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Abstract approved:

The cyclic resistance of predominantly fine-grained soils has received considerable

attention following ground and foundation failures at sites underlain by silt-rich

soils during recent earthquakes. In several cases substantial ground deformation

and reduced bearing capacity of silt soils has been attributed to excess pore

pressure generation during cyclic loading. These field case studies are significant

due to the occurrence of liquefaction related phenomena in soils that would be

characterized as not susceptible to liquefaction using current geotechnical screening

criteria. The most widely used of these criteria, the "Chinese Criteria" and its

derivatives, are based solely on soil composition and they are essentially diagnostic

tools that categorize the soil in a binary fashion as either liquefiable or non-

liquefiable. The most significant limitations of these screening tools are that they
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fail to account for the characteristics of the cyclic loading. This investigation was

undertaken to elucidate the potential for strain development in silts during cyclic

loading, and to develop a practice-oriented procedure for evaluating the seismic

performance of silts as a function of material properties, in situ stresses, and the

characteristics of the cyclic loading.

This dissertation presents the results of a multi-faceted investigation of the potential

for seismically induced pore pressures and large strain development in silt soils.

The primary focus of the research was on the synthesis of laboratory testing results

on fine grained soils. Laboratory data from cyclic tests performed at Oregon State

University and other universities formed the basis for enhanced screening criteria

for potentially liquefiable silts. This data was supplemented with field data from

sites at which excess pore pressure generation, liquefaction, and/or ground failures

were observed during recent earthquakes. This investigation specifically addressed

the behavior of silts during loading in cyclic triaxial tests due to the relative

abundance of data obtained for this test. The data was used in conjunction with

standard geotechnical index tests to enhance an existing energy based procedure for

estimating excess pore pressure generation in silts. This pore pressure model can

be used with the uncoupled, stress-based methods for estimating the post-cyclic

loading volumetric strain developed in this investigation.



The energy-based excess pore pressure model and empirical volumetric strain

relationship were used to calibrate for applications involving silt soils a nonlinear,

effective stress model for dynamic soil response (SUMDES). The SUMDES model

was employed, along with the equivalent linear total stress model SHAKE, to

estimate excess pore pressures generated at un-instrumented field sites that have

exhibited evidence of liquefaction during recent earthquakes. A comparison of the

SUMDES and SHAKE results highlighted the limitations of the latter model for

simulating dynamic soil response at various levels of shaking and pore pressure

response. The results of the SUMDES modeling at several well documented case

study sites are presented in this dissertation. These comparisons are valuable for

demonstrating the uncertainties associated with modeling of the effective stress

behavior of silt during seismic loading.
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CHAPTER 1 - INTRODUCTION

This dissertation provides the synthesis of results of an integrated investigation of

the dynamic behavior of silt-rich soils, specifically on the excess pore pressure

generation during cyclic loading and associated large-strain potential of the silts.

As opposed to many recent investigations that have focused on the influence of silt

content on the liquefaction susceptibility of predominantly sandy soil, this study

examines the cyclic resistance of silts (i.e. soils with greater than 50% passing the

#200 sieve). Recent field observations of ground failures and foundation damage at

sites that are underlain by silt highlight the potential susceptibility of these soils to

cyclically-induced strength loss and mobilization of large-strains. In a high

percentage of these cases the silt soils that contributed to the failures would have

been classified as non-liquefiable based on the evaluation procedures routinely used

in practice. Of equal importance to engineering practice are the numerous instances

of sites that performed well during earthquakes despite pre-earthquake assessments

that would have indicated significant potential for ground failure due to

liquefaction and lateral spreading. The preponderance of false negative and false

positive predictions for the cyclic performance of silts demonstrates the limitations

of current methods for screening and analyzing these soils.

The primary inadequacies of practice-oriented procedures for evaluating

liquefaction hazards and large-strain development associated with silts are due, in
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part, to fundamental limitations in the largely empirical tools that are used. These

procedures are based on the field and laboratory performance of sandy soils, with

adjustments made for silt content in an ad hoc manner. Accounting for the

influence of silt on the triggering and post-liquefaction behavior of predominantly

sandy soils is complicated by numerous practical factors including; (a) the

influence of silt on in situ penetration resistance, (b) the change in minimum and

maximum void ratios, and therefore relative densities obtained in sandy soils with

varying silt contents, and (c) difficulties inherent in measuring excess pore

pressures in fine-grained soils during cyclic loading in the laboratory. In addition to

these examples numerous uncertainties in liquefaction hazard assessment of silt

still exist with respect to the influence of basic parameters such as soil composition,

consistency and plasticity, gradation of silt and clay-sized fractions, stress history,

and fabric. In light of the uncertainties imposed by these factors, this research

program was initiated with several primary goals:

1. Examine the field performance of silt soils during recent earthquakes at well

documented sites with an emphasis on enhancing screening tools for

potentially liquefiable soils.

2. Investigate the pore pressure response and strain behavior of a variety of

silts during cyclic loading by way of an extensive laboratory testing

program. The cyclic test results have been supplemented with data on

standard index properties, stress history, strength, and low-strain stiffness.



3. Develop refined, practice-oriented procedures for modeling the pore

pressure response of the soil during cyclic loading. The development and

application of a simplified energy-based approach for estimating cyclic pore

pressure generation and associated shear strain was a primary goal of the

investigation.

This dissertation is organized as three inter-related journal manuscripts

supplemented with chapters addressing introductory material, a project summary

and list of primary conclusions, as well as comprehensive appendixes for pertinent

laboratory data and supporting information. The remaining sections of this

introductory chapter provide background information on the results of relevant

investigations that complement this study, and the numerical modeling that was

used to simulate dynamic soil response. This is information that may be useful to

the reader, but could not be included in the manuscripts due to length limitations.

Following this chapter the journal manuscripts present details and results of this

integrated research program.

The first manuscript, "Cyclic Strain Development in Low to Medium Plasticity

Silts," is presented in Chapter 2, and elucidates various aspects of the stress-strain

behavior of silts loaded cyclically in the laboratory. The testing program

specifically addressed the applicability of current screening tools for determining

whether fine-grained soils are susceptible to liquefaction or strength loss by means
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of sensitive soil behavior. The laboratory testing was conducted to evaluate the

relative cyclic resistance of an array of silts derived from different origins (i.e.

mechanical versus chemical weathering), plasticity characteristics, and clay

contents. The influence of these properties on the cyclic dissipated energy required

to induce initial liquefaction and/or 2.5% shear strain was critically evaluated.

The second manuscript, "Cyclic Degradation and Post-Loading Volumetric Strain

of Non- and Low-Plasticity Silts" presented in Chapter 3 provides the results of

cyclic triaxial tests on silts from several sites in the Pacific Northwest. The

influence of the plasticity characteristics of the specimens on strain-dependent

stiffness and damping is first addressed. This aspect of cyclic soil behavior is

followed by the comparison of existing procedures for estimating post-cyclic

loading volumetric strain as a function of residual excess pore pressures, or factor

of safety against liquefaction, with the laboratory data obtained in this study. An

emphasis in Chapter 3 is the development of a relationship between excess pore

pressure generation, and the maximum and residual cyclic shear strains exhibited in

silts during cyclic loading. This task was undertaken to evaluate the applicability of

widely adopted procedures for sandy soils in models for silts. Finally, the

degradation of undrained shear strength due to cyclic loading was presented.

Procedures that have been routinely applied to clayey soils were adopted for use

with non-plastic and low-plasticity soils.



In Chapter 4 the third manuscript, "Application of a Practice-Oriented Energy

Model for Liquefaction of Silt Soils," presents a two-parameter model that relates

the cumulative increase in excess pore pressure in silts to the energy dissipated

during cyclic loading. This uncoupled pore pressure model can be simply

performed with the results of dynamic soil response analyses. Stress and strain time

histories are combined to yield stress-strain curves for the duration of the cyclic

loading. The dissipated energy is computed from the stress-strain curves then the

excess pore pressure can be estimated. The pore pressure model was validated with

laboratory data from cyclic triaxial data, field data from sites with both strong

motion and pore pressure data, and correlations of observed field performance with

computed ground motion. The laboratory data confirms that existing energy-based

models developed for sandy soils can be used for silts provided appropriate input

parameters are used. This investigation expanded on the energy concepts by

evaluating the influence of soil plasticity on the correlation coefficients. The

culmination of the study is the direct application of the model to field data obtained

at sites with silt-rich soils.

Chapter 5 provides primary conclusions and recommendations for future research

on this topic. The supplementary appendixes present useful material that was not

included in the journal manuscripts comprising chapters 2 through 4 due to space

constraints. Pertinent data that may be helpful to subsequent investigators includes;

index properties for the soils tested in this study, and tabular summaries of data



from the cyclic testing programs that contributed to the work presented in this

investigation.

SUMMARY OF CURRENT PERSPECTIVES AND RECENT RESEARCH

In much of the geotechnical engineering literature over the past 35 years the cyclic

behavior of soils has largely been divided into two classes of problem; (1) excess

pore pressure generation leading to liquefaction of cohesionless sandy soils, and (2)

stiffness and strength degradation in fine-grained soils. Most of the earlier

laboratory data was obtained using stress-controlled cyclic triaxial equipment, and

the results were utilized in numerical models that employed stress-based

constitutive formulations for the soils. This perspective of liquefaction in sandy

soils and strength degradation in fine-grained soils has been pervasive in

geotechnical engineering practice throughout this time period. One shortcoming of

this perspective is that the cyclic soil behavior of predominantly silty soil is often

evaluated with models that are either established for sands, or for moderate to high-

plasticity clay. A specific example is provided by the Simplfied Procedure for

liquefaction of sandy soils that is the standard of practice in geotechnical

engineering (Youd et al 2001). In this procedure the liquefaction resistance of

sandy soil is modified for the presence of silt, up to a maximum fines-content of

35%. It is often assumed that at 35% silt (by weight) the voids of the sand are

effectively filled with silt particles, and the cyclic behavior is dominated by the silt

fraction. The liquefaction resistance for the sand containing 35% silt is sometimes



used in practice as the surrogate for the liquefaction resistance of silt, a procedure

that is poorly suited for the application. This approach highlights a major limitation

of current procedures for evaluating the cyclic behavior of silt.

In light of recent field observations involving ground failures and poor foundation

performance at sites underlain by silts, recent geotechnical investigations have

started to focus specifically on the liquefaction potential of silt, and on soil

softening due to sensitive soil behavior. Interest in the later soil behavior represents

a subtle, yet important, shift in perspective regarding the seismic performance of

silts. Although this is an issue that received initial scrutiny immediately following

the 1964 Good Friday Earthquake in Alaska, it has not been a research emphasis

since that time. An important aspect of this additional perspective to silt behavior is

the focus on the potential for large-strain development during cyclic loading, and

not just excess pore pressure development. The two factors, permanent strain and

excess pore pressure, are related however it is the cumulative shear strain that is

manifested at the surface as ground failures, and which results in damage to

structures. This has long been the dominant focus of soil dynamics studies

performed in the ocean and offshore engineering communities. In order to evaluate

the hazard to offshore platform foundations caused by cyclic loading of fine-

grained soils, researchers (e.g. Andersen and Hoeg 1992, Andersen et al, 1993)

have conducted laboratory investigations to evaluate the permanent cyclic shear

strains induced by cyclic loading of marine silts and clays. The laboratory results



have then been incorporated into stress-based numerical models for estimating soil

deformations adjacent to platform foundations. It is interesting to note that in many

of these investigations the term liquefaction is never used, although excess pore

pressures and large soil strains are computed. Part of the perceived reason for this is

that in the laboratory tests the state of full liquefaction is not usually reached in the

marine soils tested. Large strains are observed however, due to the large number of

cycles that the soil is subjected to in studies of cyclic loading by storm events. The

focus on strain development in fine-grained soil provides an extremely worthwhile

supplement to the geotechnical literature on the cyclic performance of fine grained

soils.

To summarize current perspectives; the simplified procedures for evaluating the

triggering of liquefaction (Youd et al. 2001, Seed et al., 2003) have been shown to

work well for some of the field cases and very poorly for others, indicating that (a)

additional work is needed to modify the simplified procedures for predominantly

fine-grained soils, and (b) the cyclic strain development associated with the ground

failures is due primarily to the sensitive behavior of the soils and not appropriately

modeled using classical liquefaction procedures. The primary issue remains how

best to assess the vulnerability of fine-grained soils to large strain development and

ground failures during cyclic loading. This is particularly germane for practical

applications such as performance-based design of transportation infrastructure
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where the soil deformations caused by cyclic loading are required in evaluations of

foundation and slope performance.

The focus of this investigation was to evaluate the cyclic behavior of selected fine-

grained soils and the potential for large strains that would be damaging to structures

in the field. The pore pressure generation and permanent strain mobilized during

cyclic loading were primary factors, and these were evaluated as functions of the

grain size and plasticity characteristics of the soil, the stress history, and the

intensity and duration of the loading. The cyclic resistance of the soils investigated

is presented in a manner consistent with familiar liquefaction-based methods (i.e.,

cyclic stress ratio versus number of loading cycles, excess pore pressure ratio

versus factor of safety against liquefaction), and the cyclic strains were related to

the magnitude of loading and the energy dissipated by the soils during loading. The

ultimate goal of the on-going investigation is the development of a unified,

practice-oriented procedure for evaluating the potential for large strain

development and ground failures in predominantly fine-grained soils.

FIELD OBSERVATIONS

The cyclic behavior of fine-grained soils has received renewed scrutiny due to field

observations of ground and foundation failures during recent earthquakes. Sites

underlain by fine-grained soils have exhibited failures commonly associated with

liquefaction-induced phenomena. Specific examples include; evidence of elevated
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excess pore pressure development leading to full liquefaction and lateral spreading

(Andrews and Martin 2000, Boulanger et al. 1999, Kramer 2002, Seed et al. 2003),

and the loss of bearing capacity and foundation failures (Bray et al. 2001, Sancio et

al. 2002). These references supplement investigations of liquefaction and ground

failures in predominantly fine-grained soils during earlier earthquakes, most

notably the 1975 Haichang and 1976 Tangshan events in China (Wang 1979, Perlea

et al. 1999). Recent re-evaluations of the dramatic landslides that occurred in the

Anchorage region during the 1964 Good Friday Earthquake in Alaska indicate that

dramatic strength loss due to cyclic loading in the Bootlegger Cove clay

significantly contributed to the failures (Stark and Contreras 1998). The latter study

has highlighted a subtle, yet important, difference between failures due to elevated

pore pressure generation (i.e., liquefaction) and those due to the destruction of soil

fabric and strength loss in sensitive fine-grained soils, a topic that has been well

addressed by Youd and his co-workers (Youd and Gilstrap 1999). In many of the

field cases the initial cause of the dramatic ground failures continues to be

evaluated.

The recent earthquakes have provided valuable data for assessing the applicability

of simple screening tools for potentially liquefiable and sensitive fine-grained soils.

The most valuable case studies have been provided by the 1999 Kocaeli, Turkey

earthquake and the 1999 Chi Chi, Taiwan earthquake. In both events ground

failures and associated foundation damage were observed at sites underlain by fine-



grained soils that in several cases would not have been judged to be susceptible to

liquefaction related hazards prior to the earthquakes. Numerous investigators have

reported that high excess pore pressures and post-loading volumetric straining

occurred in silt-rich soils that would have been judged to be resistant to liquefaction

based on both the Chinese Critieria and the CPT-based criterion (Martin et al.

2004, Sancio et al. 2002, Stewart et al. 2002).

Stewart et al (2002) and Sancio et al (2002) tested liquefied soils following the

Kocaeli and Chi Chi earthquakes and concluded that the simplified screening

criterion based on percent clay content is by itself not a good indicator of the cyclic

resistance of the soil. Subsequent work has demonstrated that the clay content is

not as important a diagnostic parameter as the plasticity of the clay fraction and the

activity of the soil (Seed et al. 2003). On the basis of lessons learned in the

aftermath of the Kocaeli and Chi Chi earthquakes Seed and others (2003) have

abandoned the clay content criterion and categorized soils into 3 zones, (I)

potentially susceptible to liquefaction, (2) may be liquefiable, and (3) not

susceptible to liquefaction (Figure 1.1). The critical evaluation of these

recommendations, and other similar perspectives on silt liquefaction, forms the

basis for this investigation. The field performance data from these recent

earthquakes provides crucial insights on the cyclic behavior of silt. This data is

used to supplement laboratory test results, and several of the case studies have been



used to validate and calibrate numerical models for simulating dynamic silt

response.
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Figure 1.1: Simple screening technique for assessing
liquefaction susceptibility (Seed et al., 2003)

LABORATORY TESTING

In the past decade most of the published laboratory investigations of silt have

focused on improving simplified screening tools for liquefaction hazard by

obtaining index properties of soils from sites that have exhibited liquefaction
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related failures, and elucidating pore pressure generation in high quality samples by

means of undrained cyclic testing. The existence of numerous case histories of silt

liquefaction and compromised foundation performance provided by recent

earthquakes in Turkey, Taiwan, and Japan has provided the impetus to evaluate the

applicability of screening procedures for classifying fine-grained soils as

potentially liquefiable or not liquefiable. In engineering practice the "Chinese

Criteria" (Wang 1979), and subsequent derivatives (Andrews and Martin 2000,

Koester 1992, Seed etal. 1983, Seed et al. 2003), are commonly used as diagnostic

screening tools for evaluating the liquefaction susceptibility of fine-grained soils.

These guidelines are based solely on soil particle size and consistency limits (Table

1.1). A recent modification to the "Chinese Criteria" made by Seed and others

(2003) is shown in the form of the Plasticity Chart (Figure 1.1). The importance of

the natural water content and the Liquid Limit of the soil (and indirectly the

Liquidity Index) as well as the fines content of the soil is evident in this

liquefaction criteria. Minor modifications have been made to these screening

criteria by several investigators as highlighted in Table 1.1. Overall the criteria

appear to be in general agreement, however Koester (1992) has pointed out that

because of differences in the methods of obtaining water contents and Atterberg

Limits in the United States and in China a correction should, be applied before

applying the original Chinese Criteria. The significant limitations of these methods

are that they do not account for soil density, or the intensity and duration of the

cyclic loading. This recent work on the seismic behavior of fine-grained soils has
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contributed greatly to the identification of potentially unstable soils however

current screening tools do not address significant aspects of hazard evaluation such

as the characteristics of the cyclic loading, the strains that may be associated with

the loading, and the post-loading volumetric strain and resistance of the soil. Most

investigators have recommended that the screening tools and in situ tests be

supplemented with laboratory tests, preferably cyclic testing that can be used to

infer the field behavior of the soil during design level ground motions.

Table 1.1: Summary of proposed criteria for liquefiable
fine-grained soils

Authors Percent Clay wILL LL P1

Wang(1979)' <15-20% >0.9 >3

Seed and Idriss (1983)' < 15% >0.9 <35% -

Koester (1992)' <20% >0.87 <33.5% 13

Andrews and Martin (2000)2 <10% <32%

'Clay defined as particles with diameter < 0.005 mm
2 Clay defined as <0.002 mm

Not specified.

To date, most cyclic laboratory testing that has been presented in the technical

literature has focused on the influence of silt on the liquefaction resistance of

predominantly sandy soils. In recent studies the potential for cyclically induced

failure of fine-grained soils for slope stability and foundation applications has

largely focused on two-interrelated issues; (1) liquefaction potential, and (2)

strength degradation. Although these two aspects of soil behavior can be related

most investigations have focused on one topic or the other. In studies of the former
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researchers have attempted to modify and apply the liquefaction procedures

developed for sandy soils to silt-sand mixtures and to low plasticity fine-grained

soils (Andrews and Martin 2000, Boulanger et al. 1999). The goal has been to

modif' practice-oriented liquefaction procedures for applications involving fine

grained soils. Recent studies have demonstrated that rate effects have a significant

influence on the pore pressures measured in cyclic laboratory tests on fine-grained

soils (Zergoun and Vaid 1994, Romero 1998, Boulanger et al. 1998, Polito 1999,

Green 2001) thus requiring slower rates of cyclic loading and careful re-

interpretation of the results of early investigations performed at loading rates of 0.1

Hz or higher. It appears that the difficulties associated with obtaining representative

undrained shear strengths of non-plastic to low plasticity soils, combined with the

challenges associated with measuring excess pore pressures in cyclic tests of fine-

grained soils has led to two separate methods for evaluating strength loss and the

potential for strain development in silt and clay rich soils. These methods include

undrained monotonic loading of silts following cyclic loading, and relatively slow,

undrained cyclic loading tests for measurement of pore pressures.

Alternative perspectives to the cyclic behavior of fine-grained soils provided by

geotechnica! specialists in the ocean engineering field have shed light on the

potential for large strain mobilization during loading. As previously introduced,

investigations by Andersen and his coworkers (1992, 1993) provide worthwhile

data on the inter-relationship of the intensity and duration of cyclic loading, as well
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as the resistance of the soil (i.e., the static undrained shear strength of the soil), on

excess pore pressure generation and cyclic shear strain exhibited by the soil. In

these studies the cyclic loading is decomposed into static shear stress (t0) and cyclic

shear stress (t) components appropriate for K0 and sloping ground conditions. The

cyclic demand on the soil has been represented in a nonnalized format as either the

combined applied shear stress (static plus dynamic) divided by the static undrained

shear strength (se) of the soil, or as the cyclic shear stress divided by the effective

confining stress (a'0). The application of the cyclic shear stresses results in a cyclic

shear strain (the maximum shear strain during each cycle of loading, and a

permanent, or residual, shear strain (yr). The permanent excess pore pressure at the

end of each cyclic of loading is also measured (un). The cumulative shear strain and

pore pressure is monitored during cyclic loading, with loading durations of between

I and 100,000 cycles, representative of long duration storm events. The data

obtained in the range of 5 to 100 cycles is of primary interest to earthquake

engineering evaluations. An example of this method of data representation is

provided in Figure 1.2. Contours of shear strain (tn, t) and excess pore pressure

ratio (u/&) are plotted as functions of cyclic loading (t/a') and the number of

loading cycles. These plots provide straightforward estimates of shear strain for a

variety of load combinations and durations of loading.

