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Abstract

Vertical downhole arrays are deployed to record seismic soil (and overall site) behavior.
Such arrays have already recorded a large body of benchmark earthquake case histories world-
wide. These valuable records document: (1) mechanisms of vertical wave propagation and site
resonance, (2) characteristics of site amplification for soft and stiff soil formations, (3) cyclic
soil behavior during liquefaction. At present, downhole-array data offer a most effective means
for calibration and verification of our predictive computational capabilities.

This report consists of three elements. The first element presents a review focused on seven
vertical-array sites that have been widely studied in the last few years. A number of techniques
developed for analyses of downhole seismic records are presented. Relevance of each downhole
site, characteristics of the installed array, available seismic records, and lessons learned to date
are discussed.

In the second element, free-field downhole array seismic records are employed to identify
and model the dynamic response at Wildlife Refuge (California, USA), and Port Island (Kobe,
Japan) sites. The Wildlife Refuge site was instrumented in 1982 with a two-accelerometer array,
and six piezometers that recorded a case of seismically induced site liquefaction. At Port Island,
afour-accelerometer downhole array recorded strong motion during the recent 1995 Hyogoken-
Nanbu Earthquake. Using this downhole data, the actual seismic shear stress-strain histories are
directly evaluated from the recorded downhole accelerations. These histories provide valuable
insight into the mechanisms of site liquefaction and associated loss of stiffness and strength.
Computational simulations of these case histories are performed based on the identified mech-
anisms of site response.

In the third element, the process of dynamically induced liquefaction in two centrifuge soil
models is analyzed. These models consist of saturated medium-dense sand overlain by a low
permeability silt deposit; and represent prototypes of a level site and an embankment. The
recorded lateral accelerations are employed to evaluate shear stress and strain histories at dif-
ferent elevations within the tested soil-systems. These histories shed light on the involved lig-
uefaction process, and the associated mechanisms of: (1) lateral deformation, (2) stiffness and
strength degradation, and (3) possible densification and regain of stiffness, thereafter. The iden-
tified response patterns are found comparable to those documented by laboratory cyclic-loading
tests.

Finally, general conclusions are drawn based on the identified soil/site dynamic properties.
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Chapter 1

Introduction

This report consists of three elements. The first element is a review of seven vertical-array sites
that have been widely studied in the last few years, by the authors and other researchers. Specif-
ically, the reviewed arrays and studies are those of: the Chiba Site (Japan), the Lotung Site (Tai-
wan), the Hualien Site (Taiwan), the Garner Valley Site (California, USA), the Treasure Island
Site (California, USA), the Wildlife Refuge Site (California, USA), and the Port Island Site
(Kobe, Japan). This set of unique instrumented sites has provided valuable insights into the
mechanisms of seismic soil response over a broad range of loading condition, including lique-
faction and failure.

The second and third elements present new studies pertinent to earthquake induced lique-
faction of sites and embankments. Analyses were conducted to investigate the recorded down-
hole seismic response at Wildlife Refuge (California, USA), and Port Island (Kobe, Japan) sites.
Within a unified framework, this report presents new findings, and summarizes a number of ma-
jor results. The outcome of these liquefaction studies is supplemented by two centrifuge soil
models. These models consist of saturated medium-dense sand overlain by a low permeability
silt deposit; and represent prototypes of a level site and an embankment.
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Chapter 2

Site Response and Vertical Seismic Arrays

2.1 Introduction

Damage due to seismic excitation is often directly correlated to local site conditions. The ef-
fects of surfacial soil strata was evident during recent earthquakes in the form of motion am-
plification and/or liquefaction-induced ground deformations. For instance, the 1964 Niigata,
the 1989 Loma Prieta, and the 1995 Kobe earthquakes, demonstrated the damaging effects of
liquefaction-induced loss of soil strength and associated lateral spreading.

Currently, there remains a need to further understand and identify such response mecha-
nisms. In this regard, the dynamic characteristics of ground response are being increasingly
documented through a growing set of worldwide sites instrumented with vertical downhole seis-
mic arrays. Downhole acceleration and excess-pore-pressure records provide direct insight into
the response of instrumented soil layers within the ground. In addition, these records offer a
solid basis for: (1) calibration of in-situ and laboratory testing procedures, and (2) refinement
of empirical and computational predictive techniques. In the next sections, the selected vertical-
array sites are described along with the relevant analysis techniques and identified soil response
characteristics.

