacement Index, and Ground Slope for Gently Sloping Ground without a

Free Face

The magnitude of liquefaction-induced lateral displacements is primarily controlled by
the lateral displacement index (LDI) and geometric parameters characterizing ground
geometry, and ground slope is a major geometric parameter for gently sloping ground, as
discussed in Sections 7.1 and 7.2. This implies that a general correlation may exist

among LDI, ground slope, and the magnitude of lateral displacement.

Case history data concerning lateral spreads that occurred during past major earthquakes
provide a good opportunity to establish this correlation. In this section, following the
procedures illustrated in Figure 7.1, the empirical correlation is established on the basis

of case history studies.
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For simplicity, if the actual lateral displacement is assumed to be linearly proportional to
LDI for a given ground slope, the ratio of LD to LDI will then depend solely on ground
slope. Based on this concept, the case history data are used to develop an empirical

correlation between LD/LDI and ground slope in next two sections.
7.5.1 Correlation between LD/LDI and ground slope using SPT data

A total of five case histories in which SPT data were available were studied for gently
sloping ground without a free face. First, the NCEER SPT-based method was applied to
evaluate liquefaction potential using SPT data and earthquake parameters for each of the
sites for the available five case histories with SPT data (see Table 7.1). The lateral
displacement index (LDI) was then calculated for each of the sites based on the
procedures described in Section 6.3. An average of the calculated values of LDI was
used as a final LDI value if more than one SPT that was conducted at the locations close
to the location where the relevant lateral displacement was measured were available.
Finally, a total of 132 data sets from the five case histories were obtained, as listed in
Table Al in Appendix A. The data included measured lateral displacement, LDI, and
ground slope.

Figure 7.7 is a plot of LD/LDI vs. ground slope with the data of which the values of LDI
were calculated using SPT data for the five case histories. A general trend of increasing
LD/LDI with increasing ground slope can be seen from Figure 7.7. A fitted trend line for
the data is also shown in Figure 7.7. Equation [7.4] is a mathematical expression of the
trend line:

[7.4] 1D =S+0.2 (for 0.2% < S < 3.5%)
LDI

where LD is actual lateral displacement, LDI is the lateral displacement index, and S is

ground slope as a percentage.
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A dominant portion (95%) of the data in Figure 7.7 was collected from two Japanese case
histories — Niigata and Noshiro. The soils that were estimated to be liquefied at the sites
for these two case histories were generally clean sands. Because ground slopes at all the
sites for Niigata case history were between 0.2% and 0.9% and with an average of about
0.5%, the data for this case history control only the lower part of the trend line in Figure
7.7 for ground slope less than 1%. Therefore, the data for Noshiro case history dominate
the trend line in Figure 7.7 for ground slope greater than 1%, especially for ground slope
greater than 3.5% in which all the four points in Figure 7.7 are exclusively from Noshiro
case history. The data from the other three case histories fit well with the trend line as
well as the data for Niigata and Noshiro case histories in Figure 7.7 for ground slopes
ranging from about 0.5% to 3.5%. In this study, the recommended range of ground slope

is between 0.2% and 3.5% for Equation [7.4].

7.5.2 Correlation between LD/LDI and ground slope using CPT data

To establish the correlation of LD/LDI and ground slope for case history data in which
the values of LDI are calculated using CPT data, a similar procedure as for the cases
using SPT data in Section 7.5.1 was followed but with using the NCEER CPT-based
method and CPT data to evaluate liquefaction potential and then to calculate LDI. A
database with a total of 140 data sets from the six case histories associated with six past
major earthquakes was established, as listed in Table Al in Appendix A. The LDI for
each of the sites for the San Francisco and Juvenile Hall case histories was directly
calculated using in-situ CPT data. The LDI for each of the sites for the other four case
histories was calculated using the equivalent CPT data that were converted from the SPT

data using the procedures introduced in Section 7.4.

Figure 7.8 is a plot of LD/LDI versus L/H for the data of which the values of LDI were
calculated using the available in-situ CPT data for the San Francisco and Juvenile Hall
case histories. The curve in Figure 7.8 is a graphical expression of Equation [7.4] that
was developed using the NCEER SPT-based method and SPT data. Figure 7.8 shows

that the data for the San Francisco case history associated with the 1906 San Francisco
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earthquake fairly fit the curve with significant scatter.

However, a point representing the data for the Juvenile Hall case history associated with
the 1971 San Fernando earthquake is far removed from the curve in Figure 7.8. It is
believed that the main reason for this inconsistency is because the NCEER CPT-based
method generally treats the soils with an L greater than 2.6 as non-liquefiable soils. An I,
equal to 2.6 corresponds to a calculated fines content of about 57% when Equation [7.2]
is used. Nevertheless, the fines contents range from 50% to 80% with an average of 65%
for the soils that were estimated by Bennett (1989) to be liquefied for the Juvenile Hall
case site. This implies that the majority of the liquefied soils in the Juvenile Hall area
may have a calculated I greater than 2.6 and thus be evaluated as non-liquefiable soils by
the NCEER CPT-based method, which caused a smaller calculated value of LDI and thus
a higher value of LD/LDI, as shown in Figure 7.8. As suggested by Robertson and Wride
(1997, 1998), samples should be obtained for soils with an I. greater than 2.6 and
evaluated using the other criteria, such as the Chinese criteria (NCEER 1997). Therefore,
the point for the Juvenile Hall site may be ignored in qualifying the correlation between

LD/LDI and ground slope using CPT data in Figure 7.8.

It is very difficult to develop a general CPT-based correlation between LD/LDI and
ground slope using the limited data in Figure 7.8, even though the data from San
Francisco case history fairly support the assumption that Equation [7.4] may also be
applicable to the cases in which the LDI is calculated using the NCEER CPT-based
method and CPT data. To verify this assumption, the data from the other four case
histories where no CPT data were available were used. The values of the LDI for these
four case histories were calculated using the NCEER CPT-based method and the
equivalent CPT data that were converted from the SPT data.

Figure 7.9 is a plot of LD/LDI versus ground slope (S) for the data of which the values of
the LDI were calculated using the equivalent CPT data for the four case histories. The
curve that is a graphical expression of Equation [7.4] is also shown in Figure 7.9.

Generally, the data fit the curve well in Figure 7.9. The good agreement between the data
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shown in Figure 7.9 and Equation [7.4] may suggest that the relationship between
LD/LDI and ground slope is independent of either using SPT or CPT data and possibly
that it solely captures the influence of ground slope on lateral displacements. This is
encouraging, however, additional CPT-based data from new case histories are required to

further verify this observation.

7.6 An Approach to Estimate Liquefaction-induced Lateral Displacements Using
SPT or CPT Data for Gently Sloping Ground without a Free Face

Preliminary studies of the available case histories generally support the assumption that
the relationship between LD/LDI and ground slope may be independent of either using
SPT or CPT data and may be characterized by Equation [7.4]. Therefore, estimates of
liquefaction-induced lateral displacements for gently sloping ground without a free face

using SPT or CPT data may be obtained by:

» Assessing liquefaction potential using either the NCEER SPT- or CPT-based
methods;

« Calculating the lateral displacement index (LDI);

» Measuring ground slope (S);

 Estimating lateral displacement (LD) using Equation [7.5].

[7.5] LD =(S+0.2)-LDI (for 0.2% < S <3.5%)

Figure 7.10 is a flowchart illustrating the major steps to apply the proposed approach for
gently sloping ground without a free face. First, site investigation with the SPT or CPT,
which must be penetrated at locations close to the location where estimates of
liquefaction-induced lateral displacements are needed, is conducted. The liquefaction
potential of the studied site is evaluated using either the NCEER SPT- or CPT-based
method with the SPT or CPT data and earthquake parameters that are estimated based on
a design earthquake for the site. The LDI for each studied location in the site can then be
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calculated based on the procedures introduced in Section 6.3. With the measured value
of ground slope (S) for each location in the site, Equation [7.5] can be used to estimate

the lateral displacements at the studied locations.

Except for the four cases for the Noshiro case history where ground slopes up to 7.5%
were presented, the ground slopes that were used in developing the correlation between
LD/LDI and ground slope varied from 0.2% to 3.5% for all the other five case histories.
Therefore, the recommended range of ground slope is between 0.2% and 3.5% for
Equation [7.5].

The proposed approach was developed using the data from only six case histories
associated with six past earthquakes and as such is applicable only for similar
earthquakes and ground conditions, as summarized in Table 7.1. The moment
magnitudes for the six earthquakes ranged from 6.4 and 7.9, and the peak surface
accelerations varied from 0.19 g to 0.6 g. However, the 1971 San Fernando earthquake
associated with the Juvenile Hall case history was only one with moment magnitude (6.4)
of less than 7.0 among the six earthquakes. In particular, Juvenile Hall case site was only
about 12 km from the epicenter and just several kilometers away from the main trace of
surface faulting in the earthquake and experienced a peak surface acceleration of about
0.55 g. Therefore, the proposed approach may mainly be applicable to sites associated
with an earthquake with an estimated moment magnitude of 7.0 to 8.0. In addition, a
dominant portion (95%) of the case history data used in developing the proposed
approach was from the sites where soils thought to be liquefied were generally clean

sands only.

The proposed approach may be used to estimate lateral displacements in some zones in
gently sloping ground without a free face. These zones generally include the upper part
of a long slope in a lateral spread (e.g., zone 1 in Figure 7.3), the upper part of a steeper
long slope adjacent to flatter slopes (e.g., zone 3), and the middle part of a flatter long
slope connecting to an upper steeper slope (e.g., zone 6), as shown in Figure 7.3. This is

because the dominating geometric parameter characterizing ground geometry in these
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zones is ground slope only, and other geometric parameters have much less effects on the

lateral displacements in these zones than ground slope does.

The studies of the Juvenile Hall case history in Section 7.5.2 indicated that the method to
calculate LDI using the NCEER CPT-based method and in-situ CPT data may under-
estimate LDI for soils with a high fines content (greater than about 55%) and low clay
content (less than about 15%) because soils with an I greater than 2.6 are generally
assumed as to be non-liquefiable for the NCEER CPT-based method. As suggested by
Robertson and Wride (1997,1998), samples should be obtained for soils with an I, greater
than 2.6, and their liquefaction potential should be evaluated using other criteria, such as
the Chinese criteria. As a result, LDI should be calculated based on the results of
liquefaction potential analyses for all the soils in a soil profile with an I either greater or

less than 2.6.

The proposed approach may be used to estimate the magnitude of liquefaction-induced
lateral displacements for gently sloping ground without a free face for low to medium-
risk projects or to provide preliminary estimates for high-risk projects. However,
engineering judgement must be exercised because liquefaction-induced ground lateral
spreading is a complicated phenomenon and a number of assumptions and simplifications

were involved in developing the proposed approach.

7.7 Performance of the Proposed Approach

7.7.1 Accuracy of the proposed approach

The measured lateral displacements are compared with the calculated lateral
displacements using the proposed approach with SPT data for the available five case
histories studied in this chapter, as shown in Figure 7.11. 93% (27 out of 29) of the
calculated lateral displacement values for the four case histories (Noshiro, Juvenile,

Fukui, and Kanto) and 84% (87 out of 103) of the calculated displacement values for
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Niigata case history fall in the zone between the 100 percent over-prediction bound-line
and 50 percent under-prediction bound-line, as shown in Figure 7.11. The accuracy of
the calculated displacements for the Niigata case history may be lower than that for other
case histories given: (a) the relatively poor accuracy (#0.72 m) of the measured
displacements and (b) relatively flat ground slopes (0.2 to 0.9%), where local topography
variations and/or the presence of buildings may have more significant effects on lateral

displacements than those for steeper slopes.

Figure 7.12 compares the measured lateral displacements with calculated values using the
proposed approach with in-situ CPT data or the equivalent CPT data that were converted
from SPT data for the available six case histories studied in this chapter. 92% (33 out of
36) of the calculated displacement values for the five case histories (Noshiro, Juvenile
Hall, Fukui, Kanto, and San Francisco) and 86% (89 out of 103) of the calculated
displacement values for the Niigata case history are greater than 50% and less than 200%

of the relevant measured values, as indicated in Fi gure 7.12.

Figures 7.11 and 7.12 show the likely variability of calculated displacements using the
proposed approach with SPT or CPT data. Considerable scatter is evident as lateral
displacements could be either underestimated or overestimated by up to a factor of two

based on the available data.
7.7.2 Comparison with the MLR model of Youd et al. (1999)

Other than the proposed semi-empirical approach in this study, the MLR model of Youd
et al. (1999) is probably the best field-test-based empirical model for estimating lateral
displacements on a liquefaction-induced lateral spread at present, as discussed in Section
5.5. A logical question is how well estimations from the proposed approach compare
with those from the MLR model of Youd et al. (1999).

Because of differences in the model parameters for these two methods, the best way to

compare the two models is to estimate lateral displacements at actual sites where all of
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the necessary values are known. To avoid compiling a new database of parameters for
the MLR model of Youd et al. (1999), only the estimates of lateral displacements for the
sites of the Niigata case history were compared in this comparison analysis. This is
because both the locations and the relevant measured values of lateral displacements for
all the sites associated with the Niigata case history studied in this chapter are identical to
those for some sites associated with the Niigata case history investigated by Youd et al.

(1999).

A comparison of lateral displacements measured at sites for the Niigata case history and
calculated by both the proposed approach in this study and the MLR model of Youd et al.
(1999) for gently sloping ground without a free face is shown in Figure 7.13. Figure 7.13
indicates that the célculated values for lateral displacements obtained by both the
proposed approach and the MLR model of Youd et al. (1999) are generally between 50%
to 200% of the relevant measured values for the Niigata case history. This preliminary
comparison based on limited data from the Niiagata case history appear to indicate that
the accuracy of the proposed approach is similar to or slightly lower than that of the MLR
model of Youd et al. (1999) for estimating lateral displacements for this case history.
Further evaluations using data from new case histories are definitely required to compare
and evaluate the performance of both the proposed method and the MLLR model before

any solid conclusions can be made.

Figure 7.14 shows a comparison of lateral displacements calculated by the proposed
approach in this study and by the MLR model of Youd et al. (1999) for different ground
slopes for the Niigata case history. This comparison generally indicates that the proposed
approach predicted slightly larger values of lateral displacements than the MLR model of
Youd et al. (1999) for the studied cases in which ground slopes ranged from 0.2% to
0.9%.