The cyclic resistance and post-loading strength of soils have been evaluated using a

variety of laboratory techniques. Both stress- and strain-controlled testing
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techniques have been performed leading to the development of common procedures

for evaluating the cyclic resistance of soil. These methods include; (1) the stress-

based procedures commonly used in liquefaction studies, (2) strain-based

procedures often employed for strength degradation studies, and (3) energy-based

formulations that relate the cyclic resistance or fatigue of the soil to the cumulative

energy that has been dissipated by the soil during cyclic loading. The data

evaluated in this investigation has been obtained entirely from stress controlled

cyclic triaxial testing programs. Tests performed by the author have been

augmented with data from project files and the technical literature. The results are

presented in the form of standard stress-based plots, and energy-based

formulations. In order to demonstrate the behavior of low- to moderate-plasticity

fine-grained soils the strain and excess pore pressure development during cyclic

loading is evaluated in terms of the following:

Soil index properties such as percent clay-size particles, void ratio, Liquid

Limit, Plasticity Index, and Liquidity Index.

Cyclic stress ratio (tavg/cr'3) and number of loading cycles.

The cumulative dissipated energy during loading.

The post-cyclic loading shear strength was also evaluated in many of the

tests, which allowed for comparisons with similar testing programs

highlighted in the technical literature.
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The laboratory testing program performed in this investigation is intended to

synthesize the approaches generalized herein as the geotechnical, and offshore

ocean engineering methods. The emphasis is on cyclic shear strain development

that would lead to ground failures and compromised structural performance

however the role of pore pressure generation on this behavior will also be evaluated

in depth.

NUMERICAL MODELING

A primary goal of the synthesis of field and laboratory data is the development of a

practice-oriented model for estimating the generation of excess pore pressures, and

the mobilization of shear strain during cyclic loading of silt. Numerous methods for

incorporating the dynamic stress-strain behavior of silt into numerical models were

evaluated in this investigation. Several constitutive models were applied for well

documented cases studies, and the strengths and limitations of each method for use

in routine practice were evaluated. Uncoupled, stress based methods are easily

implemented in standard methods of analysis, but suffer from the inability to

address aspects of soil behavior related to plastic behavior and volumetric strain.

On the other hand sophisticated plasticity based models incorporating effective

stress behavior, such as the one employed in this investigation for several analyses

of field performance, are encumbered with numerous soil parameters that are very

rarely obtained even on large engineering projects. In addition, the influence of

small changes in input parameters on the computed dynamic soil response analysis
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to is difficult to ascertain without extensive sensitivity studies, a process that is

usually precluded by the number of soil variables and the practical constraints on

resources for most projects. Coupled, effective stress analyses that incorporate

volumetric strain for drained conditions, or pore pressure generation in undrained

analyses are clearly preferable however the development of a practice oriented

procedure for estimating pore pressure generation in silt that could be readily

incorporated into uncoupled analysis by simple post-processing of output was

viewed as a very worthwhile endeavor.

Two numerical models were employed in this investigation; (1) the 1-D, equivalent

linear, total stress model SHAKE (Schnabel et al 1972, EduPro Civil Systems,

2004), and (2) the 2-D, fully nonlinear, plasticity based, effective stress model

SUMDES (Li et al. 1992). Both of the models were applied to field case studies

involving the measured dynamic response of silt-rich soils. In two field case

histories involving silts vertical array data is available for strong ground motions

and pore pressures in key soil deposits (Lotung, Taiwan; Wildlife Site, Imperial

Valley, California). In one case where the effects of silt liquefaction were observed

at the ground surface the seismic data was limited to local ground surface strong

motion records (Richmond, California). These cases, in addition to several others

with either downhole array or surface strong motion data, provide valuable

opportunities to validate the numerical models for a variety of geotechnical and

seismological conditions (Treasure Island, San Francisco; Port Island, Kobe,
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Japan). As importantly, the results of the laboratory analyses of silt can be used

directly in the numerical models, or combined in an uncoupled manner with the

computed output to estimated liquefaction hazards in the silt. The latter endeavor

facilitates direct comparisons of the proposed models with field data, and through

parameter calibration allows for the models to be used for a much broader array of

engineering applications.

The results of the numerical modeling performed in this study are contained in

Appendix C: Numerical Dynamic Soil Response Modeling of Silt Rich Sites. The

numerical modeling was instrumental in developing the simplified method of

estimating the cumulative increase in excess pore pressure during cyclic loading.

Estimations of dynamic soil response, pore pressures, and ground surface motions

are provided along with implications for the numerical modeling of silt. With

respect to computed ground surface response and numerical modeling, the use both

total stress and effective models allows for the comparison results for sites with soil

layers that exhibit limited pore pressure generation (i.e. excess pore pressure ratios

less than 1.0). This exercise was useful for demonstrating when the results of

models such as SHAKE are appropriate and applicable for seismic design of

structures at the ground surface, and when the generation of excess pore pressure is

enough to yield significantly different results when compared to effective stress

models. Guidelines can then be developed for the required application of effective

stress modeling in instances when moderate pore pressure are generated in
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extensive deposits of silt, or when pore pressure ratios are very high in layers of

limited extent. From a practical perspective, the latter scenario may indicate that

soil improvement for liquefaction mitigation is necessary.
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CHAPTER 2: CYCLIC STRAIN DEVELOPMENT IN LOW TO MEDIUM
PLASTICITY SILTS

Sunitsakul Jutha' and Stephen E. Dickenson2
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2 Associate Professor, Department of Civil Engineering, Oregon State University

ABSTRACT

Cyclic triaxial test results on both insitu and fabricated samples are presented

herein. The materials on this study were taken from different sources and tested in

different laboratories. Among the finding, loading frequency and magnitude

influence the dynamic behavior of silt soils in contrast to that of sandy soils. Silt

soil with higher plasticity and over-consolidation ratio is more resistant to the

development of strain and pore pressure. For fabricated samples, cyclic resistance

is not increased for silt soils with plasticity index less than 8; however, cyclic

resistance increase with increasing plasticity index for undisturbed samples. There

are evidences that pore pressure and strain development of silt soils are dependent

on loading magnitude and soil plasticity index. The influence of plasticity index on

strain development is greater than that of pore pressure generation. This study

confirms that percent clay content in Chinese criteria was found to be ineffective in

classifying liquefiable and non liquefiable soils.

Key words: Silt soils, cyclic behavior, cyclic strain, pore pressure generation,

dissipated energy, cyclic triaxial testing.
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INTRODUCTION

The cyclic behavior of fine-grained soils has received renewed scrutiny due to field

observations of ground and foundation failures during recent earthquakes. Sites

underlain by fine-grained soils have exhibited failures commonly associated with

liquefaction-induced phenomena. Specific examples include; evidence of elevated

excess pore pressure development leading to full liquefaction and lateral spreading

(Andrews and Martin 2000, Boulanger et at. 1998, Kramer 2002, Seed et at. 2003),

and the loss of bearing capacity and foundation failures (Sancio et al. 2002, Bray et

al. 2004). These references supplement investigations of liquefaction and ground

failures in predominantly fine-grained soils during earlier earthquakes, most

notably the 1975 Haichang and 1976 Tangshan events in China (Wang 1979, Perlea

et al. 1999). Recent re-evaluations of the dramatic landslides that occurred in the

Anchorage region during the 1964 Good Friday Earthquake in Alaska indicate that

dramatic strength loss due to cyclic loading in the Bootlegger Cove clay

significantly contributed to the failures (Stark and Contreras 1998). The latter study

has highlighted a subtle yet important difference between failures due to elevated

pore pressure generation (i.e., liquefaction) and those due to the destruction of soil

fabric and strength loss in sensitive fine-grained soils, a topic that has been well

addressed by Youd and his co-workers (Youd and Gilstrap 1999). In many of these

cases the initial cause of the dramatic ground failures continues to be evaluated.

The simplified procedures for evaluating the triggering of liquefaction (Youd et al.

2001, Seed et al., 2003) have been shown to work well for some of the field cases
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and very poorly for others, indicating that (a) additional work is needed to modify

the simplified procedures for predominantly fine-grained soils, and (b) the cyclic

strain development associated with the ground failures is due primarily to the

sensitive behavior of the soils and not appropriately modeled using classical

liquefaction procedures. The primary issue remains how best to assess the

vulnerability of fine-grained soils to large strain development and ground failures

during cyclic loading. This is particularly germane for practical applications such as

performance-based design of transportation infrastructure where the soil

deformations caused by cyclic loading are required in evaluations of foundation

and slope performance.

The focus of this investigation was to evaluate the cyclic behavior of selected fine-

grained soils and the potential for large strains that would be damaging to structures

in the field. The pore pressure generation and permanent strain mobilized during

cyclic loading were primary factors, and these were evaluated as functions of the

grain size and plasticity characteristics of the soil, the stress history, and the

intensity and duration of the loading. The cyclic resistance of the soils investigated

is presented in a manner consistent with familiar liquefaction-based methods (i.e.,

cyclic stress ratio versus number of loading cycles, excess pore pressure ratio

versus factor of safety against liquefaction), and the cyclic strains were related to

the magnitude of loading and the energy dissipated by the soils during loading. The

ultimate goal of the on-going investigation is the development of a unified,
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practice-oriented procedure for evaluating the potential for large strain

development and ground failures in predominantly fine-grained soils.

BACKGROUND

The potential for cyclically induced failure of fine-grained soils for slope stability

and foundation applications has largely focused on two-interrelated issues; (1)

liquefaction potential, and (2) strength degradation. Although these two aspects of

soil behavior can be related most investigations have focused on one topic or the

other. In studies of the former researchers have attempted to modify and apply the

liquefaction procedures developed for sandy soils to silt-sand mixtures and to low

plasticity fine-grained soils (Andrews and Martin 2000, Boulanger et al. 1999). The

goal has been to modify practice-oriented liquefaction procedures for applications

involving fine grained soils. Recent studies have demonstrated that rate effects

have a significant influence on the pore pressures measured in cyclic laboratory

tests on fine-grained soils (Zergoun and Vaid 1994, Romero 1998, Boulanger et al.

1998, Polito 1999, Green 2001) thus requiring slower rates of cyclic loading and

careful re-interpretation of the results of early investigations performed at loading

rates of 0.1 Hz or higher. It appears that the difficulties associated with obtaining

representative undrained shear strengths of non-plastic to low plasticity soils,

combined with the challenges associated with measuring excess pore pressures in

cyclic tests of fine-grained soils has led to two separate methods for evaluating
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strength loss and the potential for strain development in silt and clay rich soils.

Pertinent aspects of these methods are described as follows.

In engineering practice the "Chinese Criteria" (Wang 1979), and subsequent

derivatives (Andrews and Martin 2000, Koester 1992, Seed et al. 1983, Seed et al.

2003), are commonly used as diagnostic screening tools for evaluating the

liquefaction susceptibility of fine-grained soils. These guidelines are based solely

on soil particle size and consistency limits (Table 2.1). A recent modification to the

"Chinese Criteria" made by Seed and others (2003) is shown in the form of the

Plasticity Chart in Figure 2.1. The importance of the natural water content and the

Liquid Limit of the soil (and indirectly the Liquidity Index) as well as the fines

content of the soil is evident in this liquefaction criteria. Minor modifications have

been made to these screening criteria by several investigators as highlighted in

Table 2.1. Overall the criteria appear to be in general agreement, however Koester

(1992) has pointed out that because of differences in the methods of obtaining

water contents and Atterberg Limits in the United States and in China a correction

should be applied before applying the original Chinese Criteria. A significant

limitation in these methods is that the intensity and duration of the cyclic loading is

not incorporated into the screening criteria.
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Table 2.1: Summary of proposed criteria for liquefiable
fine-grained soils

Authors Percent Clay w/LL LL P1

Wang (1979)' <15-20% >0.9 >3

Seed and Idriss(1983)' <15% >0.9 <35% -

Koester (1992)' <20% >0.87 <33.5% 13

Andrews and Martin (2000)2 <10% <32%

'Clay defined as particles with diameter < 0.005 mm

2 Clay defined as < 0.002 mm

specified.

The simplified screening criteria that have been developed for fine grained soils

have been supplemented with recommendations based on in situ penetration

resistances from the Standard Penetration Test (SPT) and Cone Penetration Test

(CPT). One of the most often cited methods was developed by Robertson and

Wride (1997). This procedure uses the CPT tip resistance and friction ratio to

determine an empirical Soil Behavior Type Index parameter (Ia) . The I, can be

thought of as describing the boundary between the zone of sand mixtures and the

zone of silt mixtures on the normalized soil behavior type chart that is commonly

used to classify soils. Robertson and Wride initially proposed that soil having I>

2.6 (i.e., silt mixtures) were not prone to liquefaction, although supplemental

laboratory testing may be required to confirm this general recommendation. The

use of laboratory data in concert with the CPT data has been recommended by

Youd and his co-workers (Youd and Gilstrap 1999), who note that due to the

uncertainty of CPT-based soil classification in materials having very low tip
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resistances (q < I MPa) the liquefaction screening guideline of I > 2.6 should be

used with caution. In a significant enhancement to the existing liquefaction

screening methodologies Youd and Gilstrap (1999) expanded the critieria for

potentially problematic soils to include sensitive soils, thus focusing on the

potential for strength loss and ground failure and not just the development of excess

pore pressure generation. The screening criteria for sensitive fine-grained soils are

provided in Table 2.2.

Table 2.2: Criteria to classify sensitive clays susceptible to
seismically-induced strength loss (Youd and
Gilstrap, 1999)

Soil Type CL or ML

Sensitivity >4

Liquidity Index > 0.6

Moister Content > 0.9LL

N, <5 blows/30 cm

qcIN <I MPa

Recent earthquakes have provided valuable data for assessing the applicability of

simple screening tools for potentially liquefiable and sensitive fine-grained soils.

Notable case studies have been provided by the 1999 Kocaeli, Turkey earthquake

and the 1999 Chi Chi, Taiwan earthquake. In both events ground failures and

associated foundation damage were observed at sites underlain by fine-grained

soils that in several cases would not have been judged to be susceptible to

liquefaction related hazards prior to the earthquakes. Numerous investigators have
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reported that high excess pore pressures and post-loading volumetric straining

occurred in silt-rich soils that would have been judged to be resistant to liquefaction

based on both the Chinese Critieria and the CPT-based I criterion (Bray et al.

2004, Sancio et al. 2002, Stewart et al. 2002). Stewart and others (2002) and Sancio

and others (2002) tested liquefied soils following the Kocaeli and Chi Chi

earthquakes and concluded that the simplified screening criterion based on percent

clay content is by itself not a good indicator of the cyclic resistance of the soil.

Subsequent work has demonstrated that the clay content is not as important a

diagnostic parameter as the plasticity of the clay fraction and the activity of the soil

(Seed et al. 2003). On the basis of lessons learned in the aftermath of the Kocaeli

and Chi Chi earthquakes Seed and others (2003) have abandoned the clay content

criterion and categorized soils into 3 zones, (1) potentially susceptible to

liquefaction, (2) may be liquefiable, and (3) not susceptible to liquefaction (Figure

2.1).

Recent work on the seismic behavior of fine-grained soils has contributed greatly to

the identification of potentially unstable soils however current screening tools do

not address significant aspects of hazard evaluation such as the characteristics of

the cyclic loading, the strains that may be associated with the loading, and the post-

loading volumetric strain and resistance of the soil. Most investigators have

recommended that the screening tools and in situ tests be supplemented with

laboratory tests, preferably cyclic testing that can be used to infer the field behavior
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of the soil during design level ground motions. This investigation has focused on

laboratory testing to elucidate the strain and pore pressure development that is

generated in fine-grained soils during cyclic loading. An introduction to the testing

methods and application of the data is presented in the following section.
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Figure 2.1: Liquefaction assessment criteria (Seed et at.
2003)

APPLICATIONS OF LABORATORY TESTING

The cyclic resistance and post-loading strength of soils have been evaluated using a

variety of laboratory techniques. Both stress- and strain-controlled testing has been

performed leading to the development of common procedures for evaluating the
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cyclic resistance of soil. These methods include; (1) the stress-based procedures

commonly used in liquefaction studies, (2) strain-based procedures often employed

for strength degradation studies, and (3) energy-based formulations that relate the

cyclic resistance or fatigue of the soil to the cumulative energy that has been

dissipated by the soil during cyclic loading. The data evaluated in this investigation

has been obtained entirely from stress controlled cyclic triaxial testing programs.

Tests performed by the authors have been augmented with data from project files

and the technical literature. The results are presented in the form of standard stress-

based plots and energy-based formulations. In order to demonstrate the behavior of

low- to moderate-plasticity fine-grained soils the strain and excess pore pressure

development during cyclic loading is evaluated in terms of the following:

Soil characteristics including prevent clay size fraction, void ratio, Liquid

Limit, and Plasticity Index.

Cyclic stress ratio (tavghY3') and number of loading cycles.

The cumulative dissipated energy during loading.

The cyclic loading stress ratio to the undrained shear strength was also evaluated in

many of the tests, which allowed for comparisons with similar testing programs

highlighted in the technical literature.
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SAMPLE DESCRIPTION AND TESTING

Cyclic triaxial data from investigations of nine different fine grained soils is

incorporated in this study. Seven of the soils were obtained at project sites in the

Pacific Northwest region of the United States, and the remaining two materials are

prepared soils. The site locations, soil properties, and aspects of the testing are

outlined in Tables 2.3 and 2.4. The relatively undisturbed samples were obtained

with 3 inch diameter thin-walled Shelby tubes. Great care was taken at all stages of

the transport, handling, and specimen preparation to minimize disturbance. These

procedures notwithstanding, minor densification of the silty soils is expected

making direct comparisons of the laboratory measured cyclic resistance and the in

situ penetration resistance difficult. The specimens are all predominantly fine-

grained soils with greater than 50% by weight passing the number 200 sieve (grain

size <0.074 mm), with most having more than 70% fines. Samples from the

Tacoma, Hayden Island, and Fern Hill sites are low plasticity silts (P1 <4), whereas

the rest are low to medium plasticity silts (4 <P1 <20). The soil samples obtained

at the Portland International Airport-Columbia River Levee (PDX) site were quite

variable due to the interlayered nature of the deposits. The specimens from the bed

of Lake Oswego have high water content and they are characterized as soft, low to

medium plasticity silt. The in situ penetration resistances of all of these soils are

low demonstrating that they are very soft to medium stiff in place. Additional data

was provided by investigations of alluvial silt from central California (Romero

1998), and a processed, commercially available soil (Bonnie silt) that has been
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well-characterized by numerous investigators for the VELACS program (Arulmoli

et al. 1992). The plasticity characteristics of the soils invested in this investigation

are illustrated in Figure 2.2.