2.2 Scope

This review is focused on the following set of unique instrumented sites that have provided
valuable insights into the mechanisms of seismic soil response.

The Chiba Site (Japan)

A network of 9 vertical arrays was installed to capture the three dimensional aspects of site
seismic response. More than 160 earthquakes were recorded by the installed 44 surface and
downhole instruments since 1982.

The Lotung Site (Taiwan)

A 1/4 scale model of a nuclear plant containment structure was constructed at this soft soil site.
Three surface and two vertical arrays were installed to monitor free-field, structure, and soil-
structure responses. Eighteen earthquakes were recorded during the period 1985-1986, includ-
ing three moderate events (about 0.2 g peak lateral surface acceleration).

15
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16 CHAPTER 2. SITE RESPONSE AND VERTICAL SEISMIC ARRAYS

The Hualien Site (Taiwan)

Stiff soils prevail at this site. The instrumentation setup is similar to that of Lotung, with 3
downhole-accelerometer arrays. A total of 7 earthquakes were recorded during the period 1993-
1995.

The Garner Valley Site (California, USA)

A vertical array consisting of six accelerometers was installed (USA and France sponsorship) at
this relatively stiff and seismically-active site. This array has recorded numerous weak seismic
events.

The Treasure Island Site (California, USA)

This site was instrumented in 1992 with an array of 6 downhole accelerometers and 8 pore pres-
sure sensors. It is located within a soil-profile setting similar to that of the San Francisco Marina
District. The array was installed to monitor the mechanisms associated with soil liquefaction as
observed during recent Loma Prieta earthquake. So far, this array has recorded 2 low amplitude
earthquakes in 1993 and 1996.

The Wildlife Refuge Site (California, USA)

This site was instrumented in 1982 with a surface and a downhole accelerometers and six pore
pressure transducers (by the United States Geological Survey, USGS), in anticipation of a fu-
ture seismically-induced liquefaction event. A unique set of acceleration and excess pore-water
pressure records were obtained during the 1987 Superstition Hills earthquake. These records
demonstrated for the first time a number of salient mechanisms associated with site liquefac-
tion.

The Port Island Site (Kobe, Japan)

A five-accelerometer vertical-array was triggered during the 1995 Hyogoken-Nanbu Earthquake.
The recorded response documented the observed widespread liquefaction of reclaimed ground.

The above mentioned arrays will be discussed in more detail in the following sections. In

addition, a number of techniques for analyses of downhole seismic data will be reviewed. These
techniques include:

Correlation and Spectral Analyses

These techniques were used to evaluate shear wave propagation characteristics, variation of
shear wave velocity with depth, and site resonant frequencies and modal configurations. They
were also used to document evidence of nonlinear site response.

Stress-Strain Imaging

This newly developed technique was employed to evaluate seismic shear stress-strain histories,
directly from the recorded downhole accelerations.

System Identification

A number of procedures were employed to estimate soil stiffness and damping parameters, and
to calibrate computational models of seismic site response.

2.3 Historical Review

In the United States, early downhole data sets were recorded at the San Francisco Bay area (123,
and at Union Bay in Seattle, Washington [#56], The data was employed to verify site amplifi-
cation procedures, study the response of Bay sediments for the San Francisco Trans-Bay Tube
project, and analyze the response of peat and clay deposits in Seattle. In 1978, Abdel-Ghaffar
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and Scott ["#l introduced a technique to evaluate stiffness and damping properties of earth dam
soils from input-output earthquake response records. In Japan, early downhole array efforts
were described by Kanai et al. %, Shima '], Akino et al. ', and Tajimi and Uchida **l. On
the premises of Tokyo Station, an array of two surface and two downhole seismometers recorded
a set of seven earthquakes ['!l in the late 1950’s. Using these earthquake records, site resonance
and damping characteristics were estimated 6111,

These early efforts were followed by more comprehensive array installations, such as at
the Chibal*, Lotung ['5], Hualien ('), Port Island ['7), and Treasure Island [® sites. Since the
1980’s, data from downhole seismic arrays that include pore-pressure piezometers became in-
creasingly available (e.g. Owi Island site in Japan (9], Wildlife Refuge site in California (2%,
and Lotung site in Taiwan [1%]). Such data sets offer a more complete picture of site response,
when the potential for soil liquefaction exists. At present, numerous downhole arrays are in op-
eration in seismically active regions worldwide. The data to be collected by these arrays will
have a major impact on refining our understanding of seismic site response; and on developing
more accurate and appropriate analysis and design tools.