Compared with the MLR model of Youd et al. (1999), the proposed method has two

advantages, as discussed in next section.
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7.8 Discussion

Compared with the other available empirical methods (including the MLR model of
Youd et al. (1999)), the proposed method has two distinct advantages. The first is that
the distribution of lateral displacement with depth below the ground surface can be
estimated from the proposed method. The variation of lateral displacements with depth at
a given location can be reasonably assumed to be similar to the variation of the lateral
displacement index with depth, as illustrated in Figures 6.8f and 6.9f. This profile may
be valuable for the design of underground structures (e.g., pipelines) and foundations
(e.g., piles). The second advantage is that soil properties can be better characterized by
the proposed approach. For instance, an individual value for each of measured fines
contents is used in the proposed method while a single average value of fines contents for
all the sandy soils that have a normalized SPT N value of less than 15 is assigned to an
SPT profile in the MLR model of Youd et al. (1999).

Engineered structures (e.g., quay walls, retaining walls, piles, tanks, or pipelines) may
alter the patterns and magnitude of lateral displacements in a liquefaction-induced lateral
spread. The proposed approach was developed using the data from case history sites
where engineered structures had little or no effect on lateral spreads. It is expected that
the proposed approach may over-estimate lateral displacements at sites where engineered

structures pose significant restrictions to the lateral movements of the ground.

Caution should be exercised when a substantial zone of soils with a low (N;)eocs OF
(gein)es is encountered during liquefaction potential analysis. For such cases, more
extensive investigation should be made and other approaches should be taken to evaluate
the potential for flow failure of the soil, especially when the static shear stresses in the
ground are relatively high. Deformations caused by flow failures can be much larger

than those by lateral spreads, and their estimation is beyond the scope of this research.

The proposed approach characterizes the effects of soil profile and properties, earthquake
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characteristics, and ground geometry on liquefaction-induced lateral displacements.
Other factors that may also influence lateral displacements, such as the redistribution and
drainage of excess pore pressures in the ground, are not quantified in the current

approach and would need to be evaluated on a case-by-case basis.

As discussed in Section 7.2.1, the interactions of the ground movements in a lateral
spread for a sloping ground with several distinct slopes play an important role in
controlling the displacement patterns in a lateral spread. Lateral displacements in some
zones of a lateral spread are influenced not only by their own surface slopes but also by
the adjoining slopes and the distance to these adjacent slopes. These zones are illustrated
in zones 2, 4, 5, 7, and 8 in Figure 7.3. The lateral displacements in these zones cannot
be directly calculated by the proposed approach but may be inferred based on judgement
and the calculated lateral displacements in other zones where lateral displacements can be

directly estimated from the above-mentioned approach.

The proposed approach has two limitations similar to two of the limitations that were
discussed in Section 5.5.3 for the Bartlett and Youd's MLR model. First, the majority of
case history data (see Table 7.1) that were used to develop the proposed approach were
collected from two Japanese case histories (Niigata and Noshiro). Second, there were
only 13 observations with measured displacements equal to or smaller than 1.0 m among
the total of 140 observations in the database for gently sloping ground without a free face

in this study.

7.9 Conclusions

An approach to estimate liquefaction-induced lateral displacements using either SPT or
CPT data for gently sloping ground without a free face has been developed based on
available results from laboratory tests and data from case histories. The proposed
approach captures the mechanisms of liquefaction-induced lateral spreads and

characterizes the major factors influencing lateral displacements. The proposed approach
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can be used to obtain estimates of both the magnitude and distribution of liquefaction-
induced lateral displacements for gently sloping ground without a free face for low to
medium-risk projects or to provide preliminary estimates for high-risk projects. The
proposed method can be easily applied with only a few additional calculations following

the NCEER SPT- or CPT-based liquefaction-potential analysis.

Given the complexity of liquefaction-induced lateral spreads, considerable variations in
'magnitude and distribution of lateral displacements are expected. Generally, the
calculated lateral displacements from the six available case histories studied in this
chapter showed variations between 50% and 200% of measured values. Preliminary
studies of the Niigata case history iﬂdicated that the accuracy of the proposed approach
was similar to or slightly less than that of the MLR model of Youd et al. (1999) for
estimating lateral displacements for the Niigata case history. Further evaluations using
data from new case histories are definitely required to compare and evaluate the
performance of both the proposed method and the MLR model before any solid
conclusions can be made. Furthermore, it is expected that the proposed approach may
over-estimate lateral displacements at sites where engineered structures pose significant

restrictions to ground movements.

The proposed approach was developed using the data from only six case histories
associated with six past earthquakes and as such is applicable only for similar
earthquakes and ground conditions. The recommended range for ground slope is
between 0.2% and 3.5% for the proposed approach. Additional data from new case
histories are required to better quantify liquefaction-induced lateral spreads, to evaluate

and update the proposed approach, and to expand the existing range for ground slope.

-177 -



Table 7.1 Summary of the major parameters for case histories for gently sloping

ground without a free face

Case History Noshiro Juvenile Hall Niigata Fukui Kanto San
(1983) (1971) (1964) (1948) (1923) Francisco
(1906)
References Hamada et Bennett Bartlett Hamada et | Hamada et | Pease and
al. (1986), (1989), and (1991), . al al. O’Rourke
Hamada O’Rourke et Bartlett and (1992b), (1992a), (1993,
(1992b), al. (1992b) Youd (1995), | and Rauch | and Rauch 1998),
and Bartlett Hamada (1997) (1997) O’Rourke
(1991) (1992a), etal.
Hamada et al. (1992),
(1986) and Youd
and Hoose
(1976,
1987)
Number of LD 23 1 103 4 1 8
measurements
Measured Lateral | 65 —298 168 80 -460 100 - 350 250 60-210
Displacement,
LD (cm)
Liquefied Soils Mainly Alluvium Mainly clean, | Silt,silty | Finesand | Relatively
clean dune with fines fine or sand, with about | clean dune
sand and content of medium sands | sand, and | 10% fines sand
alluvial 50% to 80% sandy
sand gravel
Thickness of 1.0-7.0 09-30 3.0-150 1.7-5.7 8.0-8.8 1.3-8.5
Liquefied Soils
(m)
Lateral 17-164 60 (SPT) 37-538 19-250 | 184-232 | 33-173
Displacement 18 (CPT)
Index, LDI (cm)
Ground Slope 02-75 2.6 0.2-09 04-34 1.6 1.0-2.3
(%)
Moment 7.7 6.4 7.5 7.0 7.9 7.9
Magnitude of the
Earthquake, M,,
Peak Surface 0.25 0.55 0.19 0.25 0.25 0.6
Acceleration,
Ay (2)
Number of SPT 21 (SPT) 5 (SPT) 27 (SPT) 3 (SPT) 2 (SPT) 17 (CPT)
or CPT 5 (CPT)
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Table 7.2 Boundaries of Soil Behaviour Type

(modified from Robertson and Wride (1997))

Soil Behaviour Type Index, I | Soil Behaviour Type (Robertson 1990)
I.<1.31 Gravelly sand to dense sand
1.31 <1 <2.05 Sands: clean sand to silty sand
2.05 <1 <2.60 Sand Mixtures: silty sand to sandy silt
26<I1.<295 Silt Mixtures: clayey to silty clay
295 <1 <3.60 Clays: silty clay to clay
I.>3.60 Organic soils: peats
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Figure 7.10 A flow chart illustrating the application of the proposed approach to

estimate lateral displacements in a liquefaction-induced lateral spread for gently

sloping ground without a free face using SPT or CPT data
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CHAPTER 8 ESTIMATION OF LIQUEFACTION-INDUCED LATERAL
DISPLACEMENTS FOR LEVEL GROUND WITH A FREE FACE USING
SPT OR CPT DATA

8.1 Introduction

Generally, liquefaction-induced lateral spreads occur on ground with two distinct types of
ground geometry: 1) gently sloping ground without a free face; 2) level or gently sloping
ground with a free face. An approach to estimate lateral displacements in a liquefaction-
induced lateral spread using SPT or CPT data for gently sloping ground without a free
face has been developed in Chapter 7. In this chapter, based on procedures similar to
those in Chapter 7, an approach is developed for estimating lateral displacements in a
liquefaction-induced lateral spread using SPT or CPT data for nearly level ground with a
free face. Lateral spreads in gently sloping ground with a free face will be investigated in

next chapter.

Perfectly level ground rarely exists in the field. Therefore, the ground with a slope of less

than 0.15% is defined as a “level” ground in this study.

8.2 Geometric Parameters for Level Ground with A Free Face

8.2.1 Lateral displacement patterns in level ground with a free face

Bartlett (1991) observed from case history studies that lateral spread displacement

markedly increased with the proximity of a free face and decayed logarithmically with
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increasing distance from the free face for ground with a free face. He also observed that
lateral spread displacement increased with increasing the height of a free face. Similar
trends were observed in the Kobe Port areas during the 1995 Hyogoken-Nambu
earthquake (Ishihara et al. 1996).

Figure 8.1 is a sketch illustrating general lateral displacement patterns and major
geometric parameters for three zones on level ground with a free face. As well as the
height of a free face and the distance to a free face, other geometric parameters may also
influence ground lateral displacements, especially in the zones close to a free face. For
example, lateral displacements in the zones close to a free face (e.g., Zones 2 and 3 in

Figure 8.1) may also be influenced by the slope of the free face.

Lateral variations in soil conditions in the ground may add more complexity to lateral
displacement patterns in a lateral spread. Lateral displacement tends to be larger in a

location with a larger lateral displacement index (LDI).

Furthermore, both the patterns and magnitude of lateral displacements may be altered
dramatically if engineered structures, such as retaining walls, bridge piers, quay walls,
and so on, within or supporting the ground are present. Generally, these structures may

restrain lateral movement of the ground.

8.2.2 Selection of a major geometric parameter for level ground with a free face

As shown in Figure 8.1, several different geometric parameters may influence lateral
displacements in some zones for level ground with a free face. In this chapter, studies are
focused only on the zones where lateral displacements are primarily associated with two
geometric parameters — free face height (H) and the distance to a free face (L) — such as

Zone 1 in Figure 8.1.

Generally, lateral displacements increase with decreasing L and increasing H. Bartlett

and Youd (1995) and Youd et al. (1999) used the H/L ratio to characterize ground
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geometry for ground with a free face in developing their empirical models to estimate
lateral displacements on the basis of case history data. They found that the H/L ratio had
a good correlation with the magnitude of lateral displacements in the zone where H/L was
equal to or less than 20% for ground with a free face. For simplicity, similar to Bartlett
and Youd’ approach, the L/H ratio is used to characterize ground geometry in the zone

where L/H is equal to or greater than 5 for level ground with a free face in this study.

The definition of free face height and distance to a free face is illustrated in Figure 8.2. H
is the elevation difference between the surface of level ground and the toe of a free face.

L is the horizontal distance from the toe of a free face.

8.3 Case Histories

The collection of case history data from past major earthquakes has been introduced in
Section 7.3.1. In this chapter, six case histories associated with six different past
earthquakes for nearly level ground with a free face are studied. A summary of the major
parameters for these case histories is provided in Table 8.1. Of the six case histories,
SPT data were available for five of the cases, and CPT soundings were available only for
the Moss Landing case history. A brief introduction to each of the case histories is given

below.

8.3.1 Portage Creek #1 and Twenty Mile River case sites, Alaska during the 1964
Alaska, Earthquake

The March 27, 1964 Alaska earthquake was one of the most powerful earthquakes in the
last century (Bartlett and Youd 1992). A moment magnitude of 9.2 was assigned to the
earthquake (Hansen et al. 1966; Kanamori 1978). The epicenter was located in the
northern end of Prince William Sound about 130km east-southeast of Anchorage
(McCulloch and Bonilla 1970).
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Liquefaction-induced lateral spreads caused extensive damage to highway and railroad
bridges within a 130 km radius of the zone of energy release during the earthquake
(Bartlett and Youd 1992). McCulloch and Bonilla (1970) investigated the effects of the
1964 Alaska earthquake on the Alaska railroad, focusing mainly on the damage caused
by lateral spreads. Bartlett and Youd (1992) made further detailed studies on some of the
lateral spreads that caused damage to railroad and highway bridges on several rivers. The
two case sites that had a ground surface with a slope of less than 0.15%, Portage Creek

#1 and Twenty Mile River, were studied in this chapter.

Common features for these two sites were that 1) large cracks were observed within the
abutment embankments of the bridges due to lateral spreads; 2) only one measurement of
lateral displacements for each case site was conducted at a location close to a free face.
The soil profile for Portage Creek #1 consisted of a silty, sandy, gravelly fill (upper 2.5
m), a sandy silt (from 2.5 m to 8 m), dense silty sand and sandy gravel (from 8 m to 21
m). The soils at the Twenty Mile River site consisted of layers of gravel, silty gravel, and
sand and the grain size became finer and less gravelly with depth. Detailed descriptions

of these sites were given in McCulloch and Bonilla (1970) and Bartlett and Youd (1992).

8.3.2 Case sites in Niigata City during the 1964 Niigata, Japan, Earthquake

The 1964 Niigata earthquake was briefly introduced in Section 7.3.5. Liquefaction-
induced lateral spreads were observed in both ground with a free face and ground with a
very gentle slope in Niigata City during this earthquake. The case sites with gentle
surface slopes (with absence of a free face) were investigated in Chapter 7. The case

sites with a free face and a ground slope of less than 0.15% will be studied in this chapter.

Generally, the soils down to about 20 m from the surface were relatively clean, fine or
medium sands in Niigata City. The estimated thicknesses of the liquefied layers ranged
from 0.6 m to 18.1 m (average 11.0 m) for the sites with a free face and a ground slope of

less than 0.15%.
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Bartlett (1991) compiled a comprehensive database for the case sites in Niigata City, as
discussed in Section 7.3.5. Partial data from Bartlett’s database were adopted for this
study. The distance from the closest location of the SPTs to the location of the lateral
displacement measurement was more than 100 m for some case sites in Bartlett’s
database for the Niigata case history. To avoid potentially incorrect interpretations of
ground conditions for these sites, the data for these sites were not adopted in this study.
Finally, a total of 69 sets of data from Niigata City were collected, and a total of 29 SPTs
associated with the lateral displacement measurements were used for the study in this

chapter.