The testing performed by the authors and colleagues was conducted on high

quality, relatively undisturbed specimens and on reconstituted specimens of the

same soils. Reconstituted samples were fabricated using the slurry method wherein

moist soil was mixed with water at moisture contents above the Liquid Limit of the

soil, then isotropically consolidated under vacuum prior to trimming into specimens

for testing. The properties of the reconstituted specimens are summarized in Table

2.5. The specimens were subjected to isotropic consolidation before cyclic testing

and a minimum B-value of 0.96 was required prior to testing. Undisturbed

specimens were consolidated to confining stresses equal to 1.2 times the maximum

past pressure obtained from oedometer tests. In most cases the soils were normally

to very lightly overconsolidated in the field. The low strain stiffness of the soils

was monitored throughout the tests with bender elements embedded in the top and

bottom caps. Stress controlled tests imposing uniform sinusoidal loading was

employed. The effect of loading rate on the measured pore pressures was evaluated

by testing individual specimens at different frequencies. The pore pressure was

measured at the top and bottom of samples during cyclic loading.
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Table 2.3: Summary of cyclic triaxial tests used in this
study

Sample Location Sample
Type

Testing
Lab Frequency References

Fern Hill, OR Undisturbed UCB' 1 Hz Riemer (1995)

Hayden Island, OR Undisturbed OSU2 1 Hz Butler-Brown (2002)

Lake Oswego, OR Undisturbed OSU2 0.1 Hz
Dickenson et al. (2003)
and Pyrch (2003)

Portland Airport, OR Undisturbed OSU2 1 Hz Butler-Brown (2002)

Undisturbed OSU2 1 Hz Butler-Brown (2002)
Tacoma, WA

Fabricated OSU2 1 Hz Butler-Brown (2002)

Bonnie Silt Fabricated TETC3 1 Hz Arulmoli et al. (1992)

Corvallis, OR Fabricated OSU2 1 Hz Butler-Brown (2002)

Sacramento, CA Fabricated UCD4
0.000058-
0.1 Hz

Romero (1998)

Notes:

University of California, Berkeley
2 Oregon State University

The Earth Technology Corporation

University of California, Davis
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Table 2.5: Summary of the soil properties for fabricated
samples

Soil Properties Bonnie Silt Corvallis Sacramento Tacoma

WaterContent(%) 30 22-30 NA 30-31

Unit Weight (KN/m3) 18.9 18.7-20.5 NA 18.5-19

Void Ratio 0.8 0.6-0.82 NA 0.78-0.82

Liquid Limit 29 35.5 26-36.5 NA

Plastic Index 15 8 0-10.5 NP

Liquidity Index 1.1 0.3 NA NP

Percent < # 200 91 99 NA NA

Clay Content (%) 6.7 26.5 3-19 NA

NA: No data available

NP: Non plastic
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TEST RESULTS AND DlscusloN

The results of over 60 cyclic triaxial tests are summarized in this paper. The stress-

strain behavior and pore pressure generation were monitored in all tests allowing

for the development of effective stress paths. An example of one test on a silt of

moderate plasticity is shown in Figure 2.3. The moderate axial strains (> 3.0%)

exhibited during loading were associated with moderate excess pore pressure

development (R 60%) during the application of 15 load cycles. This test was

performed at a cyclic stress ratio of 0.39, consistent with the local seismic hazard

and ground motions anticipated for critical structures. It should be noted that this

soil would be considered non-liquefiable by all screening methods outlined in this

paper, yet prone to strength loss using the criteria proposed by Youd and Gilstrap

(1999). Pertinent aspects of the test results are summarized with that of the full

suite of tests in the following sections.
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Excess Pore Pressure Generation and Strain Development

Early laboratory studies of the liquefaction behavior of sandy soils demonstrated

that the increase in cyclic strain was related to the build up of excess pore pressure

in the specimen. In cyclic triaxial tests the axial single amplitude strain measured

when full liquefaction, defined as an excess pore pressure ratio (R = uk/cT') equal to

one, first occurred was commonly close to 2.5%. Numerous subsequent testing

programs have used 2.5% strain as the criteria for the occurrence of liquefaction in

the laboratory. This relationship was evaluated in order to assess the influence of

excess pore pressures, or more fundamentally the effective confining stress, on the

strain development observed in fine-grained soils. The cyclic resistance of selected

fine grained soils is presented in Figure 2.4 in terms of the number of load cycles

required to achieve R = 100% and an axial strain of 2.5% for a given cyclic stress

ratio (CSR). The influence of soil plasticity on the cyclic resistance is evident in

these plots. The effect of Plasticity Index (P1) on the pore pressure axial strain

response is demonstrated in Figure 2.5. The observation that axial strains of 2.5%

occur when R = 100% was generally confirmed for non-plastic silt. It appears that

within the scatter inherent in the test data this relationship is not greatly influenced

by the P1 of the soil. Overall, it may be concluded that axial strain increases at a

faster rate than the excess pore pressures for the low to moderate plasticity silts

evaluated in this study. This is in consistence to recent investigations of silty soils

that indicated that the condition of 5% double amplitude strain is reached before R

= 100% for soils with P1 > 5 (Perlea 2000).
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An important aspect of the cyclic testing has been the generation of very high

excess pore pressures, and full liquefaction, in soils classified is having a low

susceptibility to pore pressure generation on the basis of simplified screening

criteria. Many of the specimens tested in this study reached the state of full

liquefaction (R = 100% and/or Ex = 2.5%). The plasticity characteristics of the

soils that reached "full" liquefaction are plotted in Figures 2.6 and 2.7 along with

several commonly used screening criteria. The data demonstrate that additional

diagnostic parameters are needed to effectively classify soils prone to failure from

those exhibiting adequate resistance to cyclic loading. It is proposed that more
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robust screening tools will require additional soil characteristics such as stress

history and age of the deposit, Liquidity Index, and Activity, and very importantly

the intensity and duration of the cyclic loading.
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The pore pressure response measured in these cyclic tests can be demonstrated as

R versus the number of cycles to liquefaction. These relationships are plotted for

non-plastic and very low plasticity silts, and for silts of moderate plasticity in

Figures 2.8. The trend of pore pressure generation with number of cycles for

liquefaction measured in this investigation is in good agreement with earlier studies

on sand and silty soils (El Hosri 1984). It appears that the trends are affected by the

cyclic stress ratio with more rapid pore pressure generation in the early stages of

cyclic loading in specimens tested at higher CSR (Figure 2.8). The influence of the

frequency of cyclic loading on the rate of excess pore pressure generation was

assessed. The data shown in Figure 2.9 demonstrates a small difference in the
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measured rate of excess pore pressure due to the frequency of loading. The "fast"

tests were run at 0.1 Hz and the "slow" tests at 0.0001 to 0.01 Hz. Additional data

is required to establish the impact of this rate effect with increasing P1.

In a manner similar to that for excess pore pressure generation the rate of mobilized

strain was evaluated in an effort to determine the potential influence of soil

characteristics or intensity of loading. The various modes of general strain response

are illustrated in Figure 2.10. Two examples of the rate of increase in strain per

load cycle for non-plastic silt specimens are shown in Figures 2.10. At moderate

value of CSR (0.2) a very gradual, relatively uniform increase in strain is observed.

As anticipated a similar soil tested at a larger CSR (0.33) demonstrated a very rapid

strain to failure. This is consistent with voluminous data in the technical literature

for sandy soils. As the P1 of the soil increases the cyclic resistance of the soil to

strain development was observed to increase. This is shown is Figure 2.10 (c and

d). Specimens having similar void ratio yet different Pt were tested at equivalent

CSR values. The rate of strain mobilization in the lower P1 specimen was much

greater. This laboratory data demonstrates that characteristics of the soil and the

ground motions must be incorporated in screening tools for cyclically-induced

strength loss and strain development leading to ground failures.
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The influence of plasticity index and fine content on the cyclic resistance of soil has

been extensively studied for sand-silt mixtures. The often conflicting results of

these studies has been discussed at length (Polito and Martin 2003) and highlight

the need for standardized methods of accounting for important factors such as
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relative density, total specimen void ratio, void ratio of the sand skeleton, etc. A

relatively few number of investigations have focused entirely on fine-grained soils

(Martin et al. 2004, Bray et al. 2002, Stewart et al. 2002, Guo and Prakash 1999,

Prakash and Pun 2003). Ishihara (1993) has postulated that the cyclic resistance of

fine-grained soils, measured as the number of loading cycles required to mobilize

2.5% axial strain, is unaffected by the plasticity characteristics of the soil for P1 less

than 10. At greater plasticity the cyclic resistance increases at a rate of roughly 15%

per 10% increase in the P1. Guo and Prakash (1999) and Prakash and Pun (2003)

present data indicating that cyclic resistance of silty soils decreases with increases

in P1 from 0 and 5. They also show that the cyclic resistance increases with P1 for

soils with moderate plasticity. Tests performed in this study indicate that the cyclic

resistance of silty soils increases with both P1 and overconsolidation ratio (OCR).

These findings support the work of other investigators (Sancio et al. 2002, Prakash

and Pun 2003). The trend of increasing cyclic resistance with P1 for undisturbed

and reconstituted specimens is shown in Figure 2.11. Undisturbed specimens

demonstrated a greater cyclic resistance to strain development than the

reconstituted specimens. This is likely due to differences in soil fabric and aging

effects. The cyclic resistance was shown to increase gradually and at similar rates

for both the undisturbed and reconstituted specimens. No minimum cyclic

resistance at P1 = 10 and decrease in cyclic resistance as the increase in plasticity

index were observed for these tests.
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The influence of stress history on the cyclic resistance of soils has received very

little attention despite that fact that even geological young deposits often exhibit

low OCRs due to ground water fluctuations and capillary stresses. Part of the

reason for the paucity of data on the effect of OCR on liquefaction resistance is

attributed to the traditional focus on sandy soils, which are not very compressible

and relatively unaffected by OCR. Cyclic tests on silty sands have shown that the

resistance of the material increased as the square root of the OCR (Ishihara and

Takatsu 1979, PHRI 1997, Sekiguchi et al. 1999; Tatsuoka etal. 1988). It is

anticipated that this value will vary with fines contents due to the increased

compressibility of the soil. This influence was evaluated and the results of several

tests are shown in Figure 2.11. The influence of OCR for undisturbed and

reconstituted specimens is apparent. It is of interest to note that the influence of

OCR appears to be much greater for the reconstituted specimens. The results of

recent tests by the authors and their coworkers indicates that the cyclic resistance of

silt rich soils increases at a greater rate than that for sandy soils as expressed in

Equation 2.1.

(t/cC')Nc = (t/acXOCR)a Equation 2.1

where t is the uniform cyclic shear stress causing 2.5% axial strain in 20 cycles, a'

is the effective confining stress prior to cyclic loading, OCR is the

overconsolidation ratio, and a is the exponent demonstrating the increase in
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resistance with stress history. For the soils tested in this study it has been

determined that a is equal to 0.7 to 0.9 for low to medium plasticity silts, and

roughly 0.4 for non-plastic silt (Table 2.6). The significance of this finding is that

cohesive, over-consolidated silts are considered to be less susceptible to cyclically

induced pore pressure generation and strain development than silty- or clean-sands

having the same OCR. It is interesting to note that the range of a values determined

in this investigation are similar to the exponent values used to account for the

increase in undrained strength ratio of saturated fine-grained soils with OCR for

static loading conditions (Ladd and Foote 1974, Kulhawy and Mayne 1990). It

appears that the compressibility of fine-grained soils may influence both the static

and dynamic strength behavior to a similar degree, although additional testing is

necessary to substantiate this in light of other pertinent factors such as rate effects

and plasticity (Mayne, 1980)

CYCLIC SOIL BEHAVIOR AND DISSIPATED ENERGY

The need to incorporate the characteristics of the cyclic loading in screening tools

for hazards due to strength loss, strain mobilization, and liquefaction of fine-

grained soils has been well demonstrated. This is accounted for in practice-oriented

procedures for evaluating liquefaction susceptibility by establishing an average

cyclic stress ratio of the loading and the number of equivalent uniform load cycles.

Recent investigations have focused on the work energy dissipated by the soil
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Table 2.6: Testing summary of the cyclic resistance at axial
strain equal 2.5%

Sites OCR P1 CSR20,c.5% a
Tacoma 1.0 0 0.215

1.5 0 0.25 0.37

2.0 0 0.275 0.36

PDX 1.0 4 0.2

1.0 6 0.25

1.0 16 0.295

2.0 1 0.35 0.77

Lake
Oswego

1.0 0 0.2

1.0 6 0.26

1.0 18 0.32

Fern Hill 1.0 2 0.22

Hayden 1.6 4 0.32 0.94

Fab Adair 1.0 9 0.23

1.5 9 0.28
0.71

2.0 9 0.38

FabWa 1.0 0 0.17

1.5 0 0.24 0.85

FabCS 1.0 8 0.19

1.5 8 0.27 0.87

Bonnie Silt 1.0 15 0.27

ROMERO 1.0 0 0.18

1.0 4 0.2

1.0 11 0.21
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during cyclic loading and the accompanying degradation of stiffness and strength

(Cao and Law 1992, Davis and Bern!! 2000, Green 2001). The energy-based

procedures have the advantage of directly accounting for the stress, strain, and

number of cycles of loading that the specimen has been subjected to. An additional

benefit of this approach is that the energy anticipated during design level

earthquake motions can be readily estimated from site specific dynamic soil

response analyses. A thorough treatment of energy-based methods for evaluating

soil liquefaction has been presented by Green (2001) and the procedure will be only

briefly addressed in this paper for brevity.

The pore pressure generation in soils can be estimated as a function of cumulative

dissipated energy per unit volume of soil (\W). The dissipated energy is

represented by the area enclosed by the hysteretic stress-strain loop and the

cumulative dissipated energy absorbed by the soil during loading can be computed

as the area within all of the hysteretic loops by equation 2.2 (Figueroa et at. 1994).

= O.5(o, + o Equation 2.2

Energy methods have been successfully applied in numerous investigations of

conhesionless soils (Nasser and Shokooh 1979, Law et al. 1990, Davis and Berrill

2000, Figueroa et al 1994). The advantages of using the energy approach are that

the dissipated energy is directly estimated from the load and deformation
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measurements and it is independent of loading path (Cao and Law 1992). In strain-

controlled cyclic torsional shear tests the energy per unit volume required to reach

liquefaction of sandy soils has been found to depend on primarily on the relative

density and effective confining pressure, but independent of the intensity of loading

and type of loading (Figueroa and others. 1994). The energy methods have been

demonstrated to be very applicable for liquefaction studies of sandy and silty soils

(Davis and Berrill 2000, Sunisakul 2004) and the technique has been applied in this

study to evaluate trends in dissipated energy with excess pore pressure and strain

mobilization.

Cyclic testing of predominantly fine-grained soils has revealed useful, yet often

conflicting relationships between the dissipated energy during loading and the

behavior of the soil. For example, Cao and Law (1992) have found that a unique

relationship exists between residual excess pore water pressure and dissipated

energy during stress-control cyclic triaxial tests on cohesive fine-grained soils. This

finding was not observed by Zergoun and Vaid (1994) who suggest that

establishing this relationship in the laboratory is difficult due to non-uniform pore

pressure measurements in fast cyclic tests (frequency> 0.1 Hz). In tests on sand-silt

mixtures Figueroa and others (1994) have determined that as the silt content

increases the energy dissipation per unit volume required to reach the initial

liquefaction depends only on the effective confining pressure prior to cyclic

loading. In an extensive investigation of fine-grained soils postulated to have



contributed to large lateral spreading during the 1989 Loma Prieta earthquake

Boulanger and others (1999) demonstrated the energy required to reach a specific

strain or excess pore water pressure ratio was not influence by soil plasticity, stress

history, etc. Energy-based methods have been employed in this study in an attempt

to relate loading characteristics with the potential for large shear strains.
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Figure 2.12: Loading magnitude and frequency effect on
cumulative dissipated energy at 2.5 percent
axial strain (After Romero 1998)

Based on the data presented in Figure 2.12, the energy required to reach 2.5% is

influence by the loading rate, which is represented in the number of cycles. This is

in contrast to the work by Voznesensky and Nordal (1999). The influence of

loading rate is evident. The significance of these tests is it seems to be that the

influence of loading rate is more evident on the higher plasticity index materials
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(figure 2.12). On similar samples tested in the same confining stress, the

cumulative dissipated energy is not related to residual pore pressure measured in

fast tests, contrast what Cao and Law presented (Figure 2.13).

As mentioned previously, the cumulative dissipated energy required to cause 2.5

percent axial strain is significantly depended on the mean confining stress. In order

to make a good comparison on the cyclic triaxial tests with different confining

stresses, the cumulative dissipated energy is normalized by the confining stress as

several investigators applied before (Figueroa et al. 1994, Davis and Berrill 2000,

Green 2002). A relationship between the cumulative normalized energy required to

reach 2.5% strain and the number of loading cycles to reach 2.5% strain is plotted

(Figure 2.14). This relationship is considered useful because site specific dynamic

soil response modeling can be used to obtain cumulative normalized energy and

number of equivalent cycles. The latter can also be estimated using empirical

relationships (Liu and others, 2001). Once these parameters are known the potential

for significant ground failure in fine-grained soils can be predicted.
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CONCLUSIONS

Recent earthquakes have provided field evidence for significant ground

deformations and associated foundation failures at sites underlain by fine-grained

soils. This experience has necessitated a substantial re-evaluation of simplified

screening tools for assessing the potential for strength loss and liquefaction in these

soils. The field cases studies have been supplemented with laboratory

investigations into the behavior of silt rich soils subjected to cyclic loading. Cyclic
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triaxial tests have been used to evaluate the relative cyclic resistance of a range of

fine-grained soils in order to facilitate general conclusions that can be made

regarding the likely field performance of these soils. The primary findings of this

investigation include the following points:

I. Screening tools for identifying fine-grained soils vulnerable to liquefaction

and strength loss during cyclic loading are worthwhile for preliminary

evaluation only. Many of these screening criteria are not comprehensive

enough to eliminate potentially susceptible soils.

2. Triaxial tests have been useful for demonstrating the excess pore pressure

generation and strain development that can occur during cyclic loading. The

direct application of these tests results to field conditions must be tempered

by limitations due to the boundary conditions, stress paths, and isotropic

consolidation posed by the triaxial compression tests. These tests, and those

of numerous other investigators, have clearly demonstrated that significant

pore pressures and strains can be induced in fine-grained soils subjected to

cyclic stresses and number of cycles of interest in earthquake engineering

practice.

3. In order to accurately evaluate the susceptibility of fine-grained soils to

large strains during cyclic loading a full assessment should take into

account; compositional factors of the soil (percent fines, percent clay

fraction, P1, LI, and fabric to the extent possible), external factors (stress
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history, mean effective stress), and the characteristics of the cyclic loading

(intensity of loading, duration, or input energy).

4. Studies of the effective stress behavior of fine-grained soils to cyclic

loading must account for the influence of rate effects on the measured pore

pressures.

5. The influence of OCR on the cyclic resistance of fine-grained soils is

substantial. Laboratory investigations of high quality field samples should

be performed such that the mean effective stresses during consolidation are

representative of field stresses.

6. Energy-based methods of evaluating the cyclic behavior of fine-grained

soils appear to be worthwhile.
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ABSTRACT

The post-cyclic triaxial test results on both volumetric strain and strength

degradation are presented on this study. Moreover, this study also covers the topic

of stiffness degradation of low plasticity silt soils. Modulus deduction of silt soils

with plasticity index less than 10 is consistence with the range presented by Vucetic

and Dobry of other soils with plasticity index equal to 15. Damping ratio data are

scatter over wide range of all axial strain; higher plasticity index silt soils tend to

have lower damping ratio at the similar strain value. For medium plasticity silt,

undrained strength ratio between pre-cyclic and post-cyclic loading is depended on

the amount of residual pore water pressure and strain induced by seismic loading.

The method by Yasuhara provides a good estimation of the post cyclic strength

ratio on the silt soil samples. The axial strain at the maximum post-cyclic strength

is increased with increasing residual pore water pressure induced by seismic

loading. Unlike medium plasticity silts, peak post-cyclic undrained strength is not

observed on non- and low-plasticity silts. Post-cyclic volumetric strain is

dependent on the residual pore water pressure and strain development. For non-
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plasticity silt, there is a limit on the volumetric strain. This limit is occurred at the

residual pore water pressure around 100-150 kPa and at the axial strain around 5-

7.5 percent. On this study, the limited volumetric strain on low plasticity silt is

occurred at the residual pore pressure of 230 kPa. In addition, the procedure to

estimate the residual pore water pressure ratio is presented. This estimation

residual pore water pressure can be applied to estimate the volumetric of silt soils

with conditions similar to the silt soils on this study.

Keywords: Cyclic triaxial test; Damping ratio; Post-cyclic volumetric strain; Shear

modulus; Stiffness degradation ratio.
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INTRODUCTION

Several ground settlement and strength as well as stiffness degradation case

histories have been observed during the earthquakes on several sites underlain by

fine-grained soils. Examples of seismic induced, ground settlement, and soil and

structural failures on fine-grained soils are following: 4th ave slide during the 1964

Alaska earthquake; bearing capacity failure during the 1999 Kocaeli and 1999 Chi

Chi earthquakes; ground settlements at the Boeing airfield during the 2001

Nisqually earthquake. After the 1999 Kocaeli and Chi Chi earthquakes, several

investigations have been conducted in order to understand the cyclic behavior of

fine-grained soils (Stewart et al. 2002, Sancio et al. 2002, Bray et al. 2004).

The external dynamic loads lead to the generation of excess pore pressure and

disruption of the soil fabric resulting in a decrease in the undrained shear strength

of the soil and shear modulus; in contrary, damping ratio is increased. One of the

most common soil parameters used in the numerical analysis on seismic

investigation is the degradation of modulus ratio and damping ratio. Several

factors have shown to influence the shear modulus and damping ratio; however,

one prominent influence factor is the deduction in shear modulus as the increase in

shear strain amplitude. Recent re-evaluations of the dramatic landslides that

occurred in the Anchorage region during the I 964 Good Friday Earthquake in

Alaska indicate that dramatic strength loss due to cyclic loading in the Bootlegger

Cove clay significantly contributed to the failures instead of the liquefaction in the
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sand layer or the degradation in shear modulus of the Bootlegger Cove clay (Stark

and Contreras 1998).

The dissipation of this excess pore water pressure contributes to ground settlement.

Currently, a couple methods have been introduced to estimate this volumetric strain

for cohesionless soils by following investigators; Ishihara and Yoshimini (1992)

and Tokimatsau and Seed (1987). Recent work on the seismic behavior of fine-

grained soils has contributed to the identification of potentially unstable soils

however current methods do not address significant aspects of hazard evaluation

such as the post-loading strength and volumetric strain of fine-grained soils.

Cyclic triaxial test results on silt soils on both fabricated and in-situ samples are

summarized and analyzed on this study. The objective of this investigation is to

evaluate the deformation and strength as well as stiffness degradation on non

plasticity to medium plasticity silt soils. The ultimate goal of the on-going

investigation is the development of a unified, practice-oriented procedure for

evaluating the post-cyclic volumetric strain evaluation and the guidelines for the

strength as well as stiffness degradation and damping ratio for large strain

development and ground failures in predominantly fine-grained soils.



REVIEW ON TOPIC INTERESTS

The cyclically induced stiffness and strength degradation has been long studied by

several investigators for a few decades. Several properties have been shown to

influence stiffness degradation ratio and equivalent material damping ratio, such as

void ratio and plasticity index; stiffness degradation ratio; however, equivalent

material damping ratio and stiffness degradation do not affect by stress history

(Kokusho et al., 1982; Vucetic and Dobry, 1991). At the specific shear strain, soils

with higher plasticity index or void ratio tend to have higher stiffness degradation

ratio or lower damping ratio, respectively. In addition, confining pressure is more

influence to stiffness degradation ratio on non-plasticity soils than that on plasticity

soils (Ishibashi, 1992). The influence of soil plasticity on the modulus degradation

on nonpiasticity soils was investigated by Iwasaki et al. (1978) and Kokushu

(1980). Higher plasticity soils tend to have higher void ratio; Vucetic and Dobry

(1991) concluded that plasticity index has more influence on stiffness degradation

ratio and equivalent material damping ratio than void ratio does. Moreover,

plasticity fine-grained soils have higher linear threshold shear strain and threshold

volumetric strain than that of non-plasticity soils (Vucetic and Dobry, 1991; Hsu

and Vucetic, 2004).

For saturated sand samples subjected to seismic induced excess pore water pressure

less than confining pressure, Lee and Albaisa (1974) summarized that

recompression volumetric strain depends significantly only on grain size and
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volumetric strain is independent of the loading path as well as shape and the

loading direction (Lee and Albaisa, 1974; Ishihara and Yoshimine, 1992). For

saturated sand subjected to seismic induced complete liquefaction, recompression

volumetric strain depends on maximum shear strain and relative density of sands

(Tokimatsau and Seed, 1987; Ishihara and Yoshimine, 1992). Recompression

volumetric strain slightly increases for maximum shear strain greater than 8

percent. For saturated cohesive soils, Yasuhara and Andersen (1991) concluded

that the ratio of measured volumetric strain and calculated by conventional one

dimension consolidation tests is approximately 1.5. During 1999 Kocaeli

earthquake, Martin et al. (2004) reported settlement developed in the high plasticity

silt soil layers meeting both Chinese criteria and I greater than 2.6; apparent

volumetric strain in this silt soil layer is around 0.9 percent.