- 2.4 Chiba Array, Japan

The prospect for conducting 3-dimensional (3D) studies using downhole array data is illustrated
by the Chiba 3D dense array, installed by the University of Tokyo, Institute of Industrial Sci-
ence 1421:22.23] Thjs array is located at Chiba Experiment Station, Institute of Indus-
trial Science, University of Tokyo, Japan. Ground surface at the array location is essentially flat
and the site is dry. Geological material consists of a top loam layer 4-5 m in thickness, followed
by a 4 m thick clayey layer. A sand layer lies under this clayey stratum.

Site instrumentation was completed in April 1982, and was expanded with a complemen-
tary system to measure relative ground displacement and strains in December 1982. The instru-
mentation includes a dense network of downhole accelerometers, that constitute a system of 9
vertical arrays. The downhole accelerometers are located at 1 m, 5 m, 10 m, 20 m, and 40 m
depth from ground surface.

Extensive data was recorded by the Chiba array (nearly 160 earthquake events). Most of
these events produced low shaking levels with amplitudes below 0.05 g. However, peak ground
accelerations of about 0.1g were recorded during one event, and 0.3 g during another. The
recorded data was used to conduct numerous valuable studies including back-calculation of
the 3D seismic strain field [14:21:2429], site amplification analyses [*?, and orientation error (also
known as azimuthal error) analyses of the buried accelerometers 2%/, The 3D seismic strain
analysis technique is outlined below. The entire set of downhole records is publicly available
for the purposes of research (from the University of Tokyo, Institute of Industrial Science).

2.4.1 Three dimensional seismic strains [242°)

The dense 3D downhole configuration at Chiba allows for evaluation of the seismic strain field.
For every tetrahedron, defined by a set on 4 non-coplanar accelerometers [Fig. 2.1), a finite

v e



18 CHAPTER 2. SITE RESPONSE AND VERTICAL SEISMIC ARRAYS
element interpolation may be used to approximate the displacement field, u;, as follows:

4
ui= Y Nads;, 1=1,2,3 (2.1)
A=1

in which N4 = N4(z;) is the finite element shape function (26] associated with tetrahedron node
A, d; is the i*F displacement component at node A, and z; (i = 1,2, 3) are the 3D Cartesian
coordinate components. At any recording station, the dynamic component of earthquake dis-
placement, d 4;, may be evaluated through double time integration of the recorded accelerations.
Thus, the strain field, €;;, within the tetrahedron is given by (24,25],

1.1 (0N, ON, )
€ii = - da; + da; (2.2)
! AX::I 2 ( or; 7 oz, Y
[24,25]

Katayama, Farjoodi, and co-workers evaluated the Chiba site seismic strain field using
linear finite element shape functions. In general, the calculated strains were found to be in good
agreement with those measured in-situ by the installed complementary displacement and strain
instruments.

2.5 Lotung, Taiwan

The U.S. Electric Power Research Institute (EPRI) in cooperation with the Taiwan Power Com-
pany (TPC) conducted a Large-Scale Seismic Test (LSST) at a site near Lotung, within the
southwestern quadrant of the SMART1 array ['%l. This test was conducted to shed light on
the seismic response of nuclear power-plant containment structures founded on soft saturated
soils. Two models (1/4-scale and 1/12-scale) of a nuclear-plant containment structure were con-
structed on a flat plain alluvium basin of vast lateral extent (in the vicinity of seismically active
faults). Soil at this site consisted predominantly of inter-layered silty-sand and sandy-silt 27);
and ground-water level was at or within 1 m of ground surface.