Bartlett (1991) found that ground displacements near the bridge abutments in Niigata
City during the 1964 Niigata earthquake appeared to have been impeded by the
structures. For example, the displacement vectors near the north abutment of the Echigo
railroad in Niigata City suddenly decreased from approximately 8 m to 3 m. Therefore,
in order to minimize the variability of lateral displacement due to bridge interference,

Bartlett did not compile displacement vectors found within 50 m of the bridges.

The measured lateral displacements varied from 0.4 m at a location about 200 m away
from the river bank (as a free face) of the Shinano River to a maximum of up to 10.0 m at
a location close the river bank for the data used in this study. The lateral displacements
were measured using pre- and post-earthquake aerial photographs, and the accuracy of
the measurements was estimated to be +0.72 m for the Niigata case history (Hamada
1992a). The free face heights for the case sites in Niigata City were between 4.9 m and
5.2 m. In addition, a peak surface acceleration of 0.19 g was reported by Kawasumi
(1968) and Bartlett (1991), and the value was used for all the sites in Niigata City in this

research.

Most of the revetments along the Shinano River, which were built of steel sheet piles and
wooden piles, collapsed during the earthquake (Hamada 1992a). Therefore, it is believed
that these revetments did little to restrict the lateral movements of the soils behind them.

This may be one of reasons that extensive lateral spreads with large lateral displacements
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occurred along the river bank of Shinano River in Niigata City during the earthquake.

8.3.3 The Jensen Filtration Plant case site, San Fernando during the 1971 San

Fernando, California, Earthquake

A brief introduction to the 1971 San Fernando earthquake has been given in Section
7.3.6. Substantial damage was caused by liquefaction-induced lateral spreads in the area
of the Upper Van Norman Reservoir during this earthquake (O’Rourke et al. 1992b). The
Jensen Filtration Plant was one of major sites associated with the liquefaction-induced

lateral spreads in the ground with a free face in the area and is studied in this chapter.

O’Rourke et al. (1992b) conducted detailed investigations of the Jensen Filtration Plant
case site and compiled available site investigation reports. They reported six detailed
cross-sections with shown SPT N values for the site. The results of a total of 27 SPTs

were collected from their report for this site, and they were used in this study.

The soil profiles at the sité consisted of three types of deposits: top artificial sand fill,
alluvium, and weathered to intact sandstone of the Saugus Formation. The thickness of
the artificial sand fill varied from zero on the west side of the site to 17 m on the east and
was about 10 m to 15 m in the areas where lateral displacements occurred during the
earthquake. The sand fill was generally above the ground water table. The thickness of
the alluvium layer beneath the sand fill ranged from about 1.0 m to 10.0 m. A partial
layer of the alluvium was liquefied during the earthquake as estimated from liquefaction
potential analysis. The fines content in the alluvium layer typically varied from 32% to
62%, with an average of 47%. The average fines content of 47% was assigned to the
alluvium in this study because of the lack of detailed measured fines content data with the

SPT.

The site was not level and has two distinct plateaus with elevation difference of about 4
m to 6 m on the south part of the site. The free face heights in this site were relatively

high and varied from about 10 m on the south part of the site to 17 m on the north part.

- 199 -



Lateral displacements were measured using pre- and post-earthquake aerial photos, and
the accuracy of the measured horizontal displacements was about £0.47 m (O’Rourke et
al. 1992b). Lateral displacements up to 3.0 m were observed at locations close to the free
face. The lateral movements of the ground were observed as far as 400 m from the free
face. The 16 lateral displacement measurements in the middle part of the lateral spread at

the site were collected in this study.

8.3.4 Case sites in Moss Landing, California during the 1989 Loma Prieta,
California, Earthquake

The Loma Prieta earthquake, with an epicenter near Loma Prieta Mountain in the Santa
Cruz Mountains, California, occurred on October 17, 1989 at 5:04 p.m. Pacific Standard
Time (O’Rourke and Pease 1992) and registered a moment magnitude of 7.0 (Boulanger
et al. 1995). Liquefaction-induced deformations during this earthquake caused a lot of
damage over an extensive area ranging from very near the epicenter to more than 100 km
away. Extensive liquefaction-induced lateral spreads were observed in some areas of
Moss Landing located on Monterey Bay about 21 km from the epicenter of the

earthquake. Case sites in Moss Landing were investigated in this study.

Boulanger et al. (1995, 1997) and Mejia (1998) conducted investigations of the
liquefaction-induced lateral spreads that occurred in Moss Landing during the 1989 Loma
Prieta earthquake. Field investigation methods included SPT, CPT, and shear-wave
velocity measurements. A total of 13 CPT soundings from these investigations were used

in this study.

The soil profiles varied from site to site at Moss Landing due to their various depositional
histories. Generally, the top layer of the soil, varying from 4.0 m to 10.0 m in thickness,
was fairly clean dune or beach sand deposits. The soils under the sand deposits were
interlayered sand, silty sand, gravelly sand, silty clay, and clay. Liquefaction in the Moss

Landing area during the Loma Prieta earthquake appeared to have occurred primarily in
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recent deposits at depths less than about 12 m (Boulanger et al. 1997).

Although lateral displacements of up to 1.5 m were observed in some sites at Moss
Landing, the majority of lateral displacement measurements were less than half a meter.
The major feature for the Moss Landing case history was that the lateral displacements at
the three sites in Moss Landing were measured by three slope inclinometers that were
installed at the sites prior to the 1989 Loma Prieta earthquake (Boulanger et al. 1997).
However, all the three inclinometers were installed at the top edge of a steep riverbank
(as a free face), i.e. very close to a free face. Furthermore, the measured lateral

displacements in these three sites were relatively small and ranged from 8 cm to 28 cm.

A total of 10 lateral displacement measurements were collected at the sites for Moss
Landing in this research. The free face heights for these sites ranged from 2.0 to 6.0 m.
The peak surface acceleration at Moss Landing during the earthquake was estimated at

about 0.25 g by Boulanger et al. (1995), and this value was used in this study.

8.3.5 Case sites in Dagupan City, Philippines during the 1990 Luzon, Philippines,
Earthquake

An earthquake with a moment magnitude of 7.6 occurred in the town of Rizai on Luzon
Island in the Philippines at 4:26 local time on July 16, 1990 (Wakamatsu et al. 1992).
Low-lying areas in Central Luzon suffered greatly from liquefaction-related effects.
Most liquefaction-induced lateral spreads were concentrated in Dagupan City, and they

were studied in this chapter.

The city of Dagupan was located on the southern shores of the Lingayen Gulf, about 90
km from the epicenter of the 1990 Luzon earthquake. Large liquefaction-induced lateral
displacements of up to 6.0 m were observed at sites along the riverbanks in Dagupan
City. Wakamatsu et al. (1992) as well as Ishihara et al. (1993) and Tokimatsu et al.

(1994) conducted detailed investigations with the available SPT results from the sites.
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The soil profiles in most parts of the studied sites consisted of man-made sandy fills
and/or alluvial deposits of sandy soil that overlie a clay layer at a depth below 10 - 15 m.
The ground water table was very shallow, being about 0.5 to 1.0 m below the ground
surface during the earthquake. The estimated thickness of the liquefied layers in the sites

was about 5 to 8 m.

A total of eight lateral displacement measurements associated with three SPTs were
collected for this case history. The free face heights varied from 4.0 m to 11.5 m for the
sites. The peak surface acceleration for the sites during the earthquake was estimated at

about 0.20 g by Ishihara et al. (1993), and this value was used in this study.

8.3.6 Case sites around the Kobe Port during the 1995 Hyogohen-Nanbu (Kobe),
Japan, Earthquake

At 5:46 a.m. (local time) on January 17, 1995, the Hyogohen-Nanbu (Kobe) earthquake,
with an epicenter at the northern part of Awaji island, occurred in Japan (Kimura 1996).
The moment magnitude of the earthquake was estimated at 6.9 by Ejiri et al. (1996). The
earthquake caused severe and widespread liquefaction of the soils in reclaimed lands as
well as two manmade islands (Port and Rokko Islands) in the areas around the Kobe Port.
As a result, large liquefaction-induced ground displacements occurred and caused severe

damage to quays, bridges, foundations of buildings, and buried lifeline facilities.

Hamada et al. (1995) conducted a survey of the liquefaction-induced ground
displacements in the reclaimed areas, including two artificial islands, around the Kobe
Port, by using pre- and post-earthquake aerial photographs. In addition, they also
investigated the soil conditions in the liquefied areas by collecting the extensive existing
borehole data with SPT results. In this study, lateral displacement measurements and soil
conditions for the sites around the Kobe Port were mainly based on Hamada et al.’s

(1995) report.

A number of lateral displacement measurements were conducted by Hamada et al. (1995)
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using pre- and post-earthquake aerial photographs. The accuracy of the measurements
was about £0.33 m horizontally. Up to 5.0 m of lateral displacements were observed on
the ground close to the quay walls. A total of 72 lateral displacement measurements that
were typical for the studied sections and the relevant results of 18 SPTs were collected

from their report and used in this study.

The deposits in the reclaimed areas were essentially fill overlying soft Holocene marine
clay, which, in turn, rested on a series of Pleistocene deposits: alternate layers of dense
sand and stiff clays. The thickness of the fill in the areas varied from 5 m to 25 m, being
about 15 m on average. The fill was mainly sand and gravel, with some clay containing
boulders. It is believed that partial or whole fill layers were liquefied during the
earthquake. The thickness of the liquefied layers ranged from about 10 m to 16 m, as
estimated by using the SPT data in this study. The ground water table was about 2.0 to

4.0 m from the ground surface at the sites.

A unique feature for these studied sites was that the ground along the shore line (as a free
face) in the reclaimed areas was fully supported by caisson type quay walls that usually
had a typical cross-section of about 15 m in height and 10 m in width. During the
earthquake, the majority of the quay walls moved laterally as well as tilted towards the
sea. However, none of them were turned over, and all of them still provided firm lateral

support to the soil behind them after the earthquake.

The distance from the Kobe Port to the epicenter of the earthquake was about 17 km.
The recorded peak ground acceleration at the Kobe Port during the earthquake was 0.54 g

in the horizontal direction (Inagaki et al. 1996), and this value was used in this study.

8.4 Establishment of the Correlation between LD, LDI, and L/H Using SPT or
CPT Data

The three major components controlling the magnitude of liquefaction-induced lateral
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displacements are the maximum shear strains in liquefied layers, the thickness of
liquefied layers, and the geometric parameters at a studied site, as discussed in Sections
4.2 and 6.1. The thickness of liquefied layers and the maximum shear strains in liquefied
layers have been incorporated into one parameter — the lateral displacement index (LDI),
as introduced in Section 6.3. The two major geometric parameters for level ground with
a free face are free face height (H) and the distance to a free face (L), and the ratio L/H
has been adopted as an integrated geometric parameter for level ground with a free face
in this study, as discussed in Section 8.2. Therefore, it appears that the LDI and L/H are
two key parameters controlling the magnitude of liquefaction-induced lateral
displacements (LD). This means that a general correlation may exist between LD, LDI,
and I/H. Case history data concerning lateral spreads that occurred during past major
earthquakes provide a good opportunity to establish this correlation. In this study,
following the procedures illustrated in Figure 8.3, the correlation is established on the

basis of case history data.

8.4.1 Development of the correlation between LD, LDI, and L/H using SPT data

SPT data were available for five of the six case histories studied in this chapter. Different
from the other four case histories with available SPT data, ground lateral displacements
for the Kobe Port case history were significantly influenced by quay walls. Therefore,
the data from the Kobe Port case history were not used in developing the correlation

between LD, LDI, and L/H.

For each of the four case histories with SPT data, the NCEER SPT-based method was
first applied to evaluate the liquefaction potential. The LDI was then calculated for each
of the cases. An average value of the calculated LDIs was used as the final LDI value
that is associated with the relevant lateral displacement measurement if more than one
SPT profile was available at the locations close to the position where the relevant lateral
displacement was measured. Finally, a database with a total of 95 data sets from the four

case histories was established, as listed in Table A2 in Appendix A.
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For simplicity, if the actual lateral displacement is assumed to be linearly proportional to
LDI for a given L/H, the ratio of LD to LDI will then depend solely on L/H. Based on
this concept, the case history data were used to develop an empirical correlation between
LD/LDI and L/H.

Figure 8.4 is a plot of LD/LDI vs. L/H for the data of which the values of LDI were
calculated using SPT data for the available four case histories. The data in Figure 8.4 are
predominantly from the 1964 Niigata case history; however, the results from the other
three case histories generally follow the same trend. Although there is considerable
scatter, Figure 8.4 shows a definite trend of decreasing LD/LDI with increasing L/H for
L/H greater than 5. A general trend line for all the data in Figure 8.4 is given by:

L 0.7
[8.1] —-=5-(ﬁ) (for 5 <L/H < 40)

where LD is the actual lateral displacement, LDI is the lateral displacement index, H is
free face height, and L is the horizontal distance to the toe of a free face. This
relationship is applicable only for the range of earthquake properties and ground

conditions listed in Table 8.1.
8.4.2 Development of the correlation between LDI, LD, and L/H using CPT data

Even through Equation [8.1] was developed using the NCEER SPT-based method and
SPT data, logically, the equation may be in-situ-test independent if Equation [8.1]
correctly characterizes the relationship between LD/LDI and the geometric parameters —
L and H - for level ground with a free face. In the development of Equation [8.1], only
LDI was calculated using the NCEER SPT-based method and SPT data. The LDI is a
value calculated by integrating the calculated ymax With depth for a given location and a
given earthquake. The Ymax 1S @ parameter characterizing the shear strain potential of a
given soil during a given earthquake. Therefore, both Y.« and LDI depend on soil profile

and properties, and the characteristics of an earthquake only. The NCEER SPT-based
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method and SPT data are used only to estimate the values of the Ymax and LDI and are not
essential for the calculation of the yn.x and LDI. Other methods (e.g., the NCEER CPT-
based method) for the liquefaction potential analysis of sandy soils may also be used to
calculate the Ymax and LDI using the relevant data (e.g., CPT data), provided that the

calculated values of the Ymax and LDI using all the methods are equivalent.