Studies of cyclic strength degradation and post-cyclic, undrained strength (Seed

and Chan 1966, Theirs and Seed 1968, Lade and others 1988, Andersen and Hoeg

1992, Rau and Sitar 1998, Yasuhara 1994) have largely focused on the behavior of

moderate to high plasticity soils. With the exception of several noteworthy

investigations for offshore applications (Andersen et al. 1993, Rau and Sitar 1998,

Yasuhara and Andersen 1991) very few studies have focused on the excess pore

pressures generated during cyclic loading of fine-grained soils. Stark and

Contreras (1998) concluded that triaxial and simple shear equipment cannot be
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applied to estimate the large deformation shear strength. Stark and Contreras

(1998) shows that the soil strength is decreased with increasing soil displacement.

Instead, Baziar and Dobry (1995) shows that triaxial equipment can be used to

predict the strength initiating the slide of the San Fernando Dam during the San

Fernando earthquake. Baziar and Dobry (1995) also pointed out that the residual

undrained strength at large strain is less than that of the steady state condition.

The reduction in effective confining stress is caused by the increase in an excess

pore water pressure during the cyclic loading. Such a term apparent, equivalent or

quasi overconsolidation ratio has been used to name the ratio of initial confining

stress to confining stress at the end of cyclic loading (Koutsoftas, 1978; Matsui et.

al., 1980; Yashuhara et. al., 2003). Several researchers indicated that the influence

of apparent overconsolidation on undrained strength ratio is similar to that of stress

history on static precyclic testing samples. Post cyclic undrained strength of

cohesive soils has found to be depended on the seismic induced strain or ratio of

between seismic induced strain and strain at maximum deviatoric stress (Theirs and

Seed, 1968; Castro and Christian, 1977; Riemer, 1995). Whereas Yashuhara

(1994) and Yashuhara et al. (2003) applied the residual pore water pressure to

estimate the post cyclic undrained strength on both plasticity silt and clay.
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APPLICATION OF LABORATORY TESTING

The cyclic resistance and post-loading strength of soils have been evaluated using a

variety of laboratory techniques. Both stress- and strain-controlled testing has been

performed leading to the development of common procedures for evaluating the

cyclic resistance of soil. These methods include; (1) the stress-based procedures

commonly used in liquefaction studies, (2) strain-based procedures often employed

for strength degradation studies, and (3) energy-based formulations that relate the

cyclic resistance or fatigue of the soil to the cumulative energy that has been

dissipated by the soil during cyclic loading. The data evaluated in this investigation

has been obtained entirely from stress controlled cyclic triaxial testing programs.

Tests performed by the authors have been augmented with data from project files

and the technical literature. The pos-cyclic study is concentrated on the post-cyclic

volumetric strain and post-cyclic strength. The cyclic loading stress ratio to the

undrained shear strength was also evaluated in many of the tests, which allowed for

comparisons with similar testing programs highlighted in the technical literature.

The pos-cyclic study is concentrated on the post-cyclic volumetric strain and post-

cyclic strength.

SAMPLE DESCRIPTION AND TESTING

Cyclic triaxial test data from investigations of five different fine grained soils is

incorporated in this study. All of the soils were obtained at project sites in the

Pacific Northwest region of the United States. The site locations, soil properties,
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;ting are outlined in Tables 3.1, 3.2 and 3.3. The relatively

were obtained with 3 inch diameter thin-walled Shelby tubes.

Great care was taken at all stages of the transport, handling, and specimen

preparation to minimize disturbance. These procedures notwithstanding, minor

densification of the silty soils is expected making direct comparisons of the

laboratory measured cyclic resistance and the in situ penetration resistance difficult.

The specimens are all predominantly fine-grained soils with greater than 50% by

weight passing the number 200 sieve (grain size <0.074 mm), with most having

more than 70% fines. Samples from the Tacoma and Hayden Island sites are low

plasticity silts (P1 <4), whereas the rest are low to medium plasticity silts (4 <P1 <

20). The soil samples obtained at the Portland International Airport-Columbia

River Levee (PDX) site were quite variable due to the interlayered nature of the

deposits. The specimens from the bed of Lake Oswego have high water content and

they are characterized as soft, low to medium plasticity silt. The in situ penetration

resistances of all of these soils are low demonstrating that they are very soft to

medium stiff in place.

The testing performed by the authors and colleagues was conducted on high

quality, relatively undisturbed specimens and on reconstituted specimens of the

same soils. Reconstituted samples were fabricated using the slurry method wherein

moist soil was mixed with water at moisture contents above the Liquid Limit of the
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soil, then isotropically consolidated under vacuum prior to trimming into specimens

for testing.

Table 3.1: Summary of cyclic triaxial tests used in this
study

Sample Location Sample
Type

Testing
Lab

Frequency References

Hayden Island, OR Undisturbed OSU' 1 Hz Butler-Brown (2002)

Lake Oswego, OR Undisturbed OSU' 0.1
Dickenson et al. (2003)
and Pyrch (2003)

Portland Airport, OR Undisturbed OSU' 1 Hz Butler-Brown (2002)

Tacoma, WA
Undisturbed OSU' 1 Hz Butler-Brown (2002)

Fabricated OSU' 1 Hz Butler-Brown (2002)

Corvallis, OR Fabricated OSU' 1 Hz Butler-Brown (2002)

'Oregon State University



nmary of the soil properties for undisturbed
iples

Soil Properties Hayden Lake
Oswego

Portland
Airport

Tacoma

Depth (m) 75-80 42-87 23-46 9-37

Water Content (%) 38-43 36-12 1 3 1-58 27-48

UnitWeight(KN/m3) 17-18 12-18 16-19 17-21

Void Ratio 1.03-1.12 1.05-4.1 0.83-1.3 0.65-1.15

Liquid Limit NA 34-100 33-54 NP

Plastic Index <5 NP-iS 1-14 NP

Liquidity Index NA NP-4.3 0.6-2.5 NP

Percent < # 200 NA 64-100 35-71 27-100

Clay Content (%) NA 5-49 0.3-7.2 4-22

SPTBlowcount 4-6 1-2 2-6 1-5

q (MPa) NA 0.3-2.5 1 1-3

NA: No data available

NP: Non plastic

Table 3.3: Summary of the soil properties for fabricated
samples

Soil Properties Corvallis Adair Tacoma

Water Content (%) 22-30 33-35 30-31

Unit Weight (KN/m3) 18.7-20.5 18.6-19.7 18.5-19

Void Ratio 0.6-0.82 0.83-0.96 0.78-0.82

Liquid Limit 35.5 44-45 NA

Plastic Index 8 8-9 NP

Liquidity Index 0.3 0.5 NP

Percent < # 200 99 NA NA

Clay Content (%) 26.5 NA NA

NA: No data available

NP: Non plastic

82
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The properties of the reconstituted specimens are summarized in Table 3.3. The

specimens were subjected to isotropic consolidation before cyclic testing and a

minimum B-value of 0.96 was required prior to testing. Undisturbed specimens

were consolidated to confining stresses equal to 1.2 times the maximum past

pressure obtained from oedometer tests. In most cases the soils were normally to

very lightly overconsolidated in the field. Stress controlled tests imposing uniform

sinusoidal loading was employed. The effect of loading rate on the measured pore

pressures was evaluated by testing individual specimens at different frequencies.

The pore pressure was measured at the top and bottom of samples during cyclic

loading.

The low strain stiffness of the soils was monitored throughout the tests with bender

elements embedded in the top and bottom caps. The low-strain shear modulus was

obtained for each specimen using bender elements. Excitation of the bender piezo-

crystal at the base of the sample generates a shear pulse that is transmitted to a

bender element at the top of the specimen. The time different between the signal

and the receiver is used to obtain the shear wave velocity of the specimen at that

confining stress. The V value is then converted to obtain the maximum shear

modulus (G).

A study of post-cyclic behavior of the fine-grained soils is categorized into two

groups; (I) post-cyclic strength test; (2) post-cyclic volumetric strain. A stress
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controlled static test was perfonned, immediately following the cyclic test, without

allowing the excess pore pressures generated during the cyclic test to dissipate. As

a result, at the beginning of the post-cyclic strength tests, the specimens were at a

state of low effective confining stresses (a's). This situation is intended to

represent the conditions existing in a soil that is subjected to static shear stresses

before and after the earthquake loading. In order to examine the possible

settlements that would result from post-liquefaction consolidation of the specimens,

samples were allowed to consolidate under the initial loading condition; the amount

of volume change was monitored following the cyclic loading under the initial

condition.

STIFFNESS DEGRADATION AND DAMPING RATIO

The stiffness of the soil at larger strains was determined from the stress-strain (i.e.,

hysteresis) loops measured during cyclic loading. The axial strains computed from

the axial deformation measured with a LVDT were converted to shear strain by

multiplying the axial strain by 1.73 (Vucetic and Dobry, 1986). The shear modulus

at each cyclic loading was estimated using Equation 3.1 (refer to Figure 3.1 for

notation). The shear strain used to represent this secant shear modulus is the

average of shear strains in compression (y) and extension (y). Damping ratio

was computed by way of Equation 3.2. Aloop is the area of hysteresis ioop of stress

versus strain during cyclic testing. A trapezoid method is used to estimate the

Aloop.
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Summary plots of the variation of stiffness degradation with shear strain are

presented in figure 3.2. On this testing data, there is no data supporting the

influence of confining pressure to low plasticity soils as described by Ishibashi

(1992), see figure 3.3. The overall trends obtained from the cyclic testing are

supported by the trends of Vucetic and Dobry (1991) with Plasticity Indexes

between 0 and 30 for fine-grained soils with plasticity indexes less than 10. For

fine-grained soils with plasticity indexes greater than 10 are bounded by the trends

of Vucetic and Dobry (1991) with Plasticity Indexes between 0 and 50. The trend

of Vucetic and Dobry (1991) with Plasticity Index of 15 is the best represent silt

soil with plasticity indexes less than 10. The trend of modulus degradation for silt

soil with plasticity indexes greater than 10 is that of Vucetic and Dobry (1991) with

Plasticity Indexes between 15 and 50. The influence of number of cycles on the

stiffness degradation on strain control tests can be noticed on the stress control test

as well, figure 3.3. The degradation of stiffness ratio is more rapid on the stress

control test than that on the strain control test because a sample is not softening on

stress control test at low shear strain as well as at high shear strain.
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Ype)

Figure 3.1: Stress and strain notation used in this study

The collective damping ratio with shear stain plots are shown in figure 3.4. The

data obtained in this investigation is shown with the variation in damping ratio with

shear strain developed by Vucetic and Dobry (1991). The boundary curves for soil

with P1 0 and 50 are annotated on the figure 3.5 as well. As all of these cyclic

triaxial tests were designed to study the liquefaction resistance, high pore water

pressure during cyclic triaxial tests is expected. High excess pore pressure

development might be the reason of inconsistency on the effect of plasticity index

on damping ratio versus strain. However, high plasticity silts tend to have lower

damping ratio at the similar shear strain.
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POST-CYCLIC VOLUMETRIC STRAIN

Post cyclic volumetric strain is the ratio between the amount of volume change

following the cyclic loading under the initial condition and the sample volume.

Post-cyclic volumetric strain results are categorized into two soil groups, non-

plastic and low plasticity silt (P1<10). Summary results of post-cyclic volumetric

strain are shown in figures 3.6 and 3.7. Figures 3.6 and 3.7 demonstrate that the

volumetric strain increases almost linearly with an increase in cyclic strain at the

end of cyclic loading till the axial strain equal to 5-7.5 percent; this is similar to the

testing results on sand (Ishihara and Yoshimine, 1992).

On this study, residual pore water pressure is used instead of the maximum pore

water pressure for the following reasons; (1) post-cyclic volume changed study

represents the end of cyclic loading; (2) residual pore water pressure represents the

initial effective confining stress of the post-cyclic volume changed test. Cyclic

triaxial results are categorized into two groups, non-plastic silt and low plastic silt

(2 <P1 < 10). Limited post-cyclic volumetric strain is at the residual pore water

pressure around 100-150 kPa for nonplastic silt, figure 3.6. This limit is coincided

with the limited excess pore water pressure at high initial vertical effective stress on

centrifuge (Steedman et al., 2000). For low plasticity silt, the post-cyclic

volumetric strain tends to increase with increasing residual pore water pressure,

figure 3.7.
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ribed in sample preparation section, overconsolidated samples are prepared

by following the SHANSEP method. The confining stress at the beginning of

cyclic loading and post-cyclic volume changed of most of the overconsolidated

samples is lower than that of normally consolidated samples. The conclusion of the

post-cyclic volumetric strain of overconsolidated samples is lower than that of

normally consolidated sample is misleading, see figure 3.6; symbols with open

mark are represented as the overconsolidation samples.

Safety factor against axial strain equal to 2.5 percent is developed in order to create

a method to estimate volumetric strain for silt soils. The procedure proposed by

Ishihara and Yoshimine (1992) is applied on this study. The safety factor against

axial strain equal to 2.5 percent can be estimated by applying Equation 3.3. For

tests on insitu samples, CSR at number of cycles equal to 10 and 20 decreases with

increasing axial strain; however, that of fabricated samples is slightly decreased for

axial strain over 2.5 percent, see figure 3.8. The safety factor against axial strain

equal to 2.5 percent estimating from number of cycles equal to 10 or 20 is slightly

different, figure 3.9.

CSRNW
FSW25% = Equation 3.3

CSRØ25%
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The relationship between safety factor against axial strain equal to 2.5 percent and

axial strain is shown in figure 3.10. As post-cyclic volumetric strain is depended

on the residual pore water pressure and axial strain, the correlation between

residual pore water pressure and axial strain is required in order to estimate post-

cyclic volumetric strain, figure 3.11. The lower bound of the correlation between

residual pore water pressure and axial strain is used to generate a correlation

between the safety factor against axial strain equal to 2.5 percent and residual pore

water pressure ratio, figure 3.12. The application of figures 3.6, 3.7 and 3.12 with
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known in-situ confining stress can be applied to estimate post cyclic volumetric

strain of non-plasticity and low plasticity silt due to ground shaking.

In order to validate the proposed method, volumetric strain estimation from

proposed method is compared with that on the 1999 Kocaeli earthquake case

history, Carrefour shopping center, Turkey, by Martin et al. (2004). As described

in the review section, around 0.8 percent of volumetric strain occurred in silt soil

layer. Plasticity index of the silt soil layer is 10 (Martin Ct al, 2004); therefore,

figures 3.7c can be applied to estimate the volumetric strain of this layer.

According to Martin et al. (2004), estimated safety factor against liquefaction of the

silt soil layer was around 0.6, evaluated based on the CPT based method with a

careful adjustment for silt soil. Estimated residual pore water pressure ratio is

around 95 percent, see figure 3.12. Thus, the estimation of residual excess pore

water pressure is around 50-60 kPa at the mid silt soil layer, estimated at rest earth

pressure equal to 0.6-0.8, respectively; thus, with known pore water pressure, the

estimation of volumetric strain is around between 0.3 and 1.0 percent, see figure

3.7c, which is in the range of measured value.
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DEGRADATION OF UNDRAINED SHEAR STRENGTH DUE TO CYCLIC LOADING
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The post cyclic undrained shear strength in cohesive soils has been the subject of

numerous laboratory investigations (Seed and Chan 1966, Lade and others 1988,

Rau and Sitar 1998, Stark and Contreras 1998). Under the post-cyclic stress

controlled triaxial tests, there is post-cyclic peak strength on medium plasticity silt

but not non-plasticity silt. All samples, subjected to cyclic loading induced high

strain and residual pore water pressure, undergo the phase transformation and tend
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to dilate during the post-cyclic static test. The reason for the dilation under static

triaxial tests on post cyclic samples is the initial condition of the post-cyclic tests is

at the right side (dry side) of the critical state boundary. Strength at these phase

transformation is depended on cyclic induced residual pore water pressure and axial

strain. In general, phase transformation occurs at the axial strain within 3 percent

(relative strain), figure 3.13.

Post-cyclic strength of low to medium plasticity is at its peak at the axial strain

around 4 to 17 percent for the samples from Lake Oswego and PDX, Oregon. The

summary of post cyclic test results is summarized in table 3.4. This strain is taking

the axial strain at the end of cyclic loading into account. The strain at peak post-

cyclic strength is proportionally related to the residual pore water pressure ratio, but

not the axial strain induced by seismic load, figure 3.14. The post-cyclic undrained

strength ratio exhibits the relation between the apparent overconsolidation from

cyclic-induced residual pore water pressure, figure 3.15; triaxial test results reveal

that the effect of stress history from cyclic loading is similar to that of static

loading.

In cohesive fine-grained soils, the cyclic loading leads to the generation of excess

pore pressure and disruption of the soil fabric resulting in a decrease in the

undrained shear strength of the soil. The magnitude of the strength loss has often
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been demonstrated as the ratio of the static undrained shear strength prior to cyclic

loading to the static undrained shear strength after cyclic loading. Yasuhara (1993)

Table 3.4: Summary results of post-cyclic triaxial
tests
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undrained shear strength after cyclic loading. Yasuhara (1993) proposed the

method to estimate the undrained shear strength ratio ((su)postcyciic/(su)static) using the

consolidation parameters. CIICC parameter is scatter with plasticity index for the

silty soils, figure 3.16, and the average value is 0.079 for the samples taken from

Lake Oswego. The estimated undrained strength ratio by the method by Yasuhara

(1993) and triaxial test results are shown in figure 3.1 7a. The method by Yasuhara

(1993) well predicts the undrained strength ratio; however, figure 3.1 7b shows that

the undrained strength ratio is related to the maximum strain during the cyclic

loading. This indicates that the reduction in shear strength is due to the duration of



loading and level of shear strain (or indirectly the magnitude of the cyclic shear

stresses) mobilized during cyclic loading.
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In a significant early paper on the topic Seed and Chan (1966) clearly demonstrated

that the ratio of the static undrained strengths was primarily influenced by the

magnitude of the cyclic stress ratio, the shear strains mobilized during cyclic

loading, and the number of loading cycles. All factors that would increase fabric

disruption and excess pore pressure generation in fine-grained soils. This method of

assessing the influence of cyclic loading on the undrained shear strength of
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the soil has been adopted in this investigation. The relation of post cyclic undrained

strength and the ratio of cyclic induced axial strain and axial strain at maximum

static undrained shear strength is shown in figure 3.18. The strength ratio at the

strain ratio equal to 0.5 is around 0.75; this value is in the range of cyclic triaxial

tests on higher plasticity soils by Theirs and Seed (1968), figure 3.18.
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CONCLUSIONS

Cyclic triaxial tests have been used to evaluate the stiffness as well as strength

degradation, damping ratio, post cyclic volumetric strain of fine-grained soils in

order to facilitate general conclusions that can be apply to the field performance

evaluation of these soils. The primary findings of this investigation include the

following points:

1. The results from cyclic triaxial tests on silty soil samples indicate that both

nonplasticity and plasticity silt are vulnerable to strength as well as stiffness

degradation and post-cyclic volumetric strain if subjected to ground

shaking.

2. The post-cyclic volumetric strain has been discovered to be depended on the

residual pore water pressure rather than the residual pore water pressure

ratio and limited volumetric strain occurs at the residual pore water pressure

around 100-150 kPa on nonpiasticity silt.

3. The overall trends of stiffness degradation ratio and damping ratio obtained

from the cyclic testing are supported by the trends of Vucetic and Dobry

(1991) for fine-grained soils with Plasticity Indexes between 0 and 50.

4. The method by Yasuhara (1993) provides approximately good estimation of

post cyclic undrained strength ratio.

5. The axial strain at the maximum post-cyclic undrained static strength is

depended on the residual pore pressure before the static triaxial test;
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however, the undrained strength ratio between post-cyclic and precyclic is

more related to the initial axial strain than residual pore pressure ratio.
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ABSTRACT

Field observations made after several recent earthquakes have highlighted

liquefaction-related ground failures and foundation damage at sites underlain by

predominantly fine grained soils. Of equal importance are cases where no

liquefaction was observed at sites that would have been classified as problematic

prior to the events. These cases histories indicate that current tools for screening

and evaluation of the cyclic resistance of silt-rich soils require revision. Until

substantially more field data can be collected at silt sites that have or have not

experience liquefaction refinement of the standard Simphfied Procedure used in

engineering practice will be based largely on laboratory data demonstrating the

relative cyclic resistance of different soils. As a supplement to analyses for the

initiation of liquefaction based on in situ data and cyclic loading characteristics

energy-based formulations have been shown to be useful in practice.

This paper summarizes the results of an integrated investigation of laboratory

testing and numerical modeling of dynamic soil response aimed at enhancing a
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practice-oriented, energy-based procedure for evaluating excess pore pressure

response in silts due to cyclic loading. The results of over 60 cyclic tests on a

collection of silts having different origin, modes of deposition, and processing a

range of plasticity have been analyzed using multi-parameter regression to develop

a two parameter model for pore pressure generation in silts. The resulting model is

based on the work of Berrill and Davis (1985, 2000, 2001) originally formulated

for sandy soils. The model parameters have been calibrated with laboratory data

and validated for engineering applications based on direct comparison to four well

documented case histories at sites where excess pore pressure generation was

recorded or observed to have occurred in silt-rich soil layers. The pore pressure

response in silt is related to the cumulative dissipated energy computed from cyclic

stress-strain loops making the computation very straightforward. The two

regression coefficients are plasticity dependent and this study has expanded the use

of the model to silt soils with plasticity index in the range of 0 to 20. The proposed

model provides a simple, uncoupled analysis that can be used to estimate the

increase in excess pore pressure leading to liquefaction using output from widely

used dynamic soil response models.