Extensive instrumentation was deployed to record both structural and ground seismic re-
sponses. The ground instrumentation included three linear surface arrays (arms 1,
2, and 3), and two downhole arrays (DHA and DHB) that extended to a depth of 47 m below
ground surface 5],

Eighteen earthquakes were recorded during the period 1985-1986 ['°] at the Lotung site.
This wealth of data constituted a basis for a number of valuable research efforts. Hadjian et
al. 8 compared a number of soil-structure studies and briefly reviewed the site stiffness and
damping investigations. Chang et al. [2:3%:313% evaluated equivalent-linear dynamic shear mod-
uli from the recorded downhole earthquake acceleration records. During each LSST earthquake,
a representative equivalent linear shear modulus and effective shear strain were estimated, for
each soil layer between consecutive downhole stations. The equivalent-linear shear moduli
were identified using Fourier spectral ratios, and the effective shear strains were estimated by
linear ground response deconvolution analyses. It was shown that the identified reduction in
shear modulus, as a function of effective shear strain, was in agreement with laboratory test
data. This reduction was a clear evidence of nonlinear soil behavior during earthquake exci-
tation (2930:31,32] Chang et al. 33 also analyzed the vertical accelerations recorded at Lotung.
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“Figure 2.2: Instrumentation of Lotung experiment site [15]: (a) downhole array; (b) surface array.

Estimates of compressional-wave velocity profiles were evaluated and compared with geophys-
ical measurements.

A number of other notable studies were also conducted to document nonlinear site ampli-
fication at Lotung [343%:3637.38] T oh and Yeh [*¥l proposed a system identification method to
estimate the hysteresis soil response parameters. Shen et al. (%! computed the Lotung site seis-
mic response and evaluated excess pore pressures during three different LSST earthquakes. Fi-
nally, the authors and co-workers [*%*1:42] ysed correlation, spectral and stress-strain imaging
techniques, along with nonlinear response modeling to identify the soil dynamic parameters and
evaluate the Lotung site seismic performance. In the following sections, some of these analysis
procedures are briefly reviewed.

2.5.1 Correlation analyses

Cross correlation techniques were employed to evaluate average shear wave velocity between
downhole stations, and to investigate shear-wave vertical propagation characteristics (3040411,
This type of analysis is based on the notion that the cross-correlation function between two
downhole acceleration histories a;(t) and a;(t) (recorded at stations ¢ and j) reaches a major
peak at a time delay ¢ = ¢4, where ¢, is time for seismic waves to travel from station ¢ to station
J. Thus, the apparent velocity v, of wave propagation between stations 7 and j may be estimated
as:

Ve = d/tg (2.3)

in which d is the known distance between stations ¢ and j. For situations of nearly vertical shear
wave propagation, the actual shear wave velocity is practically equal to v,. At Lotung, this
commonly adopted assumption of vertical wave propagation (in numerical studies) was found
to be valid from a practical point of view [40:41],

T ——
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2.5.2 Spectral analyses

Downhole acceleration records may be used to identify the resonant site characteristics. The
amplitude of cross-spectrum energy function s, o, (f) of downhole accelerations a;(t) and a;(t),
peaks at either a resonant or an input frequency (an excitation spectrum peak). In general, such
peaks represent a resonance if the corresponding phase-angle approaches 0° or 180°. The rel-
ative displacement of the k*" natural mode ¢ (of frequency f), at the i*® sensor location may
be approximated by:

Pk (2i) = £1/8a; a; (fr) (2.4)

where s,, 4,(fx) is a; auto-spectral density function, and z; is depth coordinate of a; (i.e., loca-
tion of the i** accelerometer). Finally, the phase angle at a resonant frequency may be used to
determine the relative direction of motion at each accelerometer location [041],

Site stiffness properties may be estimated from downhole accelerations by a notable alter-
nate spectral procedure as reported by Chang et al. [3%31. This procedure is based on the obser-
vation that the spectral ratio of surface and downhole accelerations a, and a, reaches a peak at
the fundamental frequency of the soil layer between the two recording stations. This observa-
tion, along with an iterative technique for the evaluation of site resonant frequencies (developed
- by Dobry et al. 43) were employed to estimate the Lotung site stiffness properties (3031,

2.5.3 Shear stress-strain histories

A simple identification procedure, proposed in basic form for shake-table studies by Koga and
Matsuo *4, was developed and used to evaluate site seismic shear stress-strain histories directly
from recorded downhole accelerations [41:424% Using a shear beam model to describe lateral
site response, seismic shear stress at level z; may be expressed as:

Ui—1 + Uy

5 Azi_1,1=2,3, - (2.5)

Ti(t) = 11 (t) + pi

in which subscript 7 refers to levels z; (of the it" accelerometer), ii; = ii(z;, t) is acceleration at
level z;, and Az is spacing interval between accelerometers. The corresponding shear strains
may be expressed as:

1 Azi_l
W = AT, ((“”1 TR T
Az; .
(ui - Ui_l)Azi—l) , L= 23 3a . (26)

in which u; = u(z;,t) is absolute displacement (evaluated through double integration of the
recorded acceleration history ii(z;, t)).