In order to evaluate this concept and to examine whether Equation [8.1] is still applicable
to the case in which the LDI is calculated using the NCEER CPT-based method and CPT
data, a database with a total of 105 sets of the data for the available five case histories
was established, as listed in Table A2 in Appendix A. The LDI for each of the sites for
the Moss Landing case history was directly calculated using in-situ CPT data. The LDI
for each of the sites for the other four case histories (not including Kobe Port case
history) was calculated using the equivalent CPT data that were converted from the SPT

data using the procedures discussed in Section 7.4.

Figure 8.5 is a plot of LD/LDI versus L/H for the data from the Moss Landing case
history. The values of the LDI in Figure 8.5 were calculated using the NCEER CPT-
based method and in-situ CPT data. The curve in Figure 8.5 is a graphical expression of -
Equation [8.1] that was developed using the NCEER SPT-based method and SPT data.
Figure 8.5 indicates that the data for the Moss Landing case history fit the curve well for

L/H greater than 5.

Figure 8.6 is a plot of LD/LDI versus L/H for the four case histories in which only SPT
data were available. The values of the LDI in Figure 8.6 were calculated using the
NCEER CPT-based method and the equivalent CPT data that were converted from the
SPT data. The curve that is a graphical expression of Equation [8.1] is also shown in
Figure 8.6. Generally, the data also fit the curve well in Figure 8.6 for L/H greater than
5.

In summary, Figures 8.5 and 8.6 generally support the idea that Equation [8.1] is still

applicable to characterize the correlation between LD/LDI and L/H for the case in which
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the LDI is calculated using the NCEER CPT-based method and CPT data.

8.5 An Approach to Estimate Liquefaction-induced Lateral Displacements for
Level Ground with a Free Face Using SPT or CPT Data

Preliminary studies of the available case histories generally support the assumption that
the relationship between LD/LDI and L/H may be independent of either using SPT or
CPT data and may be characterized by Equation [8.1]. Therefore, estimates of
liquefaction-induced lateral displacements for nearly level ground with a free face using

SPT or CPT data may be obtained by:

+ Evaluating liquefaction potential using either the NCEER SPT- or CPT-based
method;

» Calculating the lateral displacement index (LDI);

» Measuring free face height (H) and the distance to a free face (L);

« Estimating lateral displacement (LD) using Equation [8.2].

L -0.7
[8.2] ID=5- (ﬁ) -LDI (for 5 < L/H < 40)

Figure 8.7 is a flowchart illustrating the major steps to apply the proposed approach for
level ground with a free face. First, site investigation with the SPT or CPT, which must
be tested at locations close to the position where the estimate of liquefaction-induced
lateral displacements is needed, is conducted. The liquefaction potential of the studied
site is evaluated using either the NCEER SPT- or CPT-based method with SPT or CPT
data and earthquake parameters that are estimated based on a design earthquake at the
site. The LDI for each studied location at the site can then be calculated. With the
measured value of L and H, Equation [8.2] can be used to estimate lateral displacements

at the studied locations.

The ratios of L to H for the proposed approach are not recommended beyond the range of
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5 to 40. During the development of the correlation between LD/LDI and I/H based on
the available five case histories, it was found that measured lateral displacements (LD)
varied significantly for a given calculated lateral displacement index (LDI) when the L/H
was less than 5. One major reason for this observation is that another geometric
parameter, the slope of a free face, in addition to L and H, may influence the lateral
displacements in the zone close to a free face, as discussed in Section 8.2. The possibility
of local slump failure or flow failure also increases in the zone close to a free face with a
steep slope due to the presence of high static shear stresses. Furthermore, as discussed in
Section 2.3.3, the presence of relatively high static shear stresses in a soil within a zone
close a steep free face may either increase or decrease the cyclic resistance of the soil
depending upon its initial state (Vaid and Sivathayalan 2000). However, the simplified
methods (including the NCEER SPT- or CPT-based method used in this research) for
liquefaction potential analysis were developed for level or gently sloping ground and are
not applicable to the ground with relatively high static shear stresses such as the zone
close to a steep slope (or a steep free face). On the other hand, the ratios of L to H for all

the case sites studied in this research are less than 40.

The proposed approach was developed using the data from only five case histories
associated with five past major earthquakes and as such is applicable only for similar
ground and earthquake conditions, as summarized in Table 8.1. The moment magnitudes
for the five earthquakes ranged from 6.4 and 9.2, and the peak surface accelerations
varied from 0.19 g to 0.55 g. Nevertheless, the 1971 San Fernando earthquake associated
with the Jensen Filtration Plant case history was the only one with a moment magnitude
(6.4) of less than 7.0. Therefore, the proposed approach may mainly be applicable to
sites associated with an earthquake with an estimated moment magnitude of 7.0 or over.
In addition, sixty-six percent of the case history data used in developing the proposed
approach were from the Niigata case history in which soils thought to be liquefied were

generally clean sands only.

The proposed approach may be used to estimate liquefaction-induced lateral

displacements for nearly level ground with a free face for low to medium-risk projects or
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to provide preliminary estimates for high-risk projects. However, engineering judgement
must be exercised because liquefaction-induced ground lateral spreading is a complicated
engineering phenomenon and a number of assumptions and simplifications were involved

in developing the proposed approach.

8.6 Performance of the Proposed Approach

8.6.1 Accuracy of the proposed approach

The measured lateral displacements are compared with the calculated lateral
displacements using the proposed approach with SPT data for L/H ranging from 5 to 40
for the available five case histories associated with the five different earthquakes studied
in this chapter, as shown in Figure 8.8. All the points for the four case histories (Noshiro,
Juvenile, Fukui, and Kanto) and 90% of the points for the Niigata case history in Figure
8.8 fall in the zone between the 50 percent under-prediction bound-line and 100 percent
over-prediction bound line, as shown in Figure 8.8. Given the relatively poor accuracy
(20.72 m) of the measured displacements for the Niigata case history, it is reasonable to
expect that the accuracy of the calculated displacements for the Niigata case history is

lower than that for other case histories.

Figure 8.9 compares the measured lateral displacements with the values calculated by the
proposed approach using in-situ CPT data or the equivalent CPT data that were converted
from SPT data for L/H ranging from 5 to 40 for the available six case histories associated
with the six different earthquakes studied in this chapter. All the calculated displacement
values for the five case histories (Noshiro, Juvenile Hall, Fukui, Kanto, and San
Francisco) and 90% of the calculated displacement values for the Niigata case history are

between 50% and 200% of the relevant measured values, as indicated in Figure 8.9.

Figures 8.8 and 8.9 show the likely variability of calculated displacements using the

proposed approach with SPT or CPT data. Considerable scatter is evident as lateral
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displacements could be either underestimated or overestimated by up to a factor of two

based on the available data.

8.6.2 Comparison with the profile of field lateral displacements measured by

inclinometers

The Moss Landing case history is the only case history where the profiles of field
liquefaction-induced lateral displacements were measured by pre-installed inclinometers
for level ground with a free face, as introduced in Section 8.3.4. The proposed appraoch
in this chapter can be used to estimate both the magnitude and distribution with depth of
lateral displacements in a liquefaction-induced lateral spread. This raises the question of
how well the estimated magnitude and distribution with depth of lateral displacements at
the three sites in Moss Landing match the actual measurements by the inclinometers.
Unfortunately, these three case sites are not ideal for this kind of comparisons because of

the following two major reasons.

e All the three inclinometers were installed at the top edge of a steep riverbank (as a
free face) and the ratios (L/H) of the distance to a free face and free face height are
less than 3. However, the recommended range for L/H is from 5 to 40 in the
proposed appraoch. Hence, these records are outside the recommended range.

e The simplified procedure (including the NCEER CPT- or SPT-based method used in
this research) for estimating liquefaction potential were developed based on the field
performace data for level and gentle slopes where static shear stresses are relatively
low. The presence of static shear stresses at a given confining stress may either
increase or decrease the cyclic resistance of sand depending upon its initial state
(Vaid and Sivathayalan 2000). A correction factor, K4, was developed by Seed
(1983) to extrapolate the simplified procedure to higher static shear stress conditions
(such as steep slopes) than those embodied in the case history data set from which the
simplified procedure was derived (Youd et al. 2001). However, the participants of
NCEER (1997) and then Youd et al. (2001) concluded that a general recommendation

for use of K is not advisable at present and the correction factor should not be used

-210-



by nonspecialists in geotechnical earthquake engineering or in routine engineering
practice. As a result, the NCEER CPT- or SPT-based method should not be directly
applied to the three sites at Moss Landing because of the presence of high static shear

stresses.

For illustration purposes only, the calculated lateral displacement with depth that were
estimated by the proposed approach using CPT data from CPT UC-4 that was close to the
inclinometer SI-2 installed at one location in Moss Landing is shown in Figure 8.10 and
compared with the measured lateral displacement profile. As expected, the estimated
values are not consistant with the measured ones. Similar comparisons for the other two
locations of Moss Landing were also conducted. The detailed results for all the three

locations are listed in Appendix B of this thesis.

In additon to the two major reasons mention above, several other factors may also
contribute to this disagreement. As discussed in Section 6.4, several factors may affect
the calculation of the lateral displacement index when the NCEER CPT-based method is
used, including the effects of thin sandy soil layers, correction factor K. or/and a cutoff
line of I; equal to 2.6. For example, the soil layer in the depth range of between 5 m and
6 m shown in Figure 8.10 was estimated to be liquefied during the eatthquake and it
contributed to about one third of the estimated value of the lateral displacement index.
However, from Figure 8.10c, one can seen that this soil layer had I. values very close to
2.6. In this condition, soil sampling is recommended to clarify the soil properties and to
evaluate its liquefaction potential. As discussed in Section 4.6, the three-dimentional
distribution of liquefied layers may also have an effect on the magnitude and distribution
of liquefaction-induced lateral displacements. For instance, a deep liquefied soil layer
may contribute less to the total lateral displacement than that for a shallow liquefied soil
layer with the same value of calculated lateral displacement index because of the
different effects of lateral confinement. More than half of the total estimated value of the
lateral displacement index was contributed by the soil layer in the depth range of between
12 m and 13 m in Figure 8.10, but no measured lateral displacement occurred at this

depth. Nevertheless, the effect of the three-dimentional distribution of liquefied layers
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was not quantified at the current research. More studies are required in this field. If the
zone of liquefaction at the depth range of 12 m to 13 m is removed from the profile

shown in Figure 8.10h, the predicted profile is similar to that of the measured.

8.6.3 Comparison with the MLR model of Youd et al. (1999)

Similar to the procedures in Section 7.7.2, the proposed approach in this study is
compared with the MLR model of Youd et al. (1999). To avoid compiling a new
database of parameters for the MLR model of Youd et al. (1999), the estimates of lateral
displacements obtained by the two methods were compared only for two (Alaska and

Niigata) of the six case histories studied in this chapter.

A comparison of lateral displacements measured at sites for L/H ranging from 5 to 40 for
the two case histories and calculated by both the proposed approach in this study and the
MLR model of Youd et al. (1999) for level ground with a free face is shown in Figure
8.11. Figure 8.11 indicates that the calculated values for lateral displacements obtained
by both the proposed approach and the MLR model of Youd et al. (1999) are generally
between 50% and 200% of the relevant measured values for the Niigata and Alaska case
histories. This preliminary comparison appears to indicate that the accuracy of the
proposed approach may be similar to that of the MLR model of Youd et al. (1999) for
estimating lateral displacements for the studied two case histories. Further evaluations
using data from new case histories are definitely required to compare and evaluate the
performance of both the proposed method and the MLR model before any solid

conclusions can be made.

Figure 8.12 compares the lateral displacements calculated by using the proposed
approach in this study and by using the MLLR model of Youd et al. (1999) for I/H
ranging from 5 to 40 for the Niigata and Alaska case histories. This comparison
generally supports the observation that the estimates of lateral displacements obtained by
both the methods are consistent for the two case histories and that the proposed approach

predicts slightly larger values of lateral displacements than the MLLR model of Youd et al.
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(1999) when the values of L/H are between 5 and 10.

As discussed in Section 7.7.2, compared with the MLR model of Youd et al. (1999), the
proposed method has two advantages. The first is that in addition to the variation of
lateral displacement with distance from the free face, the distribution of lateral
displacement with depth below the ground surface can also be estimated from the
proposed method. The second advantage is that soil properties can be better

characterized by the proposed approach than by the MLR model of Youd et al. (1999).

8.7 Lateral Spreads Restricted by Engineered Structures

In developing the proposed approach in this study, data from case history sites in the
Kobe Port area during the 1995 Hyogoken-Nambu (Kobe) earthquake were not used.
The main reason was that ground lateral displacements at the sites in the Kobe Port area
were believed to be greatly restricted by caisson-type quay walls which supported the
ground behind them and still provided support for the ground even after the earthquake.
As a result, the actual lateral displacements in the ground were generally less than the

expected values for the same ground conditions but without the quay walls.

Figure 8.13 is a plot of LD/LDI vs. L/H for the data for the Kobe Port case history. A
trend of decreasing LD/LDI with increasing L/H can be seen from Figure 8.13 even
though significant scatter of the data is evident. Nevertheless, the trend line for the data
from the Kobe earthquake in Figure 8.13 is quite different from another trend line that is
shown in the upper part of Figure 8.13. The latter of the two trend lines was developed in
Section 8.4 using the data from the case history sites where engineered structures had
little or no effect on the lateral displacements of the ground. Therefore, it is believed that
the restriction of ground lateral movements by the gravity quay walls at the sites in the
Kobe Port area may be one of major factors that contributed to the difference between
these two trend lines in Figure 8.13. Fundamently, due to the presence of the continuous
rigid quay walls as a free face, the actual static shear stresses in the soils behind the walls

may be significantly less than those for the ground with a same height of a free face but
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without the walls. As a result, the equivalent free face height to that of the ground
without the walls would be lower than the actual free face height for the Kobe Port case
history. Other factors would also contribute to the difference in two trendlines in Figure
8.13. For example, the thickness of the estimated liquefied layers was about 10 m to 16
m thick. As discussed in Section 4.8.2, for a thick liquefied layer, the liquefaction of a
lower sublayer may partially or fully isolate a upper sublayer from further seismic
acceleration and therefore may limit resultant liquefaction-induced lateral displacements.
Figure 4.14 has shown that a sudden drop of acceleration at the ground surface was

recorded at Kobe Part Island during the 1995 Hyogoken-Nambu earthquake.