Key words: Liquefaction, silty soil, dissipated energy method, cyclic triaxial

testing.
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INTRODUCTION

In engineering practice the potential for liquefaction of predominantly fine-grained,

silty soils is routinely evaluated in a two-step process that first involves the

application of screening criteria to assess if the soil is susceptible to significant

excess pore pressure generation (Seed et al. 2003, Andrews and Martin 2000). If

the soil is classified based on its composition to be vulnerable, then the liquefaction

resistance of the soil is commonly evaluated using empirical procedures that

incorporate the characteristics of the cyclic loading and the cyclic resistance of the

soil to excess pore pressure generation (Youd Ct al. 2001). The "Simplified

Procedure" developed by Seed and Idriss was originally developed for silty sands

and clean sands, and refinements have been made over the past 30 years to account

for the influence of fines content on the cyclic resistance of the soil. The

application of the Simplified Procedure to a large catalog of field case studies

demonstrates that the liquefaction resistance of clean sand, silty sands, and non-

plastic silt can be assessed with a reasonable level of confidence. Recent field

observations indicate however that the seismic performance of low to medium

plasticity silt is still difficult to assess using current methods of analysis.

Field observations made shortly after the 1999 Kocaeli, Turkey earthquake and the

1999 Chi Chi, Taiwan earthquake revealed numerous ground failures and

associated foundation damage at sites underlain by predominantly fine grained soils

(Bray et al. 2004, Stewart et al. 2002, and Sancio et al. 2002). In many instances
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the poor performance of the fine grained foundation soils has been attributed to the

generation of excess pore pressure resulting in soil softening, and a reduction in

shear strength and bearing capacity. These well-documented case histories

supplement numerous accounts of the poor seismic performance of silt rich soils.

Specific examples include; 1964 Alaska earthquake, 1975 Haicheng and 1976

Tangshan earthquakes in China, 1989 Loma Prieta Earthquake, and the 2001

Nisqually earthquake (Stark and Contreras 1998, Wang 1979, Perlea et al. 1999,

Boulanger etal. 1999, Bray et al. 2001, Kramer 2002, Sancio et al. 2002, Seed et

al.2003). These events have illustrated the seismic behavior of fine-grained soils for

a variety of site conditions, ground motions, and foundation applications. In

numerous instances these cases have demonstrated that current screening tools and

empirical procedures for evaluating liquefaction are not well suited for

predominantly fine-grained silty soils. In the case of the simple diagnostic

screening tools, they only focus on the composition of the soil and they do not

account for the characteristics of the ground motions, therefore the behavior of the

soil subjected to high intensity and long duration motions is poorly defined. With

respect to the Simplified Procedure for evaluating liquefaction, the effect of fines

content on the cyclic resistance is made in an ad hoc manner from the perspective

of the relative change in the liquefaction resistance of sand as the fines content

changes. The method has not been thoroughly validated for silt-rich soils with

weight percentages of fines (i.e. grain size less than 0.074 mm) of 50% or greater.
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The development of enhanced tools for evaluating the cyclic performance of silts

has become a major focus of study since the 1999 Kocaeli and Chi-Chi

earthquakes. The research emphasis has been largely on the redevelopment of

screening tools and the refinement of the Simp4fied Procedure. For applications

involving fine-grained soils the liquefaction concepts have been modified to

include screening for sensitive soil behavior (Youd and Gilstrap 1999). This is a

very worthwhile supplement to the diagnostic tools for liquefaction potential

because it broadens the perspective of soil behavior to include large-strain

development by phenomena other than "classical" liquefaction. Enhancements to

the Simpijf led Procedure require either; (a) considerably more in situ data at silt-

rich sites that have or have not exhibited liquefaction, or (b) the development of

additional correction factors based on laboratory data obtained on a variety of silts.

In this study an alternate approach was adopted. The application of an energy-based

procedure for modeling excess pore pressure generation was investigated. Various

energy models were evaluated based on applicability, requisite soil parameters, and

very importantly on the ease of use in engineering practice. The energy-based

procedure has the advantage of direct application to silts without having to rely on

the development of additional correlation, or correction, factors to the standard

empirically-based approaches for estimating liquefaction susceptibility.
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ENERGY-BASED METHODS FOR LIQUEFACTION EVALUATION

The mechanics perspective of soil liquefaction as a cyclic fatigue failure has lead to

the development of methods for assessing the increase in excess pore pressure and

degradation of soil stiffness as a function of the energy imparted into the soil. The

application of energy methods for liquefaction evaluation has followed two inter-

related paths; (1) cumulative energy dissipation by a unit mass or volume of soil

during cyclic loading as computed from stress-strain loops (Nemat-Nasser and

Shokooh 1979, Berrill and Davis 1985, Cao and Law 1992, Figeroa etal. 1994,

Boulanger et al 1998, Green 2001), and (2) input energy from ground motion time

histories, such as the Arias Intensity procedure developed by Kayen and Mitchell

(1997). This paper focuses on the application of the former class of energy model.

In these models the generation of excess pore pressure is related to dissipated

energy during cyclic loading and it is related to the area of bounded by hysteretic

sterss-strain loops in cyclic laboratory tests. The pore pressure generation in soils

can be estimated as a function of cumulative dissipated energy per unit volume of

soil (AW). The dissipated energy is represented by the area enclosed by the

hysteretic stress-strain loop and the cumulative dissipated energy absorbed by the

soil during loading can be computed as the area within all of the hysteretic loops by

Equation 4.1 (Figueroa et al. 1994, Liang etal. 1995, Green 2001).
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Equation 4.1

where: a = deviatoric stress.

= axial strain.

= Dissipated energy per unit volume.

An advantage of the energy approach is that the dissipated energy is directly

estimated from the load-deformation measurements and it is not dependent on the

loading path (Cao and Law 1992). Given this, a variety of cyclic laboratory testing

methods have been used to establish data bases for energy-based liquefaction

procedures (e.g. triaxial, uni-axial and bi-axial simple shear, hollow torsional

shear). Laboratory investigations of cohesionless soils using these different

procedures have demonstrated that the dissipated energy required to initiate

liquefaction is a function of soil origin, soil properties (density, composition), and

stress history as well as effective confining stress, but independent of testing

equipment, loading type, magnitude of the load, and form of input loading

(Figueroa Ct al. 1994, Liang et al 1995, Voznesensky and Nordal 1999). The

influence of loading rate on the cumulative energy required to initiate liquefaction

in cohesionless soils is very minor, yet soil plasticity does influence the energy

required to generate excess pore pressures in low- to medium-plasticity fine-

grained soils (Green 2001, Romero 1998). In contrast, Voznesensky and Nordal

(1999) have shown that the cumulative dissipated energy required to reach a
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specific strain in cohesive soils is not a function of soil plasticity.. Although the

effects of boundaiy conditions may preclude direct comparisons of data from

different testing equipment the relative behavior of silts and sands obtained using

any specific type of equipment should yield results that are consistent. This study

focuses on the application of cyclic triaxial tests for evaluating the relative behavior

of a collection of silts spanning a range of soil plasticity.

Of the various energy models that have been proposed for evaluating soil

liquefaction the procedure developed by Davis and Berrill (1982, 1985) is attractive

for the practice-oriented applications outlined in this paper. In this procedure the

excess pore pressure generated during cyclic loading is directly related to

cumulative dissipated energy computed from stress-strain plots. A simple two-

parameter model has been developed that relates the excess pore pressure

(expressed as the pore pressure ratio R = u/', where u, is the excess pore

pressure, and a' is the effective confining stress prior to cyclic loading) to the

cumulative dissipated energy at any time in the loading event. This is described in

Equation 4.2.

[w1
= a1

L°M
Equation 4.2

Where a and
I

are calibration parameters obtained from laboratory tests and Ym' is

the initial mean effective stress. This method can be readily applied to laboratory

test data to establish the parameters a and 3, then applied in uncoupled analyses of
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soil liquefaction using the results of dynamic soil response analyses. A practical

example would be the use of computed soil response from a total stress

formulation, such as that employed in the widely used equivalent linear model

SHAKE, to calculate the cumulative energy dissipated during ground shaking. The

numerical modeling results are then used to compute the increase in excess pore

pressure with time during cyclic loading. This is similar to the common method of

using the results of the total stress numerical dynamic response model to assess

whether the cyclic loading exceeded the cyclic resistance of the soil, and assigning

an Re-value based on laboratory-based relationships between excess pore pressure

and the factor of safety against liquefaction (Youd et al 2001). Both of these

simplified methods for estimating excess pore pressure generation can be easily

implemented in geomechanical stress-based, effective stress models used for earth

structures and dynamic soil-structure interaction (Dawson et al 2001, McCullough

et al 2001). The advantage of the Davis and Berrill model is that the excess pore

pressure is directly related to the computed stress-strain behavior of the soil.

Laboratory data on clean sands has been used to reduce the two-parameter model of

Davis and Berrill to a single parameter model. The relationship between the excess

pore pressure and cumulative energy is not sensitive to the value of 3 and it has

been shown that for sand a value of 0.5 is appropriate for many applications (Davis

and Berrill 2000, 2001). This led to the formulation of the single-parameter model

where values of a vary between 50 and 80. Both the single and two-parameter
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models were validated by the Davis and Berrill for well documented case studies at

the following three sites.

1. 1986 earthquake near Lotung, recorded at the Large Scale Seismic Test site

(LSST), Lotung, Taiwian (Event LSST 16).

2. 1987 Chiba-Toho-Oki earthquake recorded at Sunamachi, Japan.

3. 1989 Elmore Ranch and Superstition Hills earthquakes recorded at the

Wildlife Liquefaction Array site in the Imperial Valley of southern

California.

The Lotung LSST and Wildlife Liquefaction Array case histories were re-evaluated

in this investigation using both equivalent linear and fully non-linear numerical

models for dynamic soil response. For these events the energy dissipation in soil

layers of interest was calculated using the dynamic soil response computed using a

l-D effective stress model SUMDES (Li et al 1992). The one parameter model was

found to yield representative results for the Lotung and Sunamachi case studies,

however the a-value determined for the cases at the Wildlife Liquefaction Array

site was found to be significantly larger than the upper bound value of 80

recommended by Davis and Berrill for clean sand. This is thought to be due to the

high fines content of sands, and the behavior of low-plasticity silt (Davis and

Berrill 2000).
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LABORATORY TESTING TO OBTAIN SOIL PARAMETERS FOR THE ENERGY MODEL

The original two parameter model of Davis and Berrill (1985) was calibrated for

cyclic triaxial tests on clean sands. In order to broaden the application of the Davis

and Berrill model for silt-rich soils the authors have compiled a catalog of

laboratory test data with material gleaned from the technical literature, and

supplemented with an extensive program of cyclic triaxial testing. The testing

program is covered in the following section. The results of the cyclic testing are

used in comparisons to field case studies that facilitate calibration of the model

parameters for use in practical applications.

TESTING PROGRAM AND PROPERTIES OF THE SILTS

The behavior of silts from nine sites has been evaluated based on results of cyclic

triaxial tests, supplementary standard index tests, and in situ data. Seven of the

sampling sites are located in the Pacific Northwest region of the United States, and

two are in central California. The program included cyclic testing of high quality

specimens from the field, as well as reconstituted specimens. The site locations,

soil index properties, and specific aspects of the testing procedures are outlined in

Tables 4.1 and 4.2. The high quality samples were obtained with 3 inch diameter

thin-walled Shelby tubes. Great care was taken at all stages of the transport,

handling, and specimen preparation to minimize disturbance. These procedures

notwithstanding, minor densification of the silty soils is expected making direct

comparisons of the laboratory measured cyclic resistance and the in situ penetration



125

resistance difficult. The direct correlation of laboratory-derived properties to field

parameters (e.g. SPT and CPT penetration resistances, shear wave velocity) is

further complicated by the consolidation pressures used in the triaxial tests. In order

to reduce the influence of sampling disturbance on the testing results the specimens

were consolidated to mean effective stresses that were roughly 20% greater than the

vertical effective stress that currently exists at the sites.

Table 4.1: Summary of cyclic triaxial tests used in this
study

Sample Location Sample Testing Frequency
ReferencesType Lab of Loading

Fern Hill, OR Undisturbed UCB 1 Hz Riemer (1995)

Hayden Island, OR Undisturbed OSU2 1 Hz Butler-Brown (2002)

Lake Oswego, OR Undisturbed OSU2 0.1 Hz Dickenson et al. (2003)
and Pyrch (2003)

Portland Airport, OR Undisturbed OSU2 1 Hz Butler-Brown (2002)

Undisturbed OSU2 1 Hz Butler-Brown (2002)
Tacoma, WA

Fabricated OSU2 1 Hz Butler-Brown (2002)

Corvallis, OR Fabricated OSU2 1 Hz Butler-Brown (2002)

Sacramento, CA Fabricated UCD3
0.000058-
0.1 Hz Romero (1998)

Notes:

'University of California, Berkeley
2 Oregon State University

University of California, Davis

All of the specimens described in this investigation are predominantly fine-grained

soils with greater than 50% by weight passing the number 200 sieve (grain size <

0.074 mm), with most having more than 70% fines. Samples from the Tacoma,
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Hayden Island, and Fern Hill sites are low plasticity silts (P1 <4), whereas the rest

are low to medium plasticity silts (4 < P1 <20). The soil samples obtained at the

Portland International Airport-Columbia River Levee (Portland Airport) site were

quite variable due to the interlayered nature of the deposits. The specimens from

the bed of Lake Oswego have high water content and they are characterized as soft,

low to medium plasticity silt. The in situ penetration resistances of all of these soils

are low demonstrating that they are very soft to medium stiff in place. Additional

data was provided by investigations of alluvial silt from central California (Romero

1998). The plasticity characteristics of the soils invested in this investigation are

illustrated in Figure 4.1.

Table 4.2: Summary of soil properties for undisturbed
samples

Soil Properties Fern Hill Hayden Lake
Oswego

Portland
Airport

Tacoma

Depth (m) 21-32 75-80 42-87 23-46 9-37

Water Content (%) 37-43 38-43 36-121 3 1-58 27-48

UnitWeight(KN/m3) 17-18 17-18 12-18 16-19 17-21

Void Ratio 1.02-1.2 1.03-1.12 1.05-4.1 0.83-1.3 0.65-1.15

Liquid Limit NA NA 34-100 33-54 NP

Plastic Index 2 <5 NP-18 1-14 NP

Liquidity Index NA NA NP-4.3 0.6-2.5 NP

Percent < # 200 83 NA 64-100 35-71 27-100

Clay Content (%) 2 NA 5-49 0.3-7.2 4-22

SPT Blowcount 3-5 4-6 1-2 2-6 1-5

q (MPa) NA NA 0.3-2.5 1 1-3

NA: No data available

NP: Non plastic
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Figure 4.1: Plasticity characteristics of the soils tested in
this investigation

The testing performed by the authors and their co-workers was conducted on high

quality, relatively undisturbed specimens and on reconstituted specimens of the

same soils. Reconstituted samples were fabricated using the slurry method wherein

moist soil was mixed with water at moisture contents above the Liquid Limit of the

soil, then isotropically consolidated under vacuum prior to trimming into specimens

for testing. The properties of the reconstituted specimens are summarized in Table

4.3. The specimens were subjected to isotropic consolidation before cyclic testing

and a minimum B-value of 0.96 was required prior to testing. Undisturbed

specimens were consolidated to confining stresses equal to 1.2 times the maximum

past pressure obtained from oedometer tests, or 1.2 times the current vertical
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effective stress if no consolidation data was available. In most cases the soils were

normally to very lightly overconsolidated in the field. The low strain stiffness of

the soils was monitored throughout the tests with bender elements embedded in the

top and bottom caps. Stress controlled tests imposing uniform sinusoidal loading

was employed. The effect of loading rate on the measured pore pressures was

evaluated by testing individual specimens at different frequencies. The pore

pressure was measured at the top and bottom of samples during cyclic loading.

Table 4.3: Summary of soil properties for fabricated
samples

Soil Properties Corvallis Sacramento Tacoma

Water Content (%) 22-30 NA 30-31

Unit Weight (KN/m3) 18.7-20.5 NA 18.5-19

Void Ratio 0.6-0.82 NA 0.78-0.82

Liquid Limit 35.5 26-36.5 NA

Plastic Index 8 0-10.5 NP

Liquidity Index 0.3 NA NP

Percent < # 200 99 NA NA

Clay Content (%) 26.5 3-19 NA

NA: No data available

NP: Non plastic

The results of over 60 cyclic triaxial tests have been included in this investigation.

Tabulations of all data pertaining to consolidation, cyclic loading, pore pressure

generation, cyclic strains, and the stiffness of the silts have been presented

elsewhere (Sunitsakul 2004). Additional background for each of the laboratory
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studies can be obtained in references provided in Table 4.1. The stress-strain

behavior and pore pressure response of the silts were monitored in all tests allowing

for the development of effective stress paths. The cyclic triaxial tests have been

useful for demonstrating the relative pore pressure response of silts with different

origin and depositional environment, composition, and plasticity. It should be noted

that excess pore pressures have been generated in all of the silt specimens. The

magnitude of the pore pressure response is dependent on soil properties as well as

on the characteristics of the cyclic loading, highlighting the need to supplement

screening tools for silt liquefaction based on soil composition with ground motion

parameters. This has been demonstrated in many investigations of fine-grained

soils processing a range of plasticity (e.g., Andersen et al 1993, Boulanger et al.

1998, Rau and Sitar 1998).

The onset of initial liquefaction has been defined by the laboratory testing

community in two ways; (1) an excess pore pressure ratio (Re) equal to 1.0, and (2)

an axial strain of 2.5%. These conditions are reached very closely in time for tests

on sandy soils therefore either could be used as the basis for comparisons with

cumulative dissipated energy. For silt-rich soils it has been determined that 2.5%

axial strain is achieved before R reaches a value of 1.0, therefore it is important to

note which criteria has been used in laboratory investigations described in the

technical literature. It has been observed that the cumulative dissipated energy

required to reach both conditions is dependent on the mean confining stress prior to
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cyclic loading. The cyclic triaxial tests referred to in this study were performed at

widely different mean confining pressures; therefore the cumulative dissipated

energy is normalized by the effective confining stress following the

recommendations of several investigators (Davis and Berrill 1985, Green 2001).

This is referred to as the normalized dissipated energy.
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Figure 4.2: Relationship between the excess pore pressure
and normalized dissipated energy as functions
of silt plasticity (triangles: non-plastic silt,
squares: medium plasticity silt)

The relationship between the pore pressure ratio and the normalized cumulative

dissipated energy determined for silts is presented in Figure 4.2. The trend for

sandy soils proposed by Berrill and Davis (1985) is also shown in Figure 4.2. The
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data incorporated in this figure represents tests on fabricated samples from Pacific

Northwest sites (an alluvial non-plastic silt and an alluvial silt with P1 between 0

and 10). No attempt has been made to separate trends due to void ratio of the

specimens as the ranges are in close agreement. The ranges of void ratios for the

non-plastic and medium plasticity silt specimens were 0.78 to 0.82, and 0.60 to

0.82, respectively.
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Figure 4.3: Relationship between parameter f3 and
plasticity index

=39

The results of the cyclic tests demonstrate representative ranges for the correlation

parameters for the pore pressure model (a and f3). The values were found to be in

the range of 0.1 to 0.35 for the silts tested in this study (Figure 4.3). The value of
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is dependent on the plasticity index of the soil and it decreases with increasing

P1. The average value of f3 for non-plastic silt was 0.28. This is compared to a

value of 0.5 that is considered representative for sands (Davis and Berrill, 2000).

For silt specimens with P1 between 14 and 20, the corresponding
1

value ranges

from 0.1 to 0.15. These tests demonstrate the parameter a is not dependent on the

plasticity index. In addition, the parameter a was approximately equal to

10f3 (Figure 4.4) supporting the application of a single parameter model.
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Cyclic laboratory testing has demonstrated the influence of external and internal

factors on the cyclic resistance of silts. The effects of variables such as mean

confining stress, stress history, frequency and duration of cyclic loading, void ratio,

and plasticity index have been addressed by the first author (Sunitsakul 2004). In

order to evaluate the relative influence of these parameters on the cumulative

energy required for liquefaction of silts, a linear, multi-parameter regression was

performed using the commercial available program SPLUS version 6 (MathSoft

mc). The goal of this aspect of the study was the development of a refined,

practice-oriented model that limited the number of soil parameters to a minimum.

The normalized dissipated energy required to induce liquefaction (R = 1.0) was

initially modeled in a 6 parameter relationship and the number of parameters

reduced based on resulting correlation coefficients.

The initial 6 parameter relation and the reduced models are provided:

0 +e(PI)o2(VR)+c (cr' )+04(OCR)+05(CSR)--(4.3a)3m100cr!
m

= 0 + 0(PI)+ 02(VR)+ 0 (o' )--(4.3b)3m100cr"
m

Equation 4.3
0 +01(PI)+92(VR)--(4.3c)

100cr!
m
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where: P1: plasticity index.

VR: void ratio.

cYm initial mean effective stress.

OCR: overconsolidation ratio.

CSR: cyclic stress ratio.