This technique was employed (414245 to evaluate seismic shear stress strain histories at Lo-
tung, for each soil layer located between downhole accelerometers. These histories revealed

two salient response features: (1) stiffness reduction due to the increase in shear strain ampli-
tude , and (2) stiffness reduction due to pore pressure buildup.
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Figure 2.3: Samples of Lotung site shear stress-strain cycles at 6 m depth 4142451,
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2.5.4 System identification and computational model calibration

[45] 29]

The Lotung downhole seismic records were employed to calibrate linear **/, equivalent-linear !
and nonlinear (34546l computational site response models. In this regard, such downhole records
are a most valuable means of advancing the state-of-the-art.

2.6 Hualien, Taiwan

Hualien is located south of Lotung on the east coast of Taiwan, in a highly active seismic zone
near the Philippine Sea plate boundary. The Hualien LSST was initiated in 1993 by a consor-
tium of industrial and research enterprises from five countries (Japan, USA, Taiwan, France
and Korea). In contrast to the Lotung soft soil conditions, the Hualien experiment was located
at a relatively stiff site (47481, The site is located within a large region instrumented with the
seismic surface array SMART? [49:5051] This region, is marked by the presence of the Meilun
fault (and other parallel faults), which strikes northeast and attains an observed length of about
5 kilometers (4],

Extensive instrumentation was deployed to record seismic structural and ground responses,
and to monitor soil pore-water pressure buildup '6. The ground instrumentation (installed around
a one-quarter scale nuclear power-plant containment structure) included fifteen accelerometer
surface stations; and three downhole accelerometer arrays. Each downhole array consisted of
accelerometers installed at depths of 0.0 m, 5.3 m, 15.8 m, 26.3 m, and 52.6 m [16].

During the period July 1993 to May 1995, seven earthquakes were recorded at the Hualien
site '8, The largest peak lateral acceleration of these events is about 0.1g. However, the in-
strumentation is still active and available to record an anticipated future stronger earthquake
excitation.

The earthquake records at this site revealed a unique mechanism of azimuthal anisotropic
soil response. Correlation analyses, and identified seismic stress-strain histories showed lower
shear wave velocity estimates in the EW, compared to the NS direction [°253]. In addition, a
notable study by Ueshima and Okano 54 arrived at the same conclusion. In their study 4, a
frequency domain system identification technique was employed to analyze the recorded seis-
mic accelerations. Finally, it appears that this azimuthal anisotropic response was also mani-
fested in the analysis of Barros and Luco [°®1 who identified foundation impedance functions
for the one-quarter-scale nuclear-plant containment model. In this case (5], the identification
process was not based on the recorded seismic motions, but rather on response data obtained
from forced vibration tests.

2.7 Garner Valley, California, USA

The Garner Valley experiment (%%l is sponsored jointly by the US Nuclear Regulatory Commis-
sion and the French Institut de Protection et de Surete Nucleaire (IPSN). This site is in a seismi-
cally active area of southern California 7 km east of the San Jacinto fault [7]. The array consists
of three-component accelerometer stations at the surface and within the ground at depths of 6
m, 15 m, 22 m, 55 m, and 220 m. At this location, the upper 18 m of soil are followed by weath-
ered granite (up to 45 m), with solid granite bedrock thereafter. Shear-wave and P-wave velocity
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tests were conducted along with Standard Penetration and laboratory soil sample tests %], The
outcome of analyses of 218 recorded weak seismic motions was found to be in agreement with
in-situ low-strain shear wave velocity measurements °75%, In addition, a damping mechanism
proportional to the power 0.68 of the frequency was identified [°%].

2.8 Treasure Island, California, USA

Treasure Island is a 160 ha reclaimed (man-made) island located in the San Francisco bay. It
was constructed in the 1930’s (6061 of hydraulic fill over natural sand and Bay Mud. The fill
(about 12 m thick at the array location) is in a relatively loose condition, and is susceptible to
liquefaction. Geologic formation at Treasure Island (including the upper loose hydraulic fill) is
similar to that of nearby Marina District in San Francisco (6062, At both locations, widespread
liquefaction with devastating consequences was documented during the recent 1989 Loma Pri-
eta Earthquake (%611, In the vicinity of the Treasure Island array, sand boils indicative of site
liquefaction were observed (636485 This liquefaction and associated loss of soil stiffness and
strength was documented by Pease and O’Rourke (%62 using the surface accelerations recorded
at Treasure Island, and representative bedrock accelerations recorded at the nearby outcrop of
“Yerba Buena Island.