Other engineered structures (e.g., piles, pipelines, or piers) may also restrict ground
lateral displacements and change lateral displacement patterns in a liquefaction-induced
lateral spread. Bartlett (1991) also noted that ground displacements near the bridge
abutments appeared to have been impeded by the piers and bridges for the areas along the
Shinano River in Niigata City during the 1964 Niigata earthquake. For example, the
displacement vectors near the north abutment of the Echigo railroad in Niigata City
suddenly decreased from approximately 8 m at the location 50 m away from the bridge to

3 m in the vicinity of the bridge.

Soil improvements to limit or prevent liquefaction may significantly reduce liquefaction
potential and, in turn, also reduce potential lateral displacements in the improved areas.
Furthermore, lateral displacement magnitude and patterns in the non-improved areas that

are adjacent to improved areas may be influenced as well by such soil improvements.

8.8 Discussion

As discussed in Section 7.8, compared with the other available empirical methods, the
proposed method has two distinct advantages. The first is that in addition to the variation
of lateral displacement with distance from the free face, the distribution of lateral

displacement with depth below the ground surface can also be obtained from the
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proposed method. This profile may be valuable for the design of underground structures
(e.g., pipelines) and foundations (e.g., piles). The second advantage is that soil properties

can be better characterized by the proposed approach.

As discussed in Section 8.7, engineered structures (e.g., quay walls, retaining walls, piles,
tanks, or pipelines) may alter lateral displacements in a liquefaction-induced lateral
spread. The proposed approach was developed using the data from case histories in
which engineered structures had little or no effect on lateral spreads. It is expected that
the proposed approach may over-estimate lateral displacements at sites where engineered

structures pose significant restrictions to ground movements.

Caution should be exercised when a substantial zone of soils with a low (Nj)gges Or
(gein)es is encountered during liquefaction potential analysis. For such cases, more
extensive investigation should be made and other approaches should be taken to evaluate
the potential for flow failure of the soil, especially when the static shear stresses in the
ground are relatively high. Deformations caused by flow failures can be much larger

than those by lateral spreads, and their estimation is beyond the scope of this research.

The proposed approach characterizes the effects of soil profile and properties, earthquake
characteristics, and ground geometry on liquefaction-induced lateral displacements.
Other factors (such as the redistribution and drainage of excess pore pressures in the
ground, acceleration isolation due to liquefaction of underlying soils, and three-
dimensional distribution of liquefied layers) may also influence lateral displacements, as
discussed in Sections 4.6, 4.7 and 4.8. These factors were not quantified in the current

approach and would need to be evaluated on a case-by-case basis.

8.9 Conclusions

An approach to estimate liquefaction-induced lateral displacements using either SPT or

CPT data for nearly level ground with a free face has been developed based on available
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results from laboratory tests and data from case histories. The proposed approach
captures the mechanisms of liquefaction-induced lateral spreads and characterizes the
major factors influencing lateral displacements. The proposed approach can be used to
obtain estimates of both the magnitude and distribution of liquefaction-induced lateral
displacements for level ground with a free face for low to medium-risk projects or to
provide preliminary estimates for high-risk projects. The proposed method can be easily
applied with only a few additional calculations following the NCEER SPT- or CPT-based

liquefaction-potential analysis.

Given the complexity of liquefaction-induced lateral spreads, considerable variations in
magnitude and distribution of lateral displacements are expected. Generally, the
calculated lateral displacements from the five available case histories studied in this
chapter showed variations between 50% and 200% of measured values. The preliminary
comparison based on data from two of the five case histories indicated that the accuracy
of the proposed approach was similar to that of the MR model of Youd et al. (1999) for
estimating lateral displacements for the two studied case histories. However, further
evaluations using data from new case histories are definitely required to compare and
evaluate the performance of both the proposed method and the MLR model before any
solid conclusions can be made. In addition, it is expected that the proposed approach
may over-estimate lateral displacements at sites where engineered structures pose

restrictions to ground movements.

The proposed approach was developed using the data from only five case histories
associated with five past major earthquakes, especially about two thirds of the data were
from the Niigata case history and as such is applicable only for similar earthquakes and
ground conditions. The recommended range for the ratio of L to H is between 5 and 40
for the proposed approach. Additional data from new case histories are required to better
quantify liquefaction-induced lateral spreads, to evaluate and update the proposed

approach, and to expand the existing range for the ratio of L to H.
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Table 8.1 Summary of the major parameters for case histories for nearly level

ground with a free face

Case History Kobe Port Dagupan Moss Jensen Niigata Alaska
(1995) (1990) Landing Plant (1964) (1964)
(1989) (1971)
References Hamada et | Ishiharaet | Boulanger | O’Rourke Bartlett Bartlett
al. (1995), | al. (1993), et al. et al. (1991), (1991),
Inagaki et | Wakamatsu (1995, (1992) Bartlett and | Bartlett and
al. (1996), etal. 1997), Youd Youd
Kimura (1992), Mejia (1995), (1995),
(1996), and | Tokimatsu (1998), Hamada McCulloch
Ejiri et al. et al. O’Rourke (1992), and Bonilla
(1996) (1994) and Pease Hamada et (1970)
(1992) al. (1986)
Number of LD 72 8 10 16 69 2
measurements
Measured 34 -500 50 -600 8- 140 2-300 41-1015 157 - 191
lateral
displacement,
LD (cm)

Liquefied soils Sand fill Fine clean | Cleansand | Alluvium Mainly Sand and
with gravel | sand and and silty with fines | clean, fine | gravel, silty
and various | silty sand sand content of | or medium | sand, sandy

fines 32% to sands silt.
content up 62%
to 30%
Thickness of 10-16 51-8.6 0.8-52 00-17.7 0.6-18.1 40-94
liquefied soils
(m)

Lateral 250 - 665 79 -220 17-114 5-120 246 - 637 69— 173

displacement
index, LLDI (cm)
Free face 12-20 4-115 19-58 104 - 49-52 24,49
height, H (m) 17.2
L/H 0-24.6 09-273 | 2.6-235 | 1.3-305 | 1.8-36.2 2.0,6.2
Moment 6.9 7.6 7.0 6.4 7.5 9.2
magnitude of
the earthquake,
My
Peak surface 0.54 0.2 0.25 0.55 0.19 0.31
acceleration,
amax (8)
Number of SPT 18 3 13 27 47 4
or CPT (SPT) (SPT) (CPT) (SPT) (SPT) (SPT)
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Figure 8.7 A flowchart illustrating major steps in the application of the proposed

approach to estimate lateral displacements in a liquefaction-induced lateral spread

for level ground with a free face using SPT or CPT data
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Figure 8.10 An example to illustrate the estimated (using the data from CPT UC-4)
and measured profile (from inclinometer SI-2) of lateral displacements (towards the
river) with depth for one site at Moss Landing
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CHAPTER 9 ESTIMATION OF LIQUEFACTION-INDUCED LATERAL
DISPLACEMENTS FOR GENTLY SLOPING GROUND WITH A FREE
FACE USING SPT OR CPT DATA

9.1 Introduction

An approach to estimate lateral ground displacements associated with liquefaction-
induced lateral spreads using SPT or CPT data was developed in Chapter 7 for gently
sloping ground without a free face and in Chapter 8 for nearly level ground with a free
face respectively. However, lateral spreads can also occur in gently sloping ground with
a free face. In this chapter, based mainly on case history studies, an approach is
developed to estimate liquefaction-induced lateral displacements for gently sloping

ground with a free face using SPT or CPT data.

9.2 Geometric Parameters for Gently Sloping Ground with A Free Face

For gently sloping ground with a free face, lateral spreads are expected to be influenced
by both the gently sloping ground and the free face. Lateral displacement patterns and
geometric parameters controlling lateral displacements in a lateral spread have been
discussed in Section 7.2 and illustrated in Figure 7.3 for gently sloping ground without a
free face and discussed in Section 8.2 and illustrated in Figure 8.1 for level ground with a
free face. Generally, lateral displacement patterns are complicated for either gently
sloping ground without a free face or level ground with a free face. As well as ground
slope for gently sloping ground without a free face, and free face height and distance to a
free face for level ground with a free face, other geometric parameters may also influence
lateral displacements in some zones in a lateral spread. Therefore, lateral displacement
patterns could be very complicated, and three or more major geometric parameters exist

for gently sloping ground with a free face.
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However, in some zones with simple ground geometry (e.g., zone 1 in Figure 9.1), the
effects of ground geometry on lateral displacements may be characterized by three major
geometric parameters only: ground slope (S), free face height (H), and the distance to a
free face (L). In this chapter, research focuses on the zones in ground with a simple

ground geometry (e.g., zone 1 in Figure 9.1).

A positive ground slope (e.g., Figure 9.1a) is assigned to the ground sloping toward a free
face (e.g., a channel) and a negative ground slope (e.g., Figure 9.1b) is assigned to the
ground sloping away from a free face. The definitions for S, H, and L are same as those

in Chapters 7 and 8, as illustrated in Figures 7.4 and 8.2.

9.3 Case Histories

An introduction to the cbllection of case history data associated with available past major
earthquakes was presented in Section 7.3.1. In this chapter, four case histories associated
with four different past major earthquakes for gently sloping ground with a free face are
studied. A summary of the major parameters for these case histories is provided in Table
9.1. Of the four case histories, SPT data were available for all the cases, and CPT
soundings were available for the Heber Road and Wildlife case histories only. A brief

introduction to each of the case histories is given below.
9.3.1 Case sites in Niigata City during the 1964 Niigata, Japan, Earthquake

The 1964 Niigata earthquake was briefly introduced in Section 7.3.5. Liquefaction-
induced lateral spreads were observed in both ground with a free face and ground with a
very gentle slope in Niigata City during this earthquake. The case sites for gently sloping
ground without a free face and for level ground with a free face have been investigated in
Chapters 7.3.5 and 8.3.2 respectively. In this section, the case sites for gently sloping

ground with a free face in Niigata City are studied.
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Generally, the soils down to about 20 m from the surface are relatively clean, fine or
medium sands in Niigata City. The estimated thickness of the liquefied layers ranged
from 2 m to 12 m for the sites where the ground had a very gentle slope of -0.3% to
+0.4% and a free face of 3.4 m to 5.2 m in height. A total of 32 data sets from Bartlett’s
(1991) database for the case sites in Niigata City were collected, and a total of 15 SPTs
associated with the lateral displacement measurements were used for the study in this
chapter. The measured lateral displacements, using pre- and post-earthquake aerial
photographs, varied between 0.6 m and 6.2 m for the data used in this study. The
accuracy of the measurements of lateral displacements for the Niigata case history was
estimated to be +0.72 m horizontally (Hamada 1992a). In addition, a peak surface
acceleration of 0.19 g was reported by Kawasumi (1968) and Bartlett (1991), and the

value was used for all the sites in Niigata City in this research.

9.3.2 The Heber Road case history during the 1979 Imperial Valley, California,
Earthquake

The 1979 Imperial Valley earthquake, with a moment magnitude of 6.5, occurred on
October 15 at 23:16 GMT (Dobry et al. 1992). The epicenter was located 3 km south of
the United States/Mexico border. Liquefaction-induced lateral spreads that resulted from
the earthquake were observed at several sites in the Imperial Valley region (Youd and
Wieczorek 1982). A well-known large lateral spread that occurred at the Heber Road site

during the earthquake is studied in this research.

The Heber Road site was located 1.6 km northeast of the beginning of the Imperial Fault
surface rupture. A lateral spread about 160 m wide and 100 m long shifted the Heber
Road and a parallel canal toward a 2 m deep depression with a maximum lateral
displacement of 4.2 m. The average ground slope in the lateral spreading area was about

1.5%.

Bennett et al. (1981) conducted field investigations with 16 mechanical CPTs and 7 SPTs

at the site. Norton (1983) also performed 10 electric cone penetration tests at the Heber
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Road site. The soil profile for the site consisted of a top 1.0 to 1.5 m thick layer of sandy
fill, an approximately 4.0 m thick layer of fluvial sediment with three distinct laterally
varied sub-units beneath the fill, and at least two cycles of channel sands alternating with
lacustrine clay (Youd and Bennett 1983). The partial fluvial sediment, especially the
loose channel sand with 14% to 37% fines in the central part of the fluvial sediment in

the lateral spreading area, was liquefied during the earthquake.

A total of 17 lateral displacement measurements from the central part of the lateral spread
were collected based on Youd and Bartlett’s survey results. A total of 8 electric CPTs
conducted by Norton (1983) and 6 SPTs performed by Bennett et al. (1981) were used in
this study. Various values ranging from 0.46 to 0.8 for the peak surface acceleration at
the Heber Road site were estimated and used by different researchers (Norton 1983;
Youd and Bennett 1983; Castro 1987; Bartlett 1991; Rauch 1997; and Gilstrap 1998). A
peak surface acceleration of 0.6 g used by Gilstrap (1998) was assigned to the Heber
Road site during the earthquake in this study.

9.3.3 The Wildlife case history during the 1987 Superstition Hills, California,
Earthquake

On November 24, 1987, at 5:15 PST, the Superstition Hills earthquake with a moment
magnitude of 6.5 occurred in the Imperial Valley, California (Dobry et al. 1992). The
unique features associated with this earthquake were that it was the first time in history
that in-situ excess pore pressures which built up to 100 percent of the initial effective
overburden pressures were recorded in the field by pre-installed piezometers and that a
liquefaction-induced lateral displacement was measured by a pre-installed inclinometer at
the Wildlife site in the Imperial Valley during the earthquake. The Wildlife site was
about 31 km from the epicenter of the 1987 Superstition Hills earthquake. A peak

surface acceleration of 0.21 g was recorded by a strong motion seismometer at the site.

Detailed site investigations with the CPT and SPT were conducted by several researchers

to characterize the stratigraphy at the Wildlife site (Bennett et al. 1984). The typical soil
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profile at the Wildlife site consisted of three distinct units in the upper 12 m as defined by
Bennett et al. (1984): an approximately 3 m thick layer of silt, a 4 m thick layer of silty
sand or sandy silt with 17% to 50% fines, and a 5 m thick layer of clayey silt or silty clay.
The silty sand or sandy silt layer was identified as the liquefiable layer by the primary
investigators (Bennett et al. 1984).