Inspection of the correlation coefficients reveals that the models described by

equations 4.3a and 4.3b possess similar uncertainty. The model described by

equation 4.3c provides the best correlation with the laboratory data. All 9

coefficients are presented in Table 4.4. A comparison of the values of cumulative

energy required inducing liquefaction obtained in the laboratory tests and that

estimated using equation 4.3c has been plotted in Figure 4.5. The proposed

relationship demonstrates the importance of void ratio and plasticity index as

primary variables. This is supported by the work of Figueroa et al. (1994) and

Liang et al. (1995). The relatively small influence of the over-consolidation ratio on

the computed pore pressure response can be explained by the fact that the stress

history is implicitly accounted for by the void ratio and mean effective stress.
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Table 4.4: Summary of coefficient values for the regression
analysis of cumulative energy and excess pore
pressure

Coefficient Eq 2a Eq 2b Eq 2c

-6.593 -6.862 -2.147

0.300 0.309 0.349

02 9.416 9.845 7.184

03 0.013 0.013 -

04 -0.609 -

05 3.635 - -

R2 0.47 0.47 0.41

0.20

0.15

U

1 0.05

0.00

0.00 0.05 0.10 0.15 0.20

Predicted Value

Figure 4.5: Comparison of the predicted and laboratory
values of the normalized dissipated energy
required for liquefaction
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)f the laboratory investigation previously addressed have been
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augmented with data from three well documented field sites. Two of these cases

represent sites where instrumental recordings of both excess pore pressure and

strong motion have been made in vertical arrays (Wildlife Liquefaction Array,

California; Lotung Large Scale Seismic Test site). The remaining site did not have

recorded seismic data; however, it is a valuable site for the occurrence of

liquefaction at ground motion levels that were low intensity and duration (Port of

Richmond, California). The ground motion recordings obtained at the first two sites

allow for the direct calculation of cumulative dissipated energy in silt-rich soils.

The energy can also be computed at any elevation of interest by applying numerical

models for dynamic soil response. Both procedures have been used in this study.

The I -D plasticity-based, effective stress model SUMDES (Li Ct al 1992) was used

in this study. The SUMDES model was first calibrated for use at all three of the

sites by an extensive sensitivity analysis of computed response for these sites, as

well as and several others (Treasure Island, Sari Francisco; Port Island, Kobe,

Japan; LSST site, Taiwan). The discussion of results contained herein are confined

to specific findings pertaining to the a and values used in the energy model.

Background information for the numerical modeling studies, including input

parameters, parametric evaluation, comprehensive results, and recommendations

for modeling has been represented by the first author (Sunitsakul, 2004).
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Wildlife Liquefaction array Site, Imperial Valley, California

The Wildlife site is located in the Imperial Valley of southern California. This site

has become a focal point for numerous studies of liquefaction, lateral spreading,

geotechnical instrumentation, and site response. The repeated occurrence of

liquefaction along the Alamo River at this site was the basis for the development of

an extensive array of instrumentation at the site (Zeghal and Elgamal 1994). In

1982, the U.S. Geological Survey (USGS) installed two triaxial accelerometers and

six piezometers at the site (Holzer et al. 1989, Youd and Holzer 1994). Triaxial

accelerometers were installed at the ground surface and the depth of 7.5 meters in

the stiff clay layer. Figure 4.6 shows locations of the original instrumentation.

Specific details of the instrumentation employed at the site have been provided by

Youd and Holzer (1994).

The Wildlife site experienced strong motions during two significant earthquakes in

1987, the M 6.2 Elmore Ranch earthquake and the M 6.6. Superstition Hill

earthquake. The Superstition Hill earthquake occurred roughly 10 hours after the

Elmore Ranch earthquake. The peak accelerations measured at the ground surface

during the Elmore Ranch and Superstition Hill earthquakes were O.13g and 0.21g,

respectively. The largest pore pressures measured during the Elmore Ranch event

yield a pore pressure ratio of about 15%. The piezometer records demonstrate that

the excess pore pressure completely dissipated prior to the Superstition Hills event.

In the second earthquake sand boils, ground cracking, and lateral spreading with
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displacements up to 230mm were observed (Hoizer etal. 1989, Dobry etal. 1989).

Twenty nine hours after the Superstition Hil! earthquake, a!! excess pore water

pressure has been dissipated (Youd and Holzer 1994).
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Figure 4.6: Site plan and cross section of the Wildlife
Liquefaction Array site (Youd and Holzer 1994)
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As illustrated in Figure 4.6, the near-surface soil conditions consist of a surface

layer of roughly 2.5 m of soft silt and clayey silt, underlain by 4 m of loose silty

sand, and 5 m of stiff to very stiff-clay (Holzer et al. 1989, Zeghal and Elgamal

1994). The 2.5 m top layer is very young alluvium deposited during floods in 1905

and 1907 (Holzer et al. 1989). Extensive geotechnical investigations have been

performed at the site. The results of laboratory and in-situ testing can be found in

the following references (Bennett et al. 1984, Holzer et al. 1989, Keane and Prevost

1989, Dobiy et al. 1989).

The computation of dissipated energy at the Wildlife site for both earthquakes was

made on the basis of numerical modeling using SUMDES. The applicability of the

mode was evaluated by direct comparison with recorded acceleration time histories,

acceleration response spectra, and pore pressure generation for both earthquakes. A

selected example of the computed stress-strain behavior during moderate levels of

ground shaking is shown in Figure 4.7. The comparison of the R versus time

relationship for recorded pore pressures and cumulative pore pressures computed

using proposed dissipated energy model are presented in Figure 4.8. The 3

parameter is assigned following Figure 4.3 for each soil layer base on soil plastic

index. By adjusting the a parameter to achieve the overall best fit to the recorded

pore pressure data a range of representative values is obtained. The "best-fit" a and

13 values are listed in Table 4.5.
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Table 4.5: Summary of computed a and f3 parameters for
the Wildlife Liquefaction Array case study

Wildlife Depth: 3.0 m. Depth: 5.0 m. Depth: 6.6 m.
Liquefaction

Site a 13 a 13 a 13

Superstition
2.5 0.35 5 0.35 8 0.35Hill EQ

Elmore
2 0.37 2 0.37 2 0.37Ranch EQ

Large Scale Seismic Test Site (LSST), Lotung, Taiwan

The LSST in Lotung is located in the northeast portion of Taiwan. The fruitful

collaboration of the Taiwan Power Company and the Electric Power Research

Institute facilitated the development of extensive lateral and vertical arrays in 1984

(Li et al. 1998, Borja et al. 2002). The frequency with which ground motions

generated during numerous small to moderate earthquakes had been recorded in the

mid- 1980's lead to the installation of more than 20 pore pressure transducers

adjacent to the downhole array, at depths between 3 and 16 m Figure 4.9). In

addition to the piezometers a vertical array triaxial accelerometers was installed at

the depths of6, 11, 17, 47 and 93 m.

The generalized soil profile at this site consists of an upper layer of 34m of silty

sands and sandy silts, underlain by stiff silty clay of medium plasticity. The water

table is at a depth of approximately 1.0 m. The soil in the upper 20m is considered

to be susceptible to the generation of significant excess pore pressures (Li et al
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1998). This perspective is supported by the low shear wave velocity that has been

measured at the site. The shear wave velocity in the near surface soil is

approximately 100 mIs, increasing with depth to a value of 200 mIs at a depth of 17

m.

Of the myriad strong motion recordings obtained at this site only the motions from

the M 7.0 earthquake of November 14, 1986 (event LSST 16) were used in this

study. Peak ground surface accelerations during this earthquake are 0.1 3g and

0.1 7g for EW and NS components, respectively. The maximum recorded excess

pore water pressures during this earthquake were 10 to 15 kPa, obtained at layers

between 5 to 8 m. This case study provides worthwhile data for the calibration of

the numerical models.

The SUMDES model has been used by several investigators to simulate the

dynamic soil response recorded at the site. The numerical modeling performed in

this study matches both the previous modeling performed by Li and others (1998),

as well as the recorded pore pressures and soil response to strong motions.

Examples of computed stress-strain behavior and excess pore pressure response are

provided in Figures 4.10 and 4.11. The best-fit values of a and 3 are listed in

Table 4.6.
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Port of Richmond, California

The portion of the Port of Richmond that exhibited evidence of liquefaction during

the M 7.0 1989 Loma Prieta earthquake is a flat lying, open area adjacent to the bay

margin. Sand boils, minor ground settlement, and lateral spreading were observed

at the site after the event. This is considered an especially relevant site due to the

occurrence of liquefaction in silt at relatively low levels and short duration of

ground shaking. This site was also important for the most distant occurrence of

liquefaction-induced structural damage during the Loma Prieta earthquake (Seed et

al 1990, Kayen and Mitchell 1997).

The area was developed by reclamation of the bay front by hydraulic filling

methods. Silty sand from the bay was pumped over young San Francisco Bay Mud

at the site. The soil profile at the Port of Richmond can be separated into 4 layers.

From the ground surface these include; (1) 5 m of sandy clay, (2) 2 m of non-

plastic silt, (3) 2 m of young San Francisco Bay Mud, and (4) Il m of Old Bay

Clay (also known locally as Old Bay Mud) overlying bedrock. The water table is

approximately 3.5 m below the surface and the liquefaction that occurred during
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the earthquake was very likely confined to the non-plastic silt layer (Mitchell et al

1994).

The Port of Richmond site is worthwhile due to the extent of the geotechnical site

characterization performed before and after the 1989 earthquake. The silt has been

extensively characterized with gradation analyses, Atterberg Limits, SPT, CPT,

DMT, and shear wave velocity. A limitation of this site is that there is no

instrumentation at the site. Five instrumented rock sites were considered for use as

candidates for input motions used in the dynamic response analyses performed in

this investigation. The optimal record was selected on the basis of proximity to the

Port of Richmond, distance and azimuth from the rupture zone, the type and degree

of weathering of the rock at the individual sites, and the characteristics of the

recorded motions. The Yerba Buena Island record was used in this study. The

record was scaled by 22% to account for ground motion attenuation between Yerba

Buena and the site, and for regional trends in recorded rock motions.

Numerical modeling was required at the Port of Richmond site due to the absence

of recorded data from piezometers and accelerometers. The peak ground

acceleration of 0.1 Sg computed using the SUMDES model is in good agreement

with previous investigations using SHAKE (Mitchell et al. 1994, Kayen and

Mitchell 1997). This is perhaps fortuitous given the occurrence of liquefaction in

the 2 m thick silt layer near the ground surface. Examples of the computed stress-
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strain behavior of the silt, and the computed pore pressures using the SUMDES and

energy model are shown in Figures 4.12 and 4.13. The resulting a and 13 values are

listed in Table 4.7.

Table 4.7: Summary of computed a and j3 parameters for
the Port of Richmond case study

I Port of I
Depth: 4.75 m I Depth: 7.25 m. Depth: 9.75 m.

Richmond a 13 a I a I
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Figure 4.12: Stress-Strain plot for computed ground
motions at the Port of Richmond (depth =
5.75m).



Figure 4.13: Comparison of pore pressures computed
using the proposed energy model and SUMDES
for the Port of Richmond case (depth 5.75m).
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The simple pore pressure response model presented in the paper has been shown to

provide representative estimates of excess pore pressure in silts tested in the

laboratoiy and in field applications. The laboratory portion of this investigation

demonstrated that the energy-based model can be limited to two parameters, and in

certain applications a single parameter. The excess pore pressure ratio was found to

be well correlated with the normalized cumulative dissipated energy (iW/cYm') for

the silts tested in this study. For these soils the energy model developed by Davis

and Berrill is applicable, although the pore pressure coefficients a and
I

must be

modified to account for void ratio, fines content, and plasticity. All a and 3

coefficients for all three case histories are incorporated in figure 4.4. The a
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oefficient ranges from all case histories are wider than those from laboratory tests.

['his is due to the discrepancy on laboratory testing condition. All of the cyclic

:riaxial tests have been performed on the isotropic consolidated samples; however,

ield conditions of all three case histories modeled in SUMDES are anisotropic

onsolidation. Voznesensky and Nordal (1999) indicate the cumulative dissipated

mergy on the isotropic and anisotropic is different. Since a coefficient on the

lissipated energy model works as a multiplier and the required dissipated energy

etween field conditions and laboratory tests is different, a coefficient from field

case histories is wider than that from laboratory tests. However, representative

ranges of these parameters were established for non-plastic silts, and low to

moderately plastic silts on this study.

CONCLUSIONS

The results of this laboratory and numerical modeling study have been synthesized

into a simple two-parameter model for estimating pore pressure response in silts as

a function of the cumulative energy dissipated by the soil during cyclic loading.

The model can be used in conjunction with standard methods of computing

dynamic soil response to evaluate the potential for liquefaction in predominantly

fine-grained soils of low to moderately plasticity. The pore pressure model

proposed herein is intended to supplement existing practice-oriented procedure for

evaluating the cyclic resistance of soils to liquefaction. The primary applications

for this model as refined in this study are for silt-rich soils. Additional work
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focusing on moderate to high plasticity soils would be valuable in establishing the

variation of model parameters (a and 3) across a broader range of grain sizes and

soil composition than that currently investigated by Davis and Berrill, and in this

study. The primary conclusions of this study include the following:

1. Silt soils of low to moderate plasticity have been shown in cyclic triaxial

tests to be vulnerable to liquefaction at cyclic stress levels and load

durations of interest in earthquake engineering applications.

2. Several of the soils that exhibited high excess pore pressure ratios in cyclic

testing are classified as non-liquefiable using current diagnostic screening

criteria used in practice, highlighting potential limitations of these tools in

practice.

3. The pore pressure response of silt can be reliably estimated using the simple

two-parameter model based on cumulative energy dissipation during cyclic

loading. This has been demonstrated for both laboratory applications and a

limited number of field case studies.

4. The pore pressure response in silt and the corresponding pore pressure

coefficient f3 have been found to be dependent on the plasticity of the soil.

Appropriate ranges for this parameter have now been established in several

investigations for sandy soils and silts.

5. The reduction of the two-parameter model to a single parameter is

supported by the laboratory and field data for silt soils.
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6. Extrapolation of the plasticity-based relationships for a and
f

past P115 to

20 is not recommended at this time due to the lack of data in this range.

Additional work on moderately and highly plastic soils may yield insights

on threshold energy levels required to induce pore pressure generation or on

limiting values of R that can be obtained in these soils.

7. Additional work may be worthwhile to elucidate the influence of

consolidation conditions (K0 versus isoltropic) on the pore pressure

response in silts.

8. The proposed model has been shown to be easily implemented with

dynamic soil response models. The computed stress-strain response of the

soil can be readily converted into equivalent cumulative energy using

simple spreadsheet formulations. Once the cumulative energy is computed

the pore pressure response of sands or silts can be determined suing the

two-parameter model validated in this investigation.
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS FOR
FUTURE RESEARCH

SUMMARY AND CONCLUSIONS

Field observations following recent earthquakes clearly demonstrate that silt rich

soils can be prone to softening and strength loss due to cyclic loading. Extensive in

situ and laboratory testing of predominantly fine grained soils from these sites have

provided valuable data on the geotechnical properties of the soils. This collection of

data has lead to a generally improved understanding of the dynamic behavior of

this class of soil however many fundamental aspects of pore pressure generation

and strength degradation in silts remain only partially characterized. Whether these

soils loose strength via classical liquefaction or by softening related to soil

sensitivity is a nuance that warrants additional investigation. This work

supplements a growing body of technical literature that has demonstrated that

empirical methods of evaluation for liquefaction triggering can be employed for

applications involving non-plastic silt. These procedures are not well suited when

applied to low- to medium-plasticity silt. An energy based approach developed for

sandy soils has been applied with minor modification for silts and this approach

appears to be valid for silt with Plasticity Index up to roughly 15. The development

of models for stiffness and strength degradation due to cyclic loading in silts

exhibiting P1 greater than 15 has not been extensively pursued, and it is common in

engineering practice to adopt models established for higher plasticity clayey soils.
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This dissertation presented the results of a research effort aimed at better

understanding the seismic behavior of silts. The emphasis of the investigation was

on dynamic soil behavior that contributes to ground failures and distress to

foundations. Soil softening and large-strain development due to excess pore

pressure generation and disruption of soil fabric were investigated at length. Pore

pressure development and strain mobilization were evaluated as functions of soil

plasticity, soil liquidity, gradation characteristics of the fine grained portion of the

soil, stress history, and low strain stiffness. The laboratory data supplements a

growing collection of field performance data. An examination of the field case

studies and extensive laboratory investigations highlighted several important issues

pertaining to cyclic degradation of silt. Key conclusions of the studies that

contributed to the hypotheses investigated in this investigation, as well as the

primary findings of this dissertation include:

1. Current screening tools that are based solely on soil compositional factors

for determining the potential for liquefaction should be used with great

caution. These diagnostic procedures fail to account for the intensity and

duration of the cyclic loading therefore they are poorly suited for estimating

the potential for ground failures. Other important factors such as soil

density and stress history are either ignored, or addressed in a very indirect

manner through soil index properties such as the Liquidity Index.

2. Straightforward energy-based procedures (such as those developed by

Davis and Berrill) for estimating cumulative excess pore pressure
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generation are recommended for application involving silts. The curve

fitting parameters have been shown to be a function of soil plasticity, which

can be easily determined from cyclic triaxial or simple shear tests. For

applications involving silts, this approach is considered a significant

improvement over the common method of applying the Simplf led

Procedure for liquefaction with ad hoc adjustments for fines content.

3. The influence of stress history on the liquefaction resistance of silts was

found to be significant. It was anticipated that the influence of

overconsolidation on the cyclic resistance (pore pressure development

and/or strain mobilization) would increase with the soil plasticity. The

limited number of medium to high plasticity silts tested in this investigation

precluded a robust correlation for this effect.

4. The rate of cyclic loading has been found to influence the pore pressures

measured during testing. This is particularly pronounced in triaxial tests

where the relatively long drainage path from the mid-section of the

specimen to the porous stones requires a greater amount of time for full

equilibration of pore pressures and representative measurements. In light of

this finding the results of earlier testing programs using cyclic triaxial tests

performed with loading frequencies of 1 Hz should be reviewed with

appropriate judgment.

5. A primary goal of this investigation was the development of a dynamic

model of soil behavior that could be applied for silts of any plasticity (i.e., a
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unified model that incorporated P1, LI, and other diagnostic index

parameters). It was interesting to confirm that in certain instances empirical

models developed for sandy soils applied for the silts, and in other cases

models developed for clays applied for the silts. Specific examples include:

a. Laboratory based models for estimating post-cyclic loading

volumetric strain have been successfully applied for the silts in this

study. The model for sand developed by Ishihara and Yoshimine

(1992) can be applied for silts. This is largely due to the fact that the

volumetric strain is related to the factor of safety against

liquefaction therefore although the cyclic resistance to a given input

motion may be different for a sand and a silt the relative level of

pore pressure generation and subsequent volume change is

accounted for.

b. The strain-dependent stiffness and damping for the silts investigated

in this study follow published trends by Vucetic and Dobry (1991).

c. The post-cyclic undrained shear strengths that were determined for

the silts in this study support trends published by Yasuhara (1993)

for clayey soils.

6. Instrumented field case studies, particularly at sites with vertical arrays of

strong motion instruments and piezometers, have been extremely useful for

validating and calibrating numerical models for dynamic soil response.

Instrumented sites in Taiwan, Japan, and the United States (California and
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Washington) provided valuable opportunities for application of the

numerical models SHAKE and SUMDES in this study. The strengths and

limitations of each model as applied for silty soils were evaluated. Key

issues include:

a. As the standard of U.S. practice for dynamic soil response the

SHAKE model can be applied with confidence for silty soil sites for

low to moderate levels of ground shaking. At higher levels of

shaking an uncoupled liquefaction or strain mobilization analysis of

the silt is required (similar to the methods that have been widely

adopted for sandy soils). It is recommended that the energy-based

procedure presented in this dissertation is one tool that can be used

to evaluate the potential for ground failures on silt soils.

b. If high excess pore pressures are indicated in the uncoupled analysis

then SHAKE results should be used with due caution. As an

approximate guideline, the computation of excess pore pressure

ratios greater than 0.3 to 0.4 in silts or sands should be viewed as

enough to induce significant softening in the soils, thereby

warranting supplementary effective stress analyses.

c. Sophisticated plasticity-based, effective stress models such as

SUMDES provide definite advantages over models like SHAKE,

however the greater number of requisite soil parameters increase

potential uncertainty in the computed response. The extensive
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modeling of field case histories performed in this investigation

highlighted the need for validation of the models prior to use in

practice. The scope of these sensitivity, or parametric, studies

increases dramatically with the number of soil parameters

incorporated in the model. This clearly limits its utilization in

engineering practice. The SUMDES program was found to be

applicable for cases involving excess pore pressure generation in

silts.

RECOMMENDATIONS FOR FUTURE RESEARCH

This integrated investigation of field performance evaluation, laboratory testing,

and numerical modeling of silts was initiated to enhance our understanding of the

cyclic behavior of silt soils. The influence of internal factors (e.g., composition,

gradation, plasticity) and external factors (in situ confining stress, stress history) on

the cyclic resistance of the soils have been evaluated with the goal of developing a

unifying relationship for excess pore pressure generation and strain mobilization

that could be applied to silty sands, non-plastic silt, and medium to high plasticity

silts. To be useful as an analysis tool in engineering practice any proposed

relationship must account for the intensity and duration of cyclic loading. The work

performed herein has accomplished many aspects of this broad goal, and more

importantly it highlighted important areas for continued research. These topics can
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be separated into laboratory investigations and numerical modeling studies.

Recommendations for future research of the cyclic behavior of silt soils include:

Laboratory Investigations

1. Cyclic testing of a large collection of silts that includes non-plastic to highly

plastic soils. The number of silts in this study possessing P1 values greater

than 10 was very limited. By incorporating more soils with varying P1, LI,

and clay-size fraction a more robust relationship for pore pressure

generation and strain development can be established. The influence of

external factors such as effective confining stress, stress history, and aging

on the cyclic resistance of silts could be evaluated in much greater depth.

2. The large-strain, post-cyclic loading behavior of silts warrants additional

investigation. A primary limitation of triaxial compression tests is that

specimens often exhibit dilation during post-liquefaction static loading. It

would be helpful to conduct tests using different stress paths, or equipment

to determine the appropriate shear strengths for seismic stability analyses

involving large-strain.

3. The energy-based method of liquefaction and large strain development

proposed in this study for silts should be expanded to incorporate data from

other cyclic tests (simple shear, hollow cylinder torsional shear).

4. The influence of stress history on the liquefaction resistance of silts was

found to be significant. Additional testing of a collection of silts



165

encompassing a full range of plasticity (P1) would yield a better

understanding of the effect of overconsolidation on the cyclic resistance of

silts.