The array site was instrumented in 1992 by the California Strong Motion Instrumentation
Program, and the National Science Foundation [, Among the main goals of installing this
array (within a framework of a U.S. Geotechnical Test Site Network 661y were: (1) to gather
seismic data that would elucidate the mechanisms of rock-motion amplification by deep soil
deposits in the San Francisco area, and (2) to document the mechanisms of site liquefaction
in the upper hydraulic fill strata ['8]. The Treasure Island Geotechnical Array consists of six
triaxial accelerometers located at the surface, 7 m, 16 m, 31 m, 44 m and 104 m depths; and 6
piezometers located within the top 12 m reclaimed hydraulic fill [8.67:68],

Since the array installation, 2 low amplitude shaking events were recorded in 1993 and 1996.
These events provide a source of benchmark information on Treasure Island low amplitude dy-
namic response characteristics. The 1993 downhole records were employed to evaluate [4°)
(1) shear wave velocity profile, (2) site shear stress-strain response, and (3) low-strain soil dy-
namic properties. The identified wave velocities and soil properties were found to be in general
agreement with measurements from earlier geophysical tests %%, The array is currently active
in anticipation of a future strong earthquake excitation.

2.9 Wildlife-Refuge, California USA

The Wildlife Refuge site is located on the west side of the Alamo river in Imperial County,
southern California. Evidence of liquefaction was observed at or near the site following the
1930, 1950, 1957, 1979, and 1981 Imperial Valley earthquakes [/, These observations trig-
gered an interest in Wildlife which in an insightful effort, was instrumented in 1982 by the
United States Geological Survey (USGS) 2%, The instrumentation included a surface and a
downhole accelerometer (at 7 m depth, below the liquefiable layer), and a number of pore-
pressure transducers.
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In 1987, the site was shaken by two main earthquakes (20l On November 23, the Elmore
Ranch earthquake occurred with essentially no excess pore pressure rise (My = 6.2, moment
scale of magnitude). The next day, the Superstition Hills earthquake occurred (My, = 6.6),
causing a sharp increase in recorded pore-water pressure (201 In addition, subsequent field in-
vestigations showed evidence of site liquefaction and ground fissures. The surface records dis-
played peculiar acceleration spikes 12! associated with simultaneous instants of excess pore-
pressure drop [71:7273],

Zorapapel and Vucetic " employed the 1987 seismic records to assess the relationship be-
tween lengthening of site fundamental period, motion amplification, and excess pore pressure
buildup. Glaser and Chung [">76l used ARMA modeling and system identification techniques to
assess the effects of excess-pore-pressure on the site dynamic properties. Variation of average
shear wave velocity was evaluated using cross-correlation analyses between overlapping seg-
ments of the surface and downhole acceleration records 467778 No significant change in site
stiffness was observed throughout the Elmore Ranch shaking event. During the Superstition
Hills earthquake, the change in shear wave velocity showed clear evidence of stiffness degra-
dation 2% during the window of strong seismic excitation. This degradation clearly coincided
with the initial phase of sharp pore-pressure rise.

The dramatic change in site response due to liquefaction was also evident in the stress-strain
(evaluated using[Egs. 2.5 and 2.6]Fig. 2.4] history of the Superstition Hills earthquake 67778,
During the strong shaking phase, the site experienced a clear and gradual stiffness degradation
associated with a sharp increase in recorded pore water pressure {Fig. 2.4). At low effective
confining pressures (high excess pore pressures), the effective stress-path clearly exhibited a
reversal of behavior from contractive to dilative, as the line of phase transformation was ap-
proached [,

Thus, this case history clearly showed (for the first time), an in-situ mechanism of shear
stress hardening at large strain excursions during liquefaction . Such a mechanism
has been observed in a number of experimental studies [*480-818283] and is a consequence of
soil dilation at large strain excursions, which results in associated instantaneous pore-pressure
drops [#4. This observed phenomenon of hardening at large shear strain excursions (during lig-
uefaction) is of paramount importance in restricting the extent of lateral deformation due to seis-
mic excitation (%], Consequently, constitutive models that capture this phenomenon are essen-
tial in analyses of such an important site response mechanism (5%,