In addition to one lateral displacement measured by an inclinometer at the Wildlife site,
as reported by Holzer et al. (1989), Youd and Bartlett (1988) conducted a survey at the
site and reported additional lateral displacement measurements. A total of five lateral
displacements, with values ranging from 0.11 m to 0.23 m, were collected for this site,
and the results of 4 CPTs and 3 SPTs associated with the measurements were used in this
study. The ground slope at the site was about -0.5% . The height of the free face was 2.4

m.

9.3.4 Case sites in Shiribeshi River area, Japan during the 1993 Hokkaido-nansei-
oki, Japan, Earthquake

The 1993 Hokkaido-nansei-oki earthquake occurred on July 12, 1993 at 10:17 p.m.
beneath the Sea of Japan off the Oshima Peninsula in Hokkaido, registering a magnitude
of 7.8 on the JMA Scale (Isoyama 1994). Liquefaction-induced lateral spreads caused by
the earthquake were observed in several areas along the river valley of the Siribeshi-

toshibetsu River in Kitahiyama Town, which is located on the coast of the Sea of Japan.

Isoyama (1994) conducted investigations of lateral spreads in the areas along the river
valley of the Siribeshi-toshibetsu River. The investigations included the collection and
interpretation of aerial photos taken before and after the earthquake and information
associated with soil conditions in the five areas. Because detailed soil profiles with SPT
data were available only in one of the five areas, Area D, lateral spreads in Area D were

studied in this research.

The strata in Area D consisted mainly of 1 to 2 m thick clayey topsoil, about 6 m of thick
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silty sand with about 10% fines, and clayey soils. The silty sand layer was estimated to

have liquefied completely during the earthquake (Isoyama 1994).

A total of six lateral displacement measurements with values of 1 m to 3 m and the data
from 4 SPTs were used for the area in this study. The ground slopes at the sites were

between 0.7% and 0.8%. The heights of free faces ranged from 1.9 to 2.5 m.

9.4 Evaluation of Superimposition Approach

An approach to estimate lateral ground displacements associated with liquefaction-
induced lateral spreads using SPT or CPT data has been developed in Chapter 7 for
gently sloping ground without a free face and in Chapter 8 for level ground with a free
face. Gently sloping ground with a free face incorporates two ground conditions: gently
sloping ground without a free face and level ground with a free face. This raises the
question of whether liquefaction-induced lateral displacements for gently sloping ground
with a free face can be estimated simply by superimposing the two components of the
estimated lateral displacements: one for gently sloping ground without a free face and the
other for level ground with a free face. The performance of this superimposition

approach will be evaluated using the data from available case histories in this section.

Following the procedures described in Section 6.3, the lateral displacement index (LDI)
for each of the sites for the Niigata and Hokkaido case histories was calculated using the
SPT-based procedures and SPT results. Because the two proposed approaches developed
in Chapters 7 and 8 can be used with either SPT or CPT data, the LDI for the Heber Road
and Wildlife case histories was calculated using both the available SPT and CPT data.
The data for the calculated LDI, together with measured lateral displacement, ground
slope (S), free face height (H), the distance to a free face (L), and other relevant
parameters used in this study, are listed in Table A3 in Appendix A.

The first component of lateral displacement (LDgope) for gently sloping ground without a
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free face can be estimated by the proposed approach that was developed in Chapter 7, as
shown in Equation [9.1].

[9.1a] LD, . =(+0.2)-LDI (for 0.2% < S <3.5%)

slope

[9.1b] LD —(-S+0.2)-LDI  (for -0.2% > S > -3.5%)

slope =

The second component of lateral displacement (LDfeetace) for level ground with a free
face can be estimated by the proposed approach that was developed in Chapter 8, as

shown in Equation [9.2].

-0.7
[9.2] LD, . =50- (%) .LDI (for 5 < L/H < 40)

Therefore, based on the superimposition assumption, the calculated lateral displacement
(LD) for gently sloping ground with a free face is the sum of the two components: LDgjope

and LDgreeface.

To evaluate the performance of this superimposition approach, the calculated lateral
displacements were compared with the measured values for the four available case
histories, as shown in Figure 9.2. Figure 9.2 indicates that the superimposition approach
does not work well. In general, the calculated lateral displacements are larger than the
measured values for ground with a positive slope but smaller than the measured values
for ground with a negative slope for the four case histories. This implies that the
superimposition approach over-estimates lateral displacements for ground with a positive
slope and under-estimates lateral displacements for ground with a negative slope.
Therefore, a new approach is required to estimate lateral displacements for gently sloping

ground with a free face.
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9.5 A Preliminary Approach to Estimate Lateral Displacements for Gently
Sloping Ground with A Free Face Using SPT or CPT Data

To study the effect of ground slope on lateral displacements for gently sloping ground
with a free face, a procedure similar to that in Section 8.4.1 for level ground with a free
face was followed. The data for the four available case histories, as listed in Table A3 in
Appendix A, were used to illustrate the relationship between LD/LDI and L/H for gently
sloping ground with a free face, as shown in Figure 9.3. A trend line that characterizes
the general relationship between LD/LDI and L/H and the relevant lower and upper
bounds for level ground with a free face, which were developed in Chapter 8, are also

shown in Figure 9.3.

The data for three of the four case histories (Hokkaido, 1993; Wildlife, 1987; and Heber
Road, 1979) as illustrated in Figure 9.3 indicate that the points for ground with a positive
slope generally fall in the zone above the trend line while the points for ground with a
negative slope are in the zone below the trend line even though some of the points fall in
a zone between the upper and lower bounds for “level” ground with a free face. This
suggests that ground slope does in fact play some role in controlling the magnitude of

lateral displacements for gently sloping ground with a free face.

For the data from the Niigata case history in Figure 9.3, the situation is more complicated
than that for the other three case histories. The partial data for ground with a positive
slope fall in the zone below the trend line, while the partial data for ground with a
negative slope fall in the zone above the trend line. This observed trend seems to be
inconsistent with that observed from the other three case histories. Several possible
reasons may cause this inconsistency. First, the ground slopes for this case history were
very gentle, ranging from -0.3% to 0.4% only and close to “level” ground that were
defined as ground with a slope ranging from —-0.15% to +0.15% in this study. In such
cases, local topography variations and/or the presence of buildings may have significant
effects on the magnitude of lateral displacements and may veil the importance of the very

gentle slopes. Second, the relatively poor accuracy (£0.72 m) of the measured
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displacements at site in Niigata City may be another reason.

As a preliminary approach, the effect of a ground slope on LD/LDI may be estimated
from Figure 9.3 by measuring the difference between the actual value of LD/LDI and the
relevant value from the trend line in Figure 9.3 for a given value of L/H. Figure 9.4
shows the relationship between ground slope and its relevant difference in LD/LDI for
each of the points in Figure 9.3. A general trend of increasing difference in LD/LDI with
increasing ground slope can be fairly seen in Figure 9.4 even though the data in Figure
9.4 show significant scattering. A trend line, as shown in Figure 9.4, can be used to
approximately represent the general relationship between ground slope and its relevant
difference in LD/LDI. Equation [9.3] is a mathematical expression of the trend line in

Figure 9.4.

[9.3] A(-LQ—) =0.5-S (for -0.5% <= S <= 1.5%)
LDI

where S is ground slope in percent, and A(%) is the effect of ground slope on the
value of LD/LDI.
Based on Equations [9.3] and [8.1], the preliminary empirical relationship between

LD/LDI, S, and L/H can be established for gently sloping ground with a free face, as

shown in Equation [9.4].

0.7
[9.4] (E)——) =5.0- (Lj +0.5-S
LDI H

for 5<L/H<40 and -0.5% <= S <=1.5%

Equation [9.4] represents a preliminary correlation between LD/LDI, S, and L/H for the

limited available case history data and may be used with caution to estimate liquefaction-
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induced lateral displacements for gently sloping ground with a free face. The major

procedures for this preliminary approach are as follows:

« Evaluate liquefaction potential using either the NCEER SPT- or CPT-based method,;
« Calculate the lateral displacement index (LDI);

« Measure ground slope (S), free face height (H), and the distance to a free face (L);

« Estimate lateral displacements (LD) using Equation [9.5].

[9.5] LD =1DI-(0.5-S+5.0- (L/H)™")
for 5 < L/H <40 and -0.5% <= S <= 1.5%

Figure 9.5 is a flowchart illustrating the major steps to apply the preliminary approach for
gently sloping ground with a free face. The recommended ranges of parameters for the
preliminary approach are 5 to 40 for the L/H ratio and -0.5 to 1.5% for ground slope for
gently sloping ground with a free face. The preliminary approach was developed using
the limited data with a limited range of ground slope from the available four case
histories associated with four different past earthquakes and as such is applicable only for

similar earthquakes and ground conditions, as summarized in Table 9.1.

The preliminary approach may be used to estimate liquefaction-induced lateral
displacements for gently sloping ground with a free face for low to medium-risk projects
or to provide preliminary estimates for high-risk projects. However, caution must be
exercised in using this preliminary approach with being aware of the significant
scattering in Figure 9.4. Engineering judgement must be exercised because liquefaction-
induced ground lateral spreading is a complicated engineering phenomenon and a number
of assumptions and simplifications were involved in developing the preliminary

approach.
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9.6 Performance of the Preliminary Approach

The measured lateral displacements are compared with the calculated lateral
displacements using the preliminary approach for the available four case histories in
Figure 9.6. 90% of the calculated displacement values are between 50% and 200% of the
relevant measured values for the four case histories, as indicated in Figure 9.6. Figure
9.6 shows the likely variability of calculated displacements using the preliminary
approach with SPT or CPT data. Considerable scatter is evident as lateral displacements
could be either underestimated or overestimated by up to a factor of two based on the

available data.

Other than the preliminary semi-empirical approach in this study, the MLR model of
Youd et al. (1999) is probably the best field-test-based empirical model for estimating
lateral displacements on a liquefaction-induced lateral spread at present, as discussed in
Section 5.5. However, there is no equation for estimating lateral displacements for gently
sloping ground with a free face for the MLR model. The users of the MLR model must
decide whether free-face or ground-slope conditions predominate lateral displacements at
their studied sites when the MLR model is used and then use either the equation for free-
face case (Equation [5.5]) or the equation for ground-slope case (Equation [5.6]) (Bartlett
and Youd 1995) to estimate the lateral displacements. Therefore, quantitative
comparison with the MLR model of Youd et al. (1999) was not conducted in this

research.

9.7 Discussion

As discussed in Section 8.7, engineered structures (e.g., quay walls, retaining walls, piles,
tanks, or pipelines) may alter lateral displacements in a liquefaction-induced lateral
spread. The preliminary approach was developed using the data from case histories in
which engineered structures had little or no effect on lateral spreads. It is expected that

the preliminary approach may over-estimate lateral displacements at sites where
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engineered structures pose great restrictions to the lateral movements of the ground.

Caution should be exercised when a substantial zone of soils with a low (Ny)goes Or
(gc1n)es is encountered during liquefaction potential analysis. For such cases, more
extensive investigation should be made and other approaches should be taken to evaluate
the potential for flow failure of the soil, especially when the static shear stresses in the
ground are relatively high. Deformations caused by flow failures can be much larger

than those by lateral spreads, and their estimation is beyond the scope of this research.

The preliminary approach characterizes the effects of soil profile and properties,
earthquake characteristics, and ground geometry on liquefaction-induced lateral
displacements. As discussed in Chapter 4, other factors that may also influence lateral
displacements, such as the redistribution and drainage of excess pore pressures in the
ground, are not quantified in the current approach and would need to be evaluated on a

case-by-case basis.

9.8 Conclusions

A preliminary approach to estimate liquefaction-induced lateral displacements using
either SPT or CPT data for gently sloping ground with a free face has been developed
based on limited case history data. The preliminary approach captures the mechanisms of
liquefaction-induced lateral spreads and characterizes the major factors influencing
lateral displacements. The preliminary approach may be used to estimate both the
magnitude and distribution of liquefaction-induced lateral displacements for the
recommended ranges of the geometrical parameters for gently sloping ground with a free
face for low to medium-risk projects or to provide preliminary estimates for high-risk
projects. The preliminary method can be easily applied with only a few additional

calculations following the NCEER SPT- or CPT-based liquefaction-potential analysis.
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Given the complexity of liquefaction-induced lateral spreads, considerable variations in
magnitude and distribution of lateral displacements are expected. Generally, the
calculated lateral displacements from the four available case histories studied in this

chapter showed variations between 50% and 200% of measured values.

The preliminary approach was developed using the very limited data from only four case
histories associated with four past earthquakes and as such is applicable only for similar
earthquakes and ground conditions. Additional data are required to better quantify

liquefaction-induced lateral spreads and to evaluate the preliminary approach.

The preliminary approach was developed based on data with limited ranges. The ratio of
L to H ranged between 5 and 40, and ground slope varied within the range of -0.5% to
1.5% only. Therefore, it is not recommended that the preliminary approach be applied to
cases in which the values for the three major geometric parameters are beyond their
relevant ranges. More data from new case histories are needed to update the preliminary

approach and to expand the existing ranges for the geometric parameters.
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Table 9.1 Summary of the major parameters for the available case histories for

gently sloping ground with a free face

Case History Hokkaido Wildlife Heber Road Niigata
(1993) (1987) (1979) (1964)
References Isoyama Bennett et al. Bennett et al. Bartlett (1991),
(1994) (1984), Dobry et al. | (1981), Dobry et Bartlett and
(1992), Holzer et al. | al. (1992), Norton Youd (1995),
(1989), and Youd (1983), and Youd | Hamada (1992),
and Bartlett (1988) and Bennett Hamada et al.
(1983) (1986)
Number of LD 6 5 17 32
measurements
Measured 96 - 286 11- 23 30-424 67-617
lateral
displacement,
LD (cm)
Liquefied soils Silty sand Silty sand or sandy | Channel sand with | Mainly clean,
with about silt with 17% to 14% to 37% fines | fine or medium
10% fines 50% fines sands
Thickness of 45-55 0-27 0-53 0.6-18.1
liquefied soils
(m)
Lateral 130-210 24 -35 82-192 78 — 402
displacement
index, LDI (cm)
Ground slope 0.7,0.8 -0.47 1.5 -0.34 t0 0.48
(%)
Free face 19 -25 24 1.6 34-52
height, H (m)
L/H 17-36 2.4-10.2 7.6 —25 4.9-373
Moment 7.7 6.5 6.5 7.5
magnitude of
the earthquake,
M,
Peak surface 0.25 021 0.6 0.19
acceleration,
Amax (2)
Number of SPT 4 3 (SPT) 6 (SPT) 15
or CPT (SPT) 4 (CPT) 8 (CPT) (SPT)
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Figure 9.5 A flow chart illustrating the application of the preliminary approach to
estimate lateral displacements in a liquefaction-induced lateral spread using SPT or

CPT data for gently sloping groimd with a free face
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CHAPTER 10 GENERAL DISCUSSION AND CONCLUSIONS

10.1 Seil Liquefaction

Although earthquakes are among the most severe natural disasters, they cannot be
prevented from occurring and will remain one of the world's major natural hazards.
Earthquake shaking may cause a loss of strength or stiffness in a saturated sandy soil in
the ground. The process leading to such loss of strength or stiffness is called soil
liquefaction, and its consequences can be enormous, with significant financial and
environmental implications and risks to human safety. During past major earthquakes,
enormous damage to engineered structures and lifelines has been caused by liquefaction-

induced ground failures

Soil liquefaction is a complex phenomenon that can be affected by a variety of factors
that control either the liquefaction resistance of soils or the cyclic stresses induced by a
given earthquake. A number of factors influence the liquefaction resistance of soils
including soil density, soil composition and grain characteristics, in-situ stress conditions,
soil structure and age, and previous strain history. The cyclic stresses induced by a given
earthquake are mainly controlled by the magnitude of a given earthquake, the peak

surface acceleration, and in-situ stress conditions in soils.