5. For applications involving slopes and/or foundations the influence of static

shear stresses on the strain development exhibited in cyclically loaded

specimens is a key component. Existing work performed for offshore

foundation applications should be augmented for a broader array of soils,

earthquake specific loading conditions, and different modes of loading (i.e.

simple shear, torsional shear).

6. The influence of silt fabric on cyclic resistance would be a worthwhile

improvement to the current state of knowledge. This is particularly relevant

for silts, a broad classification that includes physically weathered, non-

plastic, transported soils and chemically weathered, plastic, residual soils.

These soil deposits have been formed through significantly different origin,

modes of deposition, and post-depositional changes (aging). The

differences that these important factors have on the cyclic resistance of silts

have not been evaluated to the author's knowledge.

7. Studies of soil softening aimed at highlighting potential differences in

classical liquefaction phenomena and sensitive soil behavior should focus

on soil pore water chemistry. The leaching of sodium ions from pore water

is known to contribute to sensitive soil behavior. It is recommended that the

cyclic behavior of marine silts include analysis of pore water chemistry.
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Numerical Modeling Studies

1. Several laboratory studies have demonstrated that the rise in excess pore

pressure is more rapid in silts than in sandy soils at equivalent factors of

safety against liquefaction. The affect of this finding on the computed

results provided by widely used numerical models that include only

constitutive models for sands and clays should be evaluated.

2. Additional ground motion analyses using total stress models such as

SHAKE and effective stress models such as SUMDES, DESRA, FLAC for

computing ground surface motions at sites with silt layers that exhibit

partial pore pressure increase (i.e. pore pressure ratios of 0.1 to 0.5) would

be worthwhile for demonstrating the limit of applicability of the total stress

model.

3. The development of constitutive models for pore pressure generation and

large-strain mobilization in silts that can be incorporated into 2-D FEM and

FDM models such as FLAC, PLAXIS, OPENSEES for silts would be very

beneficial. It should be noted that the simple two-parameter modal modified

in this study for use with silts could easy be incorporated into stress based

formulations in all of the numerical models listed.

4. Sensitivity studies of the effects of varying soil parameters across

appropriate ranges of values would be very illuminating for sophisticated

multi-parameter plasticity-based formulations for dynamic soil response.
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This is particularly necessary for silts that exhibit a wide range of

consistency (P1, LI), and stress-strain behavior.

In addition, the collection of multiple types of in situ data from silt sites at which

effects of liquefaction were or were not observed at the ground surface following

recent earthquakes provides a wealth of data for refining empirical methods for

liquefaction hazard evaluation. Tests of in situ penetration resistance (SPT, CPT)

and low-strain stiffness (shear wave velocity) at these sites allows for direct

comparison with field performance and with laboratory data on high quality

specimens. Enhancements to current methods of evaluation include:

1. Re-evaluation of the Soil Behavior Index (Ia) criterion for identif'ing soil

prove to liquefaction. CPT data from sites with fine-grained soils that have

exhibited ground failures should be incorporated into evaluation procedures

for identifying soils susceptible to large strain mobilization during cyclic

loading. The enhanced criterion should account for the intensity and

duration of cyclic loading.

2. In the course of this study the project team has had the opportunity to

interact with numerous practicing engineers in the Pacific Northwest who

have identified thick deposits of alluvial silts that exhibit extremely low

penetration resistances to great depth. Pertinent examples from major

projects at waterfront sites in the metropolitan regions of Portland, Tacoma

and Seattle have demonstrated SPT N-values of I and 2 blows/fl at depths
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ranging from 80 ft to as much as 150 ft. Concerns have been raised about

the potential reduction of soil stiffness and strength adjacent to deep piles

during design level earthquake motions. Although liquefaction hazards

associated with bearing capacity and lateral spreading are not considered to

be a concern at most of these deep silt sites, the effect of elevated pore

pressures at depth on soil-pile skin friction has been questioned for projects

involving bridges and elevated viaducts that impose large uplift forces on

foundation piles due to overturning. The influence of the weight of the

drilling rods, on the SPT penetration resistance should be evaluated, in

addition to the effects of high confining stress on the cyclic resistance of

potentially liquefiable silt.
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APPENDIX A

SOIL PROPERTIES



00

-
E

0

I!

S ample

Site

S ample

Number

Water

Cottent (%)

Void

Ratio
(1N/m3)

% Fine
% Clay

(<2 tm)
LL P1

S

W18IA 7.8 0.69 20.8 91 1.5 - 0

W182A 47.9 1.04 18.5 56 5 - 0

W32.A 27.1 0.65 20.1 45 5 - 0

W363A. 35.3 0.88 18.3 80 7 - 0

W364A. 21 0.99 17.3 94 10 - 0

W881A 35.1. 0.87 18.5 100 14 - 0

W882A 38.9 l.0 17.2 100 15 - 3

W883A 45 1.15 17.2 100 9 - 4

W331A. 37.5 0.88 18.6 - - - 0

W332A 42 1.05 17.6 - - - 0

W333A 33.5 0.85 18.4 - - - 0

W334.A 35.4 0.91 18.1 - - - 0

W391A 37.5 1.02 17.3 - - - 0

W392A 23.2 0.78 19.5 - - - 0

W393A. 36.1 0.89 18.3 - - - 0

W394A. 40.1 1.04 18.5 - - - 0

W691.A 36.5 0.94 17.9 - - 84 43
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Sample
Site
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Nimb er

Water
Content (%)

Void
Ratio

(kN/m3)
%Fine %Clay

(<2 mm.)
LL P1

k

3C-9T 40 1.13 16.6 2 0.3 -

3C-9M 46 1.16 16.8 35 2 40 4

1C-5TM 31 0.83 18.3 71 7.2 33 6

4E-8T 58 1.33 16.5 - - 54 14

3C-81v1 36 0.93 18.0 68 5.4 31 1

3C-8B 36 0.96 17.2 68 5.4 33 1

8

Ti 73 2.02 15.5 99 49 42 13

T2a 43 1.28 17.3 84 14 37 12

T2b 43 1.23 17.5 84 14 37 12

T3 44 1.24 17.2 84 14 37 12

T4 121 4.13 12.8 85 20 100 18

T5 54 1.50 16.4 100 16 34 6

T6 71 2.04 15.4 - - 50 10

T7a 36 1.05 17.8 64 5 - 0

T7a 36 1.05 17.8 64 5 - 0

T8 1.12 17.5 64 5 - 0

T9 57 1.70 16.0 - - 50 18
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Sample
Numb er
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Ratio

(kN/m3)
% Fine % Clay

(<2 ITtTL)

LL PT

7T 40.4 1.12 18.0 83 2 - 2

TM 41.1 1.14 17.9 - - - 2

7B 42.6 1.18 17.8 - - - 2

9T 39.2 1.08 18.0 - - - 2

liT 37.9 1.02 18.0 - - - 2

G2171 3 1.09 17.0 100 39 55 25

G3172 39.3 1.03 17.8 - - - 4

G3173 43.2 1.12 17.2 - - - 4

R5C15 - - - - 3 26 0

R5C18 - - - - 3 26 0

R5C20 - - - - 3 26 0

R5C22 - - - - 3 26 0

R5C15L - - - - 3 26 0

0

R17C16 - - - - 11 30 4

R17C18 - - - - 11 30 4

R17C20 - - - - 11 30 4
R17C22 - - - - 11 30 4

R17C16L - - - - 11 30 4

0 R24C18 - - - - 19 37 11

R24C20 - - - -

________

19

________
37

________
11

R24C22 - - - - 19 37 11

R24C1SL - - - - 19 37 11
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% Clay
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WA11A 30 0.82 18.5 - - - 0
WA22A 30.5 0.78 19.1 - - - 0

WA23A 30.9 0.82 18.7 - - - 0

WA24A 30.5 0.80 18.8 - - - 0

AC11 25.1 0.69 19.8 99 26.5 36 8

AC21 29.6 0.82 19.0 99 26.5 36 8

AC22 25.3 0.78 18.8 99 26.5 36 8

AC31 25.3 0.79 18.8 99 26.5 36 8

AC52 22.3 0.61 20.4 99 26.5 36 8

AC53 22.6 0.60 20.5 99 26.5 36 8

CYBS-31 29.9 0.80 18.9 91 .7 29 15
CYBS-32 29.7 0.79 18.9 91 29 15

CYBS-29 30.0 0.80 18.9 91 .7 29 15

CYBS-24 30.0 0.80 18.9 91 6.7 29 15

AD11A 33 0.83 19.7 - - 45 9

AD12A 33.7 0.95 18.6 - - 45 9

AD13A 34.7 0.96 18.7 - - 45 9

AD14A 34 0.93 18.9 - - 45 9

AD22A 33.5 0.90 19.1 - - 45 9
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APPENDIX B

SUMMARY OF CYCLIC TRIAXIAL TEST RESULTS
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Ru1 ea-2.5% Ru=l ea2.5% a
W181A 103 1 - 0.12 - - - - - -

W182A 106 1 - 0.19 38.1 40.7 4.4 6.1 - -

W362A 318 1 - 0.14 90.1 92.7 12.7 L6.3 2.99 0.35
W363A 315 - 0.23 - 6.7 - 13.4 - -

W364A 308 - 0.21 58.1 63.8 41.8 54.3 1.72 0.26
W881A 216 = - 0.17 27.2 29.7 .8 10.2 3.39 0.34
W2A 2119 - fl2 12 17 .fl 3.74 0.33
W883A 210 1.52 - 0.24 22.3 23.7 13.2 L3.3 2.76 0.33
W331A 37 2.26 97 0.26 - - - - 2.31 0.35
W332A 77 1.08 113 0.11 - - - - - -

W333A 70 1.19 119 0.19 6.2 6.7 1.0 1.4 3.15 0.26
WII4A 1111 124 11 19 9 1 97 2 15 2.65 0.26
W391A 168 150- 0.26 9.2 12.8 .5 11.1 2.29 0.23
W392A 312 = - 0.25 5.3 4.7 13.1 8.9 2.55 0.26

W393A '-1 1.3 129 0.18 - - - - - -

W394A 0 1.85 111 0.26 11.3 22.8 1.8 8.1 2.80 0.32
W691A 5 1.5 191 0.26 - - - - - -
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3C-9T 255 1 - 0.23 7.2 5.7 10.8 5.8 2.22 0.24

3C-9M 255 1 212 0.21 84.3 9.8 38.6 59.3 1.39 0.17
k IC-5TM 175 1 175 0.25 14.2 l.8 5.9 13.8 2.41 0.25

4E-8T 250 1 156 0.26 31.3 33.7 37.8 35.7 1.33 0.14
3C-8M 139 2 152 0.43 5.2 5.7 7.6 9.4 2.06 0.24
3C-8B 139 2 175 0.37 14.2 14.9 10.5 12.2 2.08 0.7

Ti 69 1 97 0.23 - - - - - -

T2a 57 1 135 0.06 - - - - - -

T2b 97 1 135 0.17 - - - - - -0
o T3 66 1 123 0.25 - - - - - -

T4 42 1 66 0.39 6.1 '7.3 4.1 5.2 1.46 0.15

o T5 40 1 S6 0.39 5.2 1.8 6.7 1.5 1.35 0.15
'x T6 39 1 76 0.23 - - - - - -

T7d 94 1 156 0.20 - - - - - -

T7a 119 1 155 0.33 3.0 1.7 6.5 2.8 1.93 0.21

T8 94 1 148 0.20 18.1 23.7 3.4 5.6 2.36 0.25
T9 43 1 9 0.29 26.2 34.3 6.0 9.7 1.51 0.14
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7T 75 1

- 0.25 21.2 20.7 5.3 2.13 0.22

TM 75 1 - 0.3 5.0 0.9 - 1.0 L.38 0.16
lB 15 1 - U.2 11. 1U. .5 2.4 L.12 U.2

9T 75 1 - 0.18 105.0 110.0 - - 1.83 0.23

LiT 75 1 - 0.25 7.2 4.7 7.0 2.0 - -

G2171 109 1.9 95 0.28 41.3 - 2.1 - L.44 0.14

. G3172 125 1.6 109 0.0 11.2 24.7 4.1 L5.5 1.81 0.17

G3173 125 1.6 101 0.41 1.2 2.9 1.5 5.0 - -

RSC15 100 1 - 0.15 71.2 63.7 12.7 2.8 2.02 0.29
R5C18 100 1 - 0.18 20.0 19.8 .9 3.0 3.34 0.31

R5C20 100 1 - 0.20 5.1 4.6 2.7 .9 3.03 0.29

R5C22 100 1 - 0.22 4.1 3.7 2.8 .6 3.24 0.32

RSC15L 100 1 - 0.15 14.0 12.7 .1 .6 2.82 0.27
R17C16 100 1 - 0.16 - 128.8 - 7.9 1.67 0.23

R17C18 100 1 - 0.18 - 34.7 - 4.6 L.00 0.1

E R17C20 100 1 - 0.20 - 14.8 - 2.9 - -

' R17C22
R17C16L

100

100

1

1

-

-

0.22

0.16

-

8.0

14.2 -

6.7 4.5

4.2
1.5

1.29
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R24C18 100 1 - 0.18 - 299.8 - 26.0 - -

R24C20 100 1 - 0.20 - 33.7 - 5.3 1.18 0.22

14C22 inn 1 - Ii 2 - - fl [.68 0.2

R24C18L 100 1 - 0.18 15.0 10.7 12.9 3.5 L.41 0.14
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WA1 lÀ 313 1 201 0.22 6.3 5.3 16.7 8.6 2.22 0.25

WA22A 2fl 1 lXfl fl19 fl2 11 fl25

W.A23A 219 1 173 0.15 27.3 26.7 8.9 7.5 2.40 0.25
W.A24A 139 1.5 159 0.24 21.2 21.7 6.3 7.3 2.49 0.23

AC! 1 210 1 232 0.23 - 4.8 - 5.7 1.78 0.24
AC21 234 1 254 0.24 11.3 11.7 11.7 13.9 1.90 0.2]

o AC22 208 1 248 0.26 22.2 20.7 15.8 12.1 1.75 0.22
AC31 104 1.5 - 0.28 17.2 14.8 8.? .9 1.91 0.25
AC52 141 1.5 - 0.29 - 15.7 - 8.3 1.8 0.25
AC53 214 1 - 0.19 - 1.8 - 9.3 1.54 0.25

CYES-31 0 1 - 0.25 - 74.8 -
.1 - -

Cybs-32 U 1
- U.3U - 1.1.1 - 1.2 - -

CYES-29 0 I
- 0.22 - 45.2 - 2.6 - -

0
CYE.S-24 60 1 - 0.26 - 1'.1 - 2.2 - -

AD1 1A 212 1
- 0.30 - 1.3 - 7.3 - -

AD12A 209 1
- 0.24 - 10.2 - 115 - -

AD13A 139 1.5 - 0.24 - - - -

(i AD14A 105 2 - 0.38 - 31.2 - 13.2 - -

AD22k 207 1 - 0.25 - 82.5 - 11.5 - -
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APPENDIX C: NUMERICAL ANALYSES OF THE DYNAMIC RESPONSE
OF SILT RICH SOIL DEPOSITS

INTRODUCTION

The field case studies and laboratory testing programs outlined in this dissertation

provide indispensable data on the dynamic behavior of silts subjected to a wide

range of cyclic loading conditions. The synthesis of this data has lead to a better

understanding of the soil parameters, external factors, and ground motion

characteristics that contribute to liquefaction and/or large strain development in silt

soils. The limitation of a largely empirical data base such as this is that the insights

and recommendations derived from these cases are often specific to certain sites,

silt deposits, earthquake ground motion, or the type of laboratory test. In order for

these findings to be useful for the broad range of applications likely in engineering

practice it is worthwhile to incorporate a model for the observed stress-strain

behavior into numerical formulations that can be applied for a variety of situations.

This appendix presents the results of numerical dynamic soil response modeling of

deposits containing silt using programs that have been widely adopted in practice.

The models selected (SHAKE and SUMDES) have been well validated and

described in the technical literature. The primary objective of this effort was the

calibration of the numerical models for silt rich soil deposits at well instrumented

sites.
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The validation of numencal models for use in practice requires the comparison of

model results to high quality field or laboratory data. It is preferable that the

numerical simulations be applied to as many cases studies as is practicable so that

the applicability of the model can be assessed for a range of situations. For dynamic

soil response modeling validation studies have often relied on strong motion data

obtained at the ground surface at a soil site and records from a local rock site

(outcrop) in order for a comparison of the computed soil response to be made. The

rock outcrop record is routinely used as the input record at the base of the soil

model. This procedure suffers from inconsistencies associated with differences in

the wave field, rock properties, and other factors at the two sites (e.g., incidence

angle of body waves, characteristics of surface waves, weathering profiles in the

rock, impedence contrasts at the two sites). For this reason it is preferable to have

data from vertical arrays of strong motion instruments and piezometers. This

instrumentation allows for the direct comparison recorded data with computed

results from the numerical models. The validation study performed in this

investigation focuses on two very well characterized sites with vertical array data

for strong motion and pore pressure generation. The numerical models were

applied for several earthquakes that have been recorded at each site, thereby

encompassing a range of ground motion intensities. Once the strengths and

limitations of the models were assessed, and the input parameters calibrated in a

consistent and straightforward manner, they were applied to field cases where

liquefaction of silt soils was observed at the ground surface but no instrumentation
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was deployed at the sites. This work was necessaiy for the development and

application of the energy-based pore pressure model that is proposed for silts

(Chapter 4).

This calibration study focused on two sites that have recorded strong motions and

pore pressures in vertical arrays; the Wildlife Site in the Imperial Valley of

southern California, and the Lotung strong motion array in Taiwan. These sites are

particularly valuable for the extensive geotechnical site characterization that has

been performed, the downhole array data, the existence of silt rich soil deposits,

and the quality of the technical literature that has been produced describing various

aspects of the sites and observed seismic behavior of the soils. The thorough

application of the two numerical models at these sites is followed by an

investigation of a site at the Port of Richmond, California that is considered

valuable for the occurrence of liquefaction in silty soil during the 1989 Loma Prieta

earthquake. The site is located along the margins of San Francisco Bay

approximately 88 kilometers north of the rupture zone of the 1989 earthquake. No

strong motion data exists at the site however there are several recordings from local

weathered rocks sites and from shallow stiff soil sites in the area. The peak

horizontal ground acceleration at the liquefaction site is estimated to have been

roughly 0. 12g to 0.1 8g based on SHAKE analyses. The duration of significant

shaking was very short, approximately 4 to 8 seconds. The calibrated numerical

models were applied for this site in order to test the pore pressure generation
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procedure. A strong motion record from a local rock site was used as input for the

numerical models.

OVERVIEW OF THE NUMERICAL MODELS

Two dynamic soil response models were employed in this investigation. The

selection of the models was based on the following criteria;

1. The models should be widely used in engineering practice and readily

available.

2. One total stress model and one effective stress model was deemed

advantageous for comparing the results of both for sites with elevated pore

pressures during cyclic loading.

3. For comparison purposes it was considered important to use one model with

a fairly simple, straightforward constitutive model, and one with a more

sophisticated stress-strain formulation.

4. It would be beneficial to use models for which there exists a substantial

body of literature for comparison of the results of this investigation with

others.

The models selected for use on this investigation were SHAKE (Schnabel et al

1972, EduPro Civil Systems, 2004) and SUMDES (Li et al 1992). Both models

have been used in engineering practice and well described in the technical

literature. In depth descriptions of the programs is not provided herein, however
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numerous references are provided for interested investigators. The SHAKE

program is the most widely used dynamic soil response model in U.S. engineering

practice, it is well described in the technical literature, and it has been validated in

numerous investigations. SHAKE incorporates an equivalent linear model for

strain-dependent soil stiffness and damping. The model is a 1 -D, total stress

analysis of vertically propagating waves performed in the frequency domain. An

advantage of the SHAKE model for use in practice is the limited number of soil

parameters required for the analysis. The only input parameters required, besides

the strain dependent stifThess and damping relationships, are the unit weight, shear

wave velocity (or low strain shear modulus value), and the thickness of the soil

layer. A commercially available version of the program, Pro Shake (EduPro Civil

Systems), was used in this study.

The SUMDES model (Site Under normal Multi-Directional Earthquake Shaking) is

a 1 -D or 2-D finite element computer program for performing dynamic soil

response of horizontal layers subjected to vertical wave propagation (Li et al 1992).

SUMI)ES employs a plasticity-based model for fully coupled, effective stress

analysis of soils. Pore pressure generation is computed and a recent modification of

the program allows for the incorporation of static shear stresses appropriate for

sloping sites (Ming and Li 2003). The model SUMDES is capable of handling three

directional input motions.
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While SUMDES model 4, reduced order bound model, requires ten parameters,

The original version of STJIVIDES included five constitutive soil models (Li et a!

1992). The constitutive models can be applied to sands and clays, and the primary

differences have to do with the number of soil parameters required for complete

modeling. In the most extensive constitutive model 16 soil parameters are required.

These parameters include geotechnical index and mechanical properties that are

routinely used in engineering practice, as well as more involved parameters that are

used to model aspects of the stress-strain curves aspects observed in cyclic

laboratory tests. In the majority of this calibration study the "reduced order

bounding surface" model (Model 4) was used.

The reduced order bound surface model is the modified version of the model

proposed by Wang and others (1990), as described in Li et al.(1992) and Li (1996).

This model requires 10 soil parameters (4, G0, X, K, hr, d, R/Rf, k1, b, h) that are

described in detail in the user's manual (Li et al 1992). For sand, 4 is the friction

angle, while for clay this represents an equivalent friction angle (Li et al. 1992).