2.9.1 Transfer function analyses

Each surface and downhole lateral acceleration pair constitutes a complete input-output data set.
The corresponding input-output relationship is dictated by the site dynamic parameters. This
relationship may be estimated in the frequency domain as the non-parametric ratio of output
and input Fourier spectra (referred to as the frequency-domain transfer function Hy):

F(ao)
F (az)
in which F(a,) and F(a;) are the Fourier transforms of the output, a,, and input, a;, acceler-

ations. To capture the variation of site dynamic properties during shaking, the transfer func-
tion may be evaluated for a succession of short overlapping time windows [/”l. As proposed

Hy =

2.7)
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Superstition Hills 1987 Earthquake, Wildlife Site
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Figure 2.4: Wildlife Refuge shear stress-strain response at 3.75 m depth

1.5

[77,78]




2.10. PORT ISLAND, KOBE JAPAN 27

by Glaser [">76], an alternative approach to the evaluation of transfer functions is based on the
selection of an a priori input-output general relationship, such as for example an autoregressive
moving-average (ARMA) model:

ao(ty) = ajao(tiz;) + Y Brai(ti-k) (2.8)
=0 k=1

in which ¢ is the [*® time step. The model parameters, o, B, 1, m, are to be evaluated using a
least-squares fitting or other optimization techniques (the site resonant frequencies and damping
factors are defined by theses parameters). Thus, the transfer function is given by:

_Bot+ Pzt B+

H
Il oz —aga?— -

(2.9)

in which zF = 2%/ If the input-output time histories are non-stationary, such as for earth-
quake accelerations, the model parameters «;, (3, are time dependent. Adaptive filtering along
with a recursive non-stationary model are employed to handle such non-stationary input-output
data set. Glaser ["®l thoroughly reviewed and used these techniques to evaluated the performance
of Wildlife site during the Elmore Ranch and Superstition Hills earthquakes.

2.10 Port Island, Kobe Japan

Port Island is an artificial (reclaimed) island located on the south-west side of Kobe, Japan. In
the phase completed by 1981, 436 ha were reclaimed by bottom-dumping from barges [#%. Soil
in the artificial reclaimed layer *7#%] consisted of decomposed weathered granite fill (Masa soil
mined from the nearby Rokko mountains) with grain sizes ranging from gravel and cobble-sized
particles, to fine sand (2 mm mean particle size, with silt-sized particles or smaller of less than
10% by weight). A downhole accelerometer array was installed at the North-West corner of
Port Island in August 1991 !, The array consisted of triaxial accelerometers located at the
surface, 16 m, 32 m, and 83 m depths.

The downhole array site consists of: (1) an artificial, reclaimed, loose surface layer down
to about 19 m depth, (2) an alluvial clay layer between 19 m and 27 m depth, (3) sand and sand
with gravel strata interlayered with clay between 27 and 61 m depth, (4) a diluvial clay layer
between 61 m and 82 m depth, and (5) sand with gravel layers interlayered with clay starting at
about 82 m depth. The water table was located at a depth of 4 m approximately.

Using the recorded downhole accelerations, shear stress-strain response {Egs. 2.5 and 2.6)
was evaluated %78, as shown in[Fig. 2.5] Two remarkably different response patterns were
exhibited at the site. Below 32m depth, the shear stress-strain histories showed an essentially
linear soil response, with no appreciable reduction in soil stiffness. On the other hand, at shal-
low depths, the stress-strain histories indicated: (1) a noticeable reduction in stiffness with a
slight shear strain hardening at elevation 24m, and (2) an abrupt sharp loss of stiffness and re-
duction of yield strength near the surface at 8m depth, evidently associated with site liquefac-
tion. This liquefaction response mechanism was marked by the virtual absence of hardening at
large strains, in contrast to the Wildlife case [Figs. 2.4]and|2.5)|




28

CHAPTER 2. SITE RESPONSE AND VERTICAL SEISMIC ARRAYS

The Port Island records have been the subject of numerous recent studies (e.g., see refer-
ences [2991). These records along with the 1987 Superstition Hills record at Wildlife have pro-
vided