A number of approaches to evaluate the liquefaction potential of sandy soils have been
developed over the years. In general, the most common approach used by engineers is
the cyclic stress approach (e.g., Seed and Idriss 1971). Results of several field tests have
been used in the cyclic stress approach to evaluate the liquefaction resistance of sandy
soils. The standard penetration test (SPT) has been the most commonly used in-situ test
for characterizing the liquefaction resistance of sandy soils due to its simplicity. Because
of its greater repeatability and reliability and the continuous nature of its profile as
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compared with other field tests, the CPT has been increasingly used in evaluating
liquefaction potential for sandy soils in geotechnical practice. In this thesis, the NCEER
SPT- or CPT- based methods, as summarized by Youd et al. (2001), were used to

evaluate the liquefaction resistance of saturated sandy soils.

Soil liquefaction can result in both engineered structure failures and ground failures.
Engineered structure failures include bearing capacity failures of buildings, the buoyant
rise of buried structures, failures of retaining walls, and other structural failures caused by
ground failures. Generally, liquefaction-induced ground failures include flow slides,
lateral spreads, ground oscillation, ground settlements, and sand boils. The research in

this thesis focused on liquefaction-induced ground settlements and lateral spreads only.

10.2 Estimation of Liquefaction-induced Ground Settlements
10.2.1 Overview

Liquefaction-induced ground settlements are essentially vertical deformations of surficial
soil layers caused by the densification and compaction of loose granular soils following
earthquake loading. They may occur in both level and sloping ground during an
earthquake. During past major earthquakes, significant damage to engineered structures

and lifelines has been caused by liquefaction-induced ground settlements.

Several methods have been proposed to estimate liquefaction-induced lateral ground
displacements, including numerical models, laboratory testing approaches, and field-test-
based methods. Challenges associated with sampling loose sandy soils limit the
applications of numerical and laboratory testing approaches in routine practice. Field-
test-based methods are likely best suited to provide simple, reliable, and direct methods
to estimate liquefaction-induced ground deformations for low- to medium-risk projects

and to provide preliminary estimates for high-risk projects.
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To date, only an SPT-based method (Tokimatsu and Seed 1987) has been used to
calculate liquefaction-induced ground settlements. A method to estimate liquefaction-
induced ground settlements based on the CPT has not yet been developed even though
the CPT has several advantages compared with other field tests and has been increasingly
used in predicting liquefaction potential in geotechnical practice. Therefore, a simple
CPT-based approach to estimate liquefaction-induced ground settlements was needed in

the practice of geotechnical engineering.
10.2.2 The proposed CPT-based approach

A CPT-based approach to estimate liquefaction-induced ground settlements for sites with
level ground was presented in Chapter 3. The approach combined the NCEER CPT-
based method to estimate liquefaction resistance with laboratory test results on clean sand
to evaluate liquefaction-induced volumetric strains for sandy and silty soils. For sites
with level ground, far from any free face (e.g., river banks, seawalls), the volumetric
strain of a soil is reasonably assumed to be equal or close to the vertical strain of the soil.
A value obtained by integrating a vertical strain for each soil layer in a soil profile with
depth is an appropriate approximation of liquefaction-induced ground settlement.
Equation [10.1] is used to estimate the magnitude of liquefaction-induced ground

settlements in the proposed CPT-based approach:
[10.1] S, =Y, .Az
i=1

where Sy is the calculated liquefaction-induced ground settlement at the CPT location; &;
is the post-liquefaction volumetric strain for the soil sub-layer i; Az; is the thickness of the

sub-layer i; and n is the number of soil sub-layers.

The proposed method was used to estimate liquefaction-induced ground settlements at
both the Marina District and Treasure Island sites during the Loma Prieta, California,

earthquake of October 17, 1989. Reasonable agreement between settlements calculated
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using the proposed CPT-based method and measured at the two case history sites
provided encouragement that the proposed methodology captures the dominant factors
influencing liquefaction-induced ground settlements. Although further evaluations using
future case history data are required, the proposed method appears to provide a
satisfactory estimate of liquefaction-induced ground settlements, should be useful for low

to medium risk projects and also provide preliminary estimations for higher risk projects.

A number of factors may influence the accuracy of calculated settlements in estimating
liquefaction-induced ground settlements. The maximum surface acceleration at a studied
site is one of the major factors. Its determination is difficult without measured values at a
studied site, and rough estimates using available simple correlations often create much
uncertainty concerning the estimated liquefaction-induced ground settlements. For
important projects, a site specific response analysis isk required to determine the

maximum surface acceleration.

Fines content or mean grain size of sandy soils may affect liquefaction-induced ground
settlements. However, their effects on the calculated settlements may be partially
included in the proposed CPT-based approach. More studies are required to investigate

these effects, and no further correction is recommended at this stage.

The effects of a transitional zone between a sandy soil and a clayey soil or the effects of
thin sandy soil sandwiched between two soft clayey soil layers on cone tip resistance are
evident. They may also influence the estimation of liquefaction-induced ground
settlements when using CPT data. However, these effects on the calculated settlements
may also be partially incorporated with the proposed CPT-based approach. More studies

are required as well to quantify the effects.

Both vertical and horizontal distribution of liquefied layers at a site may play a role in
ground surface settlements. Ignoring the effect of the three-dimensional distribution of
liquefied layers on ground surface settlements may result in over-estimating liquefaction-

induced ground settlements for some sites. Unfortunately, no reliable measure is
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available to quantify this effect at this stage. Therefore, engineering judgement is needed

to consider the effect in order to avoid an overly conservative design.

The NCEER CPT-based method may be conservative in evaluating liquefaction potential
and estimating liquefaction-induced ground settlements for some sites where a large
amount of the soils are fitted in the zone defined by 1.64<I.<2.36 and F< 0.5. Therefore,
soil sampling with some index tests is strongly recommended to further clarify soil

properties for the sites.

10.3 The Mechanisms and Controlling Factors of Liquefaction-induced Lateral

Spreads

Liquefaction-induced lateral spreads are a pervasive type of liquefaction-induced ground
failures for gentle slopes or on level (or gently inclined) ground with a free face (e.g.,
river banks, sea walls, road cuts). During past major earthquakes, enormous damage to
engineered structures and lifelines has been caused by liquefaction-induced ground lateral
spreads. Much research has been conducted to investigate the mechanisms and
controlling factors of lateral spreads mainly by means of laboratory cyclic triaxial or
simple shear tests, one g shake table tests, and dynamic geotechnical centrifuge model
tests. The review of the available testing results of these tests and the studies of case
histories associated with past earthquakes generally suggested the following conclusions

and observations:

» Test results from one g shake table and centrifuge model tests and observations from
case histories generally support the hypothesis that lateral displacements in a
liquefaction-induced lateral spread result from distributed residual shear strains
throughout liquefied layers. Three major components controlling the magnitude of
liquefaction-induced lateral displacements are the maximum shear strains in liquefied

layers, the thickness of liquefied layers, and geometric parameters characterizing
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ground geometry (e.g., ground slope, free face height, and the distance to a free face)

at a studied site.

Soil properties (e.g., soil density, soil composition, grain characteristics, as well as
structure and age), earthquake characteristics (e.g., earthquake magnitude, the
distance to seismic energy or fault rupture, peak horizontal ground acceleration, the
duration of strong motion), and ground geometry are three of the most important

factors influencing liquefaction-induced ground lateral spreads.

Several other factors may influence liquefaction-induced lateral displacements as
well. The restraint on shear strain due to soil dilative response at large strain may
lead to a strong restraining effect on the magnitude of cyclic and accumulated
residual shear strains of soils in a lateral spread. Seismic acceleration of a soil layer
in level ground or gentle slopes (less than 5%) may be reduced due to the liquefaction
of the underlying loose soil layers. This reduction of acceleration may limit resultant
lateral displacements in a liquefaction-induced lateral spread. Both boundaries and
the three-dimensional distribution of liquefied layers may have an effect on lateral
displacements in lateral spreads. The effect will be on a case-by-case basis.
Redistribution (including the development of a water film beneath a low permeability
layer) and drainage of excess pore pressures in liquefied layers during earthquakes
may also play some role in a lateral spread. However, it is very difficult to quantify

their effects.

Liquefaction-induced lateral spreading under seismic loading is a complicated

phenomenon. Its mechanisms and controlling factors have not been fully understood

currently and more studies are needed.

10.4 Previous Research on Estimating Liquefaction-induced Lateral Displacements

Several groups of methods have been proposed to estimate liquefaction-induced ground
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lateral displacements, including laboratory modeling approaches, numerical and

analytical analyses, and field-data-based methods.

Laboratory-scale models built on conventional shake-tables and geotechnical centrifuges
are useful in exploring the mechanics of liquefaction-induced failures. However,
laboratory-scale models are unsatisfactory in providing fully realistic models of lateral
spreading and are seldom directly used to estimate liquefaction-induced lateral

displacements in geotechnical design.

Several simplified analytical methods have been used to estimate liquefaction-induced
ground deformations. The major limitation for the modified Newmark’s (1965) sliding
block analytical approaches is the assumption that the soils in a lateral spread move
laterally as a rigid block along a well-defined failure plane. However, field observations
in combination with laboratory-scale tests did not support this assumption. The
analytical model of Towhata et al. (1999) shows promise for providing useful predictions
of the maximum or ultimate displacements. However, because liquefied soils are
assumed to behave as a liquid with zero shear strength in this model, the model generally
overestimates lateral displacements in a liquefaction-induced lateral spread. The residual
shear strain charts proposed by Shamoto et al. (1998) did not relate to static shear stresses
or field ground geometry. These charts cannot be directly used to estimate lateral
displacements in a lateral spread even through these charts may be applied to give a
possible estimation of the maximum lateral displacement at the waterfront for level

ground with a free face.

Several models for stress-deformation analysis using finite element techniques have been
used to calculate displacements in a lateral spread. Reliability of the predictions using
these models mainly depends on two major aspects: (1) a rigorous and relevant
constitutive model and (2) appropriate input data for the analysis. However, first, the
expense and difficulty associated with obtaining and testing high quality samples of loose
sandy soils and the need for accurately and repetitively measuring many uncommon

material constants for stress-deformation analyses using a rigorous constitutive model
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significantly limit the applications of numerical methods. Second, the general
inadequacy of the available rigorous numerical models for estimating liquefaction-

induced deformations has been recently demonstrated (Manzari et al. 1994).

Due to the complicated nature of liquefaction-induced lateral spreads, several available
field-data-based empirical models (Hamada et al. 1986; Youd and Perkins 1987; Bartlett
and Youd 1995; Youd et al. 1999; Rauch and Martin 2000) have shown advantages for
estimating post-liquefaction deformations because of their simplicity and the fact that
they are based on field observations. It is difficult to choose one empirical model over
another since they all seem to give results correct to within a factor of two or three.
Generally, both Hamada’s model and Youd and Perkins’ model characterize only partial
factors that control the magnitude of lateral spreading displacements and therefore are
useful only to specific geological regions and earthquakes. Rauch and Martin’s SPT-
based model is a useful tool for predicting average horizontal movements on a potential
lateral spread. It is believed that Bartlett and Youd’s SPT-based model is more satisfying
since it takes into account all the major factors that control lateral displacements. The
SPT-based model of Youd et al (1999) may be the best of the available empirical models
to estimate lateral displacements in a liquefaction-induced lateral spread at this stage even

though it still has some limitations.

These field-data-based models are empirical and do not incorporate the extensive
knowledge gained from laboratory studies of soil liquefaction. No CPT-based method to
estimate liquefaction-induced lateral displacements is currently available even though the
CPT has greater repeatability and reliability and provides a continuous profile compared
with other field tests. Therefore, it was suggested that simple semi-empirical approaches
be developed for estimating liquefaction-induced lateral displacements using SPT or CPT

data on the basis of laboratory testing results and case history data.
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10.5 Estimation of Liquefaction-induced Lateral Displacements Using SPT or CPT
Data

10.5.1 The proposed approaches for estimating liquefaction-induced lateral

displacements using SPT or CPT data

Based mainly on laboratory test results, the SPT/CPT-based procedures were developed
to estimate the maximum shear strains of sandy or silty soils during undrained seismic
loading in Chapter 6. A new parameter, defined as the lateral displacement index (LDI),
was then introduced. This parameter is a value calculated by integrating the maximum

shear strains with depth based on either SPT- or CPT-based procedures.

The lateral displacement index incorporates two of the three components dominating the
magnitude of liquefaction-induced lateral displacements: the thickness of liquefied layers
and the maximum shear strains in liquefied layers. This index also embodies the effects
of both soil properties and earthquake characteristics on liquefaction-induced lateral
spreads. Therefore, the index is a good indicator of the lateral displacement potential for

a given ground geometry.