Parameters X and K describe soil compressibility along the virgin loading path and

unloading path, respectively. Parameter h is used to develop the relationship

between shear modulus and shear strain. Cyclic tests are required to provide ranges

of appropriate values for parameters d and kr. These parameters control soil

liquefaction resistance and can be calibrated by curve fitting on a p-q plot from
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cyclic testing data. Li and others (1992) provide typical values for the parameters

R1,/Rf, b and h. Values of 0.75, 2, and 35 have been used in this study. It should be

noted that site specific values of these parameters would be beneficial for

calibration studies, however the extensive nature of the cyclic testing required for

determining these parameters is precluded in most applications. The recommended

ranges provided by Li and his co-workers are specific to the clean sands routinely

tested in laboratory investigations of cyclic stress-strain behavior (e.g., Monterey

sand, Ottawa sand, Nevada sand), and to undisturbed and reconstituted specimens

of a limited number of fine-grained soils. The values for each parameter used in

this study were determined on the basis of:

1. Average values from the ranges provided in the original SUMDES manual

(Li et at 1992).

2. Values used in prior publications outlining the validation and use of

SUMDES for case studies.

3. Values obtain from laboratory tests conducted in this investigation for silts.

There have been several updates to the model since 1992, and in most cases the

enhancements have been incorporated with no corresponding revision to user's

manuals or program documentation. A warning is provided for future SUMI)ES

users. They must confirm the version of the model that they have acquired. This is

necessary for the correct application of input parameters, as well as comparisons of

computed results with those presented in the technical literature. In several
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pertinent examples evaluated in this study direct comparisons of results were

hindered by incomplete reporting in published papers of the specific version of

SUMDES used. STJMDES has previously been used to investigate site response

analyses using field data from the Lotung downhole array in Taiwan, Treasure

Island, San Francisco, and at Port Island, Kobe, Japan (Li et al. 1998, Yang et al.

2000, Arulanandan et al. 2000). These cases were re-evaluated in this study to

confirm the results using the soil model (Model 4) adopted herein.

OVERVIEW OF THE FIELD STUDY SITES

Wildlife Site, Imperial Valley, California

The Wildlife site is located in the Imperial Valley of southern California (Figure

Cl). This site has become a focal point for numerous studies of liquefaction, lateral

spreading, geotechnical instrumentation, and site response. The repeated

occurrence of liquefaction along the Alamo River at this site was the basis for the

development of an extensive array of instrumentation at the site (Zeghal and

Elgamal 1994). In 1982, the U.S. Geological Survey (USGS) installed two triaxial

accelerometers and six piezometers at the site (Holzer et al. 1989, Youd and Hoizer

1994). Tnaxial accelerometers were installed at the ground surface and the depth

of 7.5 meters in the stiff clay layer. Figure C2 shows locations of the original

instrumentation. Specific details of the instrumentation employed at the site have

been provided by Youd and Holzer (1994).
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The Wildlife site experienced strong motions during two significant earthquakes in

1987, the M 6.2 Elmore Ranch earthquake and the M 6.6 Superstition Hill

earthquake. The Superstition Hill earthquake occurred roughly 10 hours after the

Elmore Ranch earthquake. The peak accelerations measured at the ground surface

during the Elmore Ranch and Superstition Hill earthquakes were 0.1 3g and 0.21 g,

respectively. The largest pore pressures measured during the Elmore Ranch event

yield a pore pressure ratio of about 15%. The piezometer records demonstrate that

the excess pore pressure completely dissipated prior to the Superstition Hills event.

In the second earthquake sand boils, ground cracking, and lateral spreading with

displacements up to 230 mm were observed (Hoizer et al. 1989, Dobry et al. 1989).

Twenty nine hours after the Superstition Hill earthquake, all excess pore water

pressure has been dissipated (Youd and Hoizer 1994).

As illustrated in Figure C2, the near-surface soil conditions consist of a surface

layer of roughly 2.5 m of soft silt and clayey silt, underlain by 4 m of loose silty

sand, and 5 m of stiff to very stiff-clay (Hoizer et al. 1989, Zeghal and Elgamal

1994). The 2.5 m top layer is very young alluvium deposited during floods in 1905

and 1907 (Holzer et al. 1989). Extensive geotechnical investigations have been

performed at the site. The results of laboratory and in-situ testing can be found in

the following references (Bennett et al. 1984, Holzer et al. 1989, Keane and Prevost

1989, Dobry et al. 1989). Table Cl provides a summary of the soil properties used

in this numerical modeling study.



Large Scale Seismic Test Site (LSST), Lotung, Taiwan

The LSST in Lotung is located in the northeast portion of Taiwan. The fruitful

collaboration of the Taiwan Power Company and the Electric Power Research

Institute facilitated the development of extensive lateral and vertical arrays in 1984

(Li et al. 1998, Borja et al. 2002). The frequency with which ground motions

generated during numerous small to moderate earthquakes had been recorded in the

mid-1980's lead to the installation of more than 20 pore pressure transducers

adjacent to the downhole array, at depths between 3 and 16 m (Figure C3). In

addition to the piezometers a vertical array triaxial accelerometers was installed at

the depths of6, 11, 17,47 and 93 m.

The generalized soil profile at this site consists of an upper layer of 34m of silty

sands and sandy silts, underlain by stiff silty clay of medium plasticity. The water

table is at a depth of approximately 1.0 m. The soil in the upper 20m is considered

to be susceptible to the generation of significant excess pore pressures (Li et al

1998). This perspective is supported by the low shear wave velocity that has been

measured at the site. The shear wave velocity in the near surface soil is

approximately 100 mIs, increasing with depth to a value of 200 rn/s at a depth of 17

m.

Of the myriad strong motion recordings obtained at this site only the motions from

the M 7.0 earthquake of November 14, 1986 (event LSST 16) were used in this
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study. Peak ground surface accelerations during this earthquake are 0. 13g and

0.1 7g for EW and NS components, respectively. The maximum recorded excess

pore water pressures during this earthquake were 10 to 15 kPa, obtained at a depth

between 5 to 8 m. This case study provides worthwhile data for the calibration of

the numerical models.

Port of Richmond, Richmond, California

The portion of the Port of Richmond that exhibited evidence of liquefaction during

the M 7.0 1989 Loma Prieta earthquake is a flat lying, open area adjacent to the bay

margin. Sand boils, minor ground settlement, and lateral spreading were observed

at the site after the event. This area was developed by reclamation of the bay front

by hydraulic filling methods. Silty sand from the bay was pumped over young San

Francisco Bay Mud at the site. The soil profile at the Port of Richmond can be

separated into 4 layers. From the ground surface these include; (1) 5 m of sandy

clay, (2) 2 m of non-plastic silt, (3) 2 m of young San Francisco Bay Mud, and (4)

11 m of Old Bay Clay (also known locally as Old Bay Mud) overlying bedrock.

The water table is approximately 3.5 m below the surface and the liquefaction that

occurred during the earthquake was very likely confined to the non-plastic silt layer

(Mitchell et al 1994).

The Port of Richmond site is worthwhile due to the extent of the geotechnical site

characterization performed before and after the 1989 earthquake. The silt has been
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extensively characterized with gradation analyses, Atterberg Limits, SPT, CPT,

DMT, and shear wave velocity. A limitation of this site is that there is no

instrumentation at the site. Five instrumented rock sites were considered for use as

candidates for input motions used in the dynamic response analyses performed in

this investigation. The optimal record was selected on the basis of proximity to the

Port of Richmond, distance and azimuth from the rupture zone, the type and degree

of weathering of the rock at the individual sites, and the characteristics of the

recorded motions. The Yerba Buena Island record was used in this study. The

record was scaled by 22% to account for ground motion attenuation between Yerba

Buena and the site, and for regional trends in recorded rock motions.

SITE RESPONSE ANALYSES

An extensive suite of dynamic soil response analyses have been performed using

the SHAKE and SUIvII)ES models. The applicability of the models for use with

vertical array data at sites where excess pore pressure were recorded is evaluated by

comparing the computed results against recorded phenomena. Specifically, the

acceleration time histories, acceleration response, and pore pressure generation

were compared. Obviously, the latter does not apply for the SHAKE analyses.

SHAKE was applied for cases involving soil liquefaction for two primary reasons;

1. To evaluate the difference between total stress and effective stress

analyses for cases involving partial pore pressure generation.
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2. To provide input time histories for the uncoupled method of computing

the cumulative increase in excess pore pressure during cyclic loading

(described in Chapter 4).

The soil parameters used in all of the analyses presented in this appendix are

provided in Table Cl to C6. These soil parameters have been calibrated from the

response analyses with ground motions records during the earthquake events at

sites interest. Initial soil parameters have been assigned on the numerical analyses;

these initial soil parameters are estimated from soil properties at sites interest

following the guidelines by Li et al. (1992). The initial soil parameters are accepted

if acceleration time histories and response spectrums from numerical analyses and

site recorded data are matched. If they are not matched, trial and error on soil

parameters is applied till the best match occurred. However, these trial and error

soil parameters must be in typical ranges proposed by Li Ct al. (1992).

The results of the site response analyses (acceleration time histories, acceleration

response spectra, and excess pore water pressure curves) from both ProSHAKE and

SUMI)ES are shown in Figures C4 through C6 for the Elmore Ranch earthquake,

Figures C7 through C9 for the Superstition Hills earthquake, Figures C 10 through

C12 for the LSST16 earthquake, and in Figures C13 through C15 for the Port of

Richmond case study. In several instances instrumental data was not recorded or

available at specific depths.
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Overall, SUMDES and ProSHAKE provide good approximated acceleration

histories and response spectrums. On the Superstition Hill earthquake on Wildlife

Liquefaction site, both ProSHAKE and SUMDES overpredicts the maximum

ground acceleration; however, the results from SUMDES are much closer to the

record data than those from ProSHAKE. SUMI)ES provides a very good

estimation of excess pore water pressure at the depth of 6.6 meters; however, the

excess pore water pressure at the depth of 3 meters is underpredicted

On the Loma Prieta earthquake on Port of Richmond, both ProSHAKE and

SUMDES estimate the peak ground acceleration equal to 0.1 5g, which is in the

range proposed by Mitchell et al. (1994). Maximum of response acceleration

spectrum on EW direction from ProSHAKE and SUMI)ES are 0.46 and 0.67

second, respectively. Pore pressure from SUIvIDES proofs that the liquefaction

was occurred at the depth between 3 and 7 meters, see figure C16.

CONCLUSIONS

The numerical analyses performed in this study to supplement the laboratory

testing program were undertaken to calibrate soil response models for sites that

have soils susceptible to excess pore pressure generation. Although the focus was

on the application of existing models (as opposed to the development of new

models or subroutines), and refining input parameters for modeling of silty soils the
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results of the modeling yielded several results that are considered worthwhile to

highlight. Practical lessons learned from this modeling study include;

1. The pore pressure generation model in SUMDES is well suited for

estimating excess pore pressure generation in sandy soils, and in non-

plastic to low-plasticity silts.

2. As anticipated, the effective stress model STJMDES was capable of

modeling soil softening associated with excess pore pressure generation.

The soil softening due to pore pressure generation results in a reduction in

the high frequency components of motion (i.e. peak ground accelerations,

and short-period spectral accelerations) that cannot be modeled using total

stress analyses.

3. From an engineering perspective, the SHAKE results were generally

representative for cases in which recorded pore pressures yielded r values

less than 0.2, and clearly inappropriate for cases when r was greater than

0.8. For the latter cases the computed PGA values and short period spectral

response was too large. The results of several sensitivity analyses

demonstrate that the SHAKE results are considered acceptable using

subjective judgment for r values less than 0.3 to 0.4.

4. This study focused on the application of best estimate soil properties

selected using straightforward procedures and available geotechnical data.

Additional SUMDES analyses are recommended to assess the sensitivity of

various soil parameters on the computed soil response.
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5. The number of case histories examined in this study is very limited.

Additional analyses of silt and sand deposits at sites with vertical

instrument arrays are considered a high priority. Cases with full

liquefaction (r = 1.0) and those with only partial pore pressure generation

are equally important in this regard. Calibrating numerical models for field

cases encompassing a range of ground motion intensities, durations, and r

values would highlight strengths and limitations of the programs for use in

engineering practice. Vertical instrument arrays that have been recently

deployed in Japan and Taiwan represent valuable sites for future studies.
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Table Cl: Summary of soil parameters for the Wildlife
site

Layer
Soil Type

Thickness Depth
rsum3) Gs V (mis) Layer

Silt 0.5 0.50 15755 2.7 91

2 Silt 0.5 1.00 15708 2.7 91

3 Silt 0.5 1.50 15708 2.7 91 1

4 Silt 0.5 2.00 15708 2.7 98 2

5 Silt 0.5 2.50 19082 2.7 98 2

6 Silty Sandl 0.25 2.75 19266 2.68 113 3

7 Silty Sand! 0.5 3.25 19266 2.68 113 3

8 Silty Sandl 0.25 3.50 19266 2.68 113 3

9 Silty Sand2 0.5 4.00 19266 2.68 124 4

0 Silty Sand2 0.5 4.50 19266 2.68 124 4

1 Silty Sand2 0.25 4.75 19266 2.68 124 4

12 Silty Sand3 0.5 5.25 19266 2.68 128 5

13 Silty Sand3 0.25 5.50 19266 2.68 128 5

14 Silty Sand4 0.22 5.72 19266 2.68 140 6

15 Silty Sand4 0.22 5.94 19266 2.68 140 6

16 Silty Sand4 0.22 6.16 19266 2.68 140 6

17 Silty Sand4 0.22 6.38 19266 2.68 140 6

18 Silty Sand4 0.11 6.49 19266 2.68 140 6

19 Silty Sand4 0.21 6.70 19266 2.68 140 6

20 Silty Sand4 0.1 6.80 19266 2.68 140 6

21 ClayeySilt 0.35 7.15 19674 2.7 152 7

22 Clayey Silt 0.35 7.50 19674 2.7 152 7

23 Clayey Silt Indefinite 19674 2.7 152
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Table C2: SUMDES parameters used for analyses of the
Wildlife site

Layer

ID

Const

ID
K h d R/Rf kr b h

1 4 55.1 114 0.0225 0.0045 0.247 3.3 0.75 0.3 2 35

2 4 30.0 102 0.0273 0.0055 0.242 2.3 0.75 0.2 2 35

3 4 30.0 134 0.0170 0.0034 0.297 1.4 0.75 0.2 2 35

4 4 33.0 144 0.0158 0.0032 0.247 1.9 0.75 0.2 2 35

5 4 33.0 140 0.0162 0.0032 0.210 2.2 0.75 0.2 2 35

6 4 33.0 157 0.0145 0.0029 0.224 2.2 0.75 0.2 2 35

7 4 32.0 164 0.0124 0.0025 0.690 100 1.00 100 2 35
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Table C3: Summary of soil parameters for the Lotung
LSST site

Layer
No.

Thickness
(m)

Depth
(m)

Yt

(N/rn3)
Gs

Vs
(mis)

Layer
ID

1 0.3 0.30 16672 2.68 90 1

0.2 0.50 16672 2.68 92 1_2_
3 0.31 0.81 17653 2.68 94 2

4 0.31 1.12 18878 2.68 97 2

5 0.31 1.43 18878 2.68 100 2

6 0.31 1.74 18878 2.68 103

7 0.31 2.05 18878 2.68 105

8 0.31 2.36 18878 2.68 108

9 0.32 2.68 18878 2.68 110 2

10 0.32 .00 19331 2.68 113

11 0.25 ...25 18737 2.73 115

12 0.25 3.50 18737 2.73 117

13 0.25 3.75 18737 2.73 119 3

14 0.25 4.00 18737 2.73 121 3

15 0.5 4.50 18860 2.68 125 4

16 0.5 5.00 18860 2.68 129 4
17 0.5 5.50 18860 2.68 132 4
18 0.5 6.00 18860 2.68 136 4
19 0.5 6.50 18860 2.68 139 4

20 0.5 7.00 18860 2.68 143 4

21 0.5 7.50 18860 2.68 146 4
22 0.5 8.00 18860 2.68 149 4
23 0.5 8.50 18860 2.68 152 4

24 0.5 9.00 18860 2.68 155 4
25 0.5 9.50 18860 2.68 158

26 0... 10.00 18860 2.68 161

_4_
4

27 0.5 10.50 18737 2.73 163 5

28 0.5 11.00 18737 2.73 166 5

29 0.25 11.25 18737 2.73 167 5

30 0.5 11.75 18737 2.73 170 5

31 0.5 12.25 18737 2.73 172 5

32 0.5 12.75 18737 2.73 175 5

33 0.5 13.25 18737 2.73 177 5

34 0.5 13.75 18737 2.73 179 5

35 0.25 14.00 18737 2.73 180 5

36 0.5 14.50 20740 2.65 182 6

37 0.5 15.00 20740 2.65 184 6

38 0.5 15.50 20740 2.65 186 6

39 0.5 16.00 20740 2.65 187 6

40 0.5 16.50 20740 2.65 189 6

41 0.5 17.00 20740 2.65 190 6
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Table C4: SUMDES parameters used for analyses of the
Lotung LSST site

Layer Const
4

Go ? K hr d Rp/Rf kr b h

1 4 40 261 0.0105 0.0021 0.932 3.5 0.75 0.2 2.0 35.0

2 4 40 171 0.0159 0.0032 0.235 3.5 0.75 0.2 2.0 35.0

3 4 32 194 0.0198 0.0040 0.162 10.5 0.75 0.2 2.0 35.0

4 4 35 187 0.0175 0.0035 0.233 4.5 0.75 0.2 2.0 35.0

5 4 30 233 0.0165 0.0033 0.233 10.5 0.75 0.2 2.0 35.0

6 4 37 142 0.0113 0.0023 0.174 5 0.75 0.2 2.0 35.0
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Table C5: Summary soil parameters used in analyses of
the Port of Richmond site

Layer
No.

Thinkness
(m)

Depth
(m)

yt

(N/rn3) Gs Vs
Layer

ID
1 0.5 0.5 16808 2.7 101

2 0.5 1 16808 2.7 101

3 0.5 1.5 16808 2.7 101

4 0.5 2 16808 2.7 101

5 0.5 2.5 16808 2.7 101

6 0.5 3 16808 2.7 101 1

7 0.5 3.5 16808 2.7 101 1

8 0.5 4 17279 2.7 101 2

9 0.5 4.5 17279 2.7 101 2

10 0.5 5 17279 2.68 101 2

11 0.5 5.5 17279 2.68 130 3

12 0.5 6 17279 2.68 130 3

13 0.5 6.5 17279 2.68 130 3

14 0.5 7 17279 2.68 130 3

15 0.5 7.5 17279 2.76 165 4
16 0.5 8 17279 2.76 165 4

17 0.5 8.5 17279 2.76 165 4

18 0.5 9 17279 2.76 165 4

19 0.5 9.5 17279 2.76 165 4
20 0.5 10 19635 2.76 201 5

21 0.5 10.5 19635 2.76 201 5

22 0.5 11 19635 2.76 201 5

23 0.5 11.5 19635 2.76 201 5

24 0.5 12 19635 2.76 201 5

25 0.5 12.5 19635 2.76 201 5

26 0.5 13 19635 2.76 229 6

27 0.5 13.5 19635 2.76 229 6
28 0.5 14 19635 2.76 229 6

29 0.5 14.5 19635 2.76 229 6

30 0.5 15 19635 2.76 229 6

31 0.5 15.5 19635 2.76 229 6

32 0.5 16 19635 2.76 259 7

33 0.5 16.5 19635 259 7

34 0.5 17 19635

_2.76
2.76 259 7

35 0.5 17.5 19635 2.76 259 7

36 0.5 18 19635 2.76 259 7

37 0.5 18.5 19635 2.76 259 7

38 0.5 19 19635 2.76 259 7

39 0.5 19.5 19635 2.76 259 7

40 05 20 19635 2.76 259 7
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Port of Richmond site

213

Layer Const

4 Go K h1 d RpfRf kr b h
ID

33 105 0.0208 0.0042 0.424 1.00 0.75 0.2 2.0 35.0

_j_ -- 33 177 0.0417 0.0083 0.151 1.00 0.75 0.2 2.0 35.0

32 260

__
0.0273 0.0055 0.102

__
1.00 0.75 0.2 2.0 35.0

-- _±__
30 443 0.0199 0.0040 0.813 100.0 1.00 100.0 2.0 35.0

---- 24 287

__
0.0100 0.0020 1.614

__
100.0 1.00 100.0 2.0 35.0

24 332

__-__
0.0086 0.0017 1.717 100.0 1.00 100.0 2.0 35.0

-- 24 383 0.0075___0.0015 1.822 100.0__1.00 100.0 2.0 35.0
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Figure C1O.2a: Acceleration time histories at the Lotung
LSST site (ground surface) computed using
SHAKE and SUMDES. Top: N-S direction,
Middle: EW-direction, Bottom: Vertical
direction.
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Figure C1O.2b: Acceleration time histories at the Lotting
LSST site (depth 6 m) computed using
SHAKE and SUMDES. Top: N-S direction,
Middle: E-W direction, Bottom: Vertical
direction
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Figure 1O.2c: Acceleration time histories at the Lotung
LSST site (depth 11.0 m) computed using
SHAKE and SUMDES. Top: N-S direction,
Middle: EW-direction, Bottom: Up-
direction.
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Figure Cl 1.1: Acceleration response spectra (5%
damping) for ground surface motions at
the Lotung LSST site during Event LSST
16. Calculated results from SUMDES (Li et
a!, 1998).
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Figure C11.2: Acceleration response spectra (5%
damping) for ground surface motions at
the Lotung LSST site during Event LSST
16 computed using SHAKE and SUMDES.
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Figure C12.1: Excess pore pressures at the Lotung LSST
site recorded during Event LSST 16 (Li et
at 1998)
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Figure C12.2: Excess pore pressure at the Lotung LSST
site computed for Event LSST 16.
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Figure C13: Acceleration time histories of ground surface
motions at the Port of Richmond computed
using SHAKE and SUMDES.
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Figure C14: Acceleration response spectra (5% damping)
for ground surface motions at the Port of
Richmond computed using SHAKE and
SIJMDES.
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Figure C15: Computed excess pore pressure ratios at
selected depths at the Port of Richmond site.
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Figure C16: Proffle of excess pore pressure ratio versus
depth computed using SUMDES for the Port
of Richmond site.