The three major components influencing the magnitude of liquefaction-induced lateral
displacements are the thickness of liquefied layers, the maximum shear strains in
liquefied layers, and geometric parameters characterizing ground geometry. The
thickness of liquefied layers and the maximum shear strains in liquefied layers have been
incorporated into one parameter — the lateral displacement index (LDI). Therefore, the
magnitude of liquefaction-induced lateral displacements is primarily controlled by the
lateral displacement index (LDI) and the major geometric parameters characterizing
ground geometry. This implies that a general correlation may exist between the LDI, the

magnitude of lateral displacement (LD), and the major geometric parameters.

Lateral spreads occur either on gentle slopes ranging from 0.3 to 5 percent or on level (or

gently inclined) ground with a free face (e.g., river banks, sea walls, road cuts). In this
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research, ground geometry associated with lateral spreads was divided into three
categories: gently sloping ground without a free face, level ground with a free face, and
gently sloping ground with a free face. Ground slope (S) was used as a major geometric
parameter characterizing ground geometry for gently sloping ground without a free face
in this research. Both the distance to a free face (L) and free face height (H) were
adopted as the major geometric parameters to characterize ground geometry for level
ground with a free face. Ground slope, L, and H were used for gently sloping ground

with a free face.

Case history data concerning lateral spreads that occurred during past major earthquakes
provide a good opportunity to establish the correlation between the LDI, the magnitude of
lateral displacement (D), and the major geometric parameters. In this research, a total
of sixteen case histories associated with thirteen past major earthquakes were studied.
The data from six, six, and four of all the case histories were used to develop the
correlations for gently sloping ground without a free face, level ground with a free face,

and gently sloping ground with a free face respectively.

Based on the established correlations between LD, LDI, and major geometric parameters,
three approaches were proposed to estimate the magnitude of liquefaction-induced lateral
displacements for gently sloping ground without a free face, level ground with a free
face, and gently sloping ground with a free face respectively. The following equations

are used to estimate the magnitude of lateral displacements in the proposed approaches:

for gently sloping ground without a free face,

[10.2a] LD =(S+0.2)-LDI (for 0.2% < S <3.5%)

for level ground with a free face,

-07
[10.2b] LD=5. (%j -LDI (for 5 < L/H < 40)
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for gently sloping ground with a free face,

[10.2c] LD =LDI-(0.5-S+5.0-(L/H)™®")
(for 5<I/H <40 and -0.5% <= S <= 1.5%)

where S is ground slope in percentage, L is the distance to a free face in meters, H is free
face height in meters, LDI is the lateral displacement index in centimeters, and LD is

lateral displacement in centimeters

10.5.2 Performance of the proposed approaches

Given the complexity of liquefaction-induced lateral spreads, considerable variations in
magnitude and distribution of lateral displacements are expected. Generally, about 90%
of the calculated lateral displacements using the proposed approaches showed variations
between 50% and 200% of measured values for the available case histories studied in this
research. Therefore, the proposed approaches could underestimate or overestimate

liquefaction-induced lateral displacements by up to a factor of two.

Preliminary comparisons of calculated and measured lateral displacements for two case
histories indicated that the accuracy of the proposed approaches was generally similar to
that of the MLR model of Youd et al. (1999) for estimating lateral displacements for
gently sloping ground without a free face or level ground with a free face for the studied
cases. Further evaluations are required using data from new case histories before a

general conclusion can be made.

10.5.3 Advantages of the proposed approaches

Compared with available field-data-based empirical methods (including the MLR model
of Youd et al. (1999)), the proposed approaches have the following advantages.
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The first distinct advantage is that the distribution of lateral displacement with depth
below the ground surface can be obtained from the proposed approaches. The variation
of lateral displacements with depth at a given location can be reasonably assumed to be
similar to the variation of the lateral displacement index with depth. This profile may be
valuable for the design of underground structures (e.g., pipelines) and foundations (e.g.,

piles).

Soil properties and soil profiles can be better characterized by the proposed approach.
For instance, an individual value for each of measured fines contents is used in the
proposed method while a single average value of fines contents for all the sandy soils that
have a normalized SPT N value of less than 15 is assigned to an SPT profile in the MLR
model of Youd et al. (1999). In addition, earthquake characteristics can be better
characterized by the proposed approach because of using site specific peak suraface

acceleration.

The proposed approaches combine available results from laboratory tests with data from
case histories associated with past major earthquakes, capture the mechanisms of
liquefaction-induced lateral spreads, and characterize the major factors influencing lateral
displacements. Either SPT or CPT data can be used in the proposed approaches to
estimate lateral displacements. The proposed approaches can be applied to obtain
estimates of both the magnitude and distribution of liquefaction-induced lateral
displacements for gently sloping ground without a free face, level ground with a free
face, and gently sloping ground with a free face. The proposed approaches are quite
simple and can be applied with only a few additional calculations following the NCEER
SPT- or CPT-based liquefaction-potential analysis.

10.5.4 Limitations of the proposed approaches

As discussed in Section 10.5.2, the calculated lateral displacements using the proposed
approaches generally showed variations between 50% and 200% of measured values for

the available case histories studied in this research. Therefore, the proposed approaches
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could underestimate or overestimate liquefaction-induced lateral displacements by up to a

factor of two.

The proposed approach mainly characterizes the effects of soil profile and properties,
earthquake characteristics, and ground geometry on liquefaction-induced lateral
displacements. Other factors that may also influence lateral displacements as discussed
in Chapter 4, such as the redistribution and drainage of excess pore pressures in the
ground, are not quantified in the current approach and would need to be evaluated on a

case-by-case basis.

The proposed approaches were developed using the limited data from the available case
histories. As a result, the proposed approaches are applicable only for similar
earthquakes and ground conditions, as summarized in Tables 7.1, 8.1 and 9.1. The case
history data used for developing the proposed approaches, especially the approach for
gently sloping ground without a free face, were dominantly from two Japanese case
histories associated with the 1964 Niigata and 1983 Nihonkai-Chubu earthquakes, where
the liquefied soils were mainly clean sand only. The values for the geometric parameters
used in developing each of the proposed approaches were within limited ranges, as
specified in Equations [10.2a], [10.2b], and [10.2c]. Therefore, it is not recommended
that the approaches be applied when the values of the geometric parameters go beyond

the specified ranges.

In-situ CPT data were available only for five of the sixteen case histories studied in this
thesis. In developing the proposed approaches using CPT data, the equivalent CPT data
that were converted from SPT data were used to assist in establishing the correlations
between LD, LD], and the major geometric parameters. This procedure might add some
uncertainties to the proposed approaches for using CPT data. Therefore, additional case

history data, especially with CPT data, are required to evaluate the proposed approaches.

Lateral displacements in some zones of a lateral spread are affected not only by the

selected major geometric parameters that were used in the proposed approaches but also
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by other geometric parameters that were not considered in the proposed approaches.
These zones have been specified in Sections 7.2.2 and 8.2.2. The lateral displacements in

these zones cannot be directly calculated using the proposed approaches.
10.5.5 Application of the proposed approaches

The applications of the proposed approaches have been discussed in detail in Sections
7.6, 8.5, and 9.5 and illustrated in the flowcharts in Figures 7.10, 8.7, and 9.5 for the three

categories of ground geometry. A general summary is given below.

The propbsed approaches may be used to estimate liquefaction-induced lateral
displacements in level or gently sloping ground with or without a free face for low to
medium-risk projects or to preliminarily evaluate liquefaction-induced lateral
displacements in the ground for high-risk projects. However, caution and engineering
judgement must be exercised because liquefaction-induced ground lateral spreading is a
complicated phenomenon and a number of assumptions and simplifications were

involved in developing the proposed approaches.

As discussed in Section 10.5.4, the proposed approaches are applicable only for similar
earthquakes and ground conditions, as summarized in Tables 7.1, 8.1 and 9.1.
Furthermore, it is not recommended that the proposed approaches be applied when the
values of the geometric parameters are beyond the ranges specified in Equations [10.2a],
[10.2b], and [10.2c].

Lateral displacements in some zones of a lateral spread are affected not only by the
geometric parameters that were used in the proposed approaches but also by other
geometric parameters that were not considered in the proposed approaches. These zones
have been specified in Sections 7.2.2 and 8.2.2. The lateral displacements in these zones

cannot be directly calculated using the proposed approaches.
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It should be emphasized that engineered structures (e.g., quay walls, retaining walls,
piles, tanks, or pipe lines) in the ground may restrict lateral movements of the ground and
change the lateral displacement patterns in a liquefaction-induced lateral spread. The
proposed approaches were developed using data for the case history sites in which
engineered structures have little or no effect on lateral spreading of the ground.
Therefore, it is expected that the proposed approaches may over-estimate lateral
displacements at sites where engineered structures pose significant restrictions to ground

movements.

Caution should be exercised when a substantial zone of soils with a low (N)gges Or
(gcin)es 1s encountered during liquefaction potential analysis. For such cases, more
extensive investigation should be made and other approaches should be taken to evaluate
the potential for flow failure of the soil, especially when the static shear stresses in the
ground are relatively high. Deformations caused by flow failures can be much larger

than those by lateral spreads, and their estimation is beyond the scope of this research.

The studies of the Juvenile Hall case history indicated that the method for calculating
LDI using the NCEER CPT-based method and in-situ CPT data may under-estimate LDI
for soils with a high fines content (greater than about 55%) and low clay content (less
than about 15%) because soils with an I; greater than 2.6 are generally assumed as to be
non-liquefiable for the NCEER CPT-based method. As suggested by Robertson and
Wride (1997,1998), samples should be obtained for soils with an I of equal to or greater
than 2.6, and their liquefaction potential should be evaluated using other criteria, such as
the Chinese criteria. As a result, LDI should be calculated based on the results of
liquefaction potential analyses for all the soils in a soil profile with an I; either greater or

less than 2.6.

10.6 Recommendations for Future Work

Further evaluations of the proposed CPT-based approach for estimating liquefaction-
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induced ground settlements are required using more data from new case histories. In
addition, several other factors such as boundaries and the three-dimensional distribution
of liquefied layers may also influence ground settlements but were not considered in the
current proposed approach. More research is also needed to investigate quantitatively the

effects of these factors on liquefaction-induced ground settlements.

Several factors (including boundaries and three-dimensional distribution of liquefied
layers, redistribution and drainage of excess pore pressures in a lateral spread, isolation of
acceleration due to liquefaction of underlying soil layers) may also influence
liquefaction-induced lateral displacements, as discussed in Chapter 4. However, they
were not quantified in the current proposed approaches. More research is needed to
investigate quantitatively the effects of these factors on liquefaction-induced lateral

displacements and to better quantify lateral displacements.

The proposed approaches for estimating liquefaction-induced lateral displacements were
developed using the limited data from limited case histories and as such are applicable
only for similar earthquakes and ground conditions. In-situ CPT data were available only
for five of all the sixteen case histories studied in this thesis. In developing the proposed
approaches for using CPT data, the equivalent CPT data that were converted from SPT
data were used to assist in establishing the correlations between LD, LDI, and the major
geometric parameters. This procedure has posed some uncertainties to the proposed
approaches for using CPT data. Therefore, additional case history data, especially with

CPT data, are required to evaluate the proposed approaches.
The proposed approaches for estimating lateral displacements were developed based on

data with limited ranges. More data from new case histories are needed to update the

proposed approaches and to expand the existing ranges for the geometric parameters.
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APPENDIX A: LISTING OF THE DATABASES IN THIS RESEARCH

A listing of the data used for this research is presented in this appendix.

Table Al presents the data used in developing the proposed approach, as developed in
Chapter 7, to estimate liquefaction-induced lateral displacements for gently sloping
ground without a free face. Table A2 lists the data used in developing the proposed
approach, as proposed in Chapter 8, to estimate liquefaction-induced lateral
displacements for level ground with a free face. The data used in developing the
proposed approach, as introduced in Chapter 9, to estimate liquefaction-induced lateral

displacements for gently sloping ground with a free face are presented in Table A3.

The definition of the symbols in Tables A1, A2 and A3 are as follows:

S: ground slope as a percentage;

L: the distance to the toe of a free face in meter;

H: the height of a free face in meter;

LD: measured lateral displacement in centimeter;

LDIspr: the lateral displacement index calculated using the SPT-based procedures and the
SPT data;

LDIcpr: the lateral displacement index calculated using the CPT-based procedures and
the CPT data or the equivalent CPT data converted from the SPT data;

LDIspracpr: the lateral displacement index calculated either using the SPT-based
procedures and the SPT data or using the CPT-based procedures and the CPT
data;

M,: the moment magnitude of an earthquake;

amax: the peak surface acceleration at a site for a given earthquake.
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APPENDIX B: FIGURES SHOWING ESTIMATED LIQUEFACTION-INDUCED
LATERAL DISPLACEMENTS WITH DEPTH FOR THE THREE SITES AT THE
MOSS LANDING CASE HISTORY
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Figure B1 Liquefaction potential analysis using the NCEER CPT-based method and
CPT data from CPT UC-3 and comparison of the estimated profile of lateral
displacement with depth with the measured one by the inclinometer SI-2 (16m to
UC-3) at Moss Landing
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Figure B2 Liquefaction potential analysis using the NCEER CPT-based method and
CPT data from CPT UC-4 and comparison of the estimated profile of lateral
displacement with depth with the measured one by the inclinometer SI-2 (close to
UC-4) at Moss Landing
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Figure B3 Liquefaction potential analysis using the NCEER CPT-based method and
CPT data from CPT RC-1 and comparison of the estimated profile of lateral

displacement with depth with the measured one by the inclinometer SI-4 (close to
RC-1) at Moss Landing
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Figure B4 Liquefaction potential analysis using the NCEER CPT-based method and
CPT data from CPT UC-2 and comparison of the estimated profile of lateral

displacement with depth with the measured one by the inclinometer SI-4 (13 m to

UC-2) at Moss Landing
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Figure B5 Liquefaction potential analysis using the NCEER CPT-based method and
CPT data from CPT RC-4 and comparison of the estimated profile of lateral
displacement with depth with the measured one by the inclinometer SI-5 (close to
RC-4) at Moss Landing
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Figure B6 Liquefaction potential analysis using the NCEER CPT-based method and
CPT data from CPT UC-5 and comparison of the estimated profile of lateral
displacement with depth with the measured one by the inclinometer SI-5 (close to
UC-5) at Moss Landing
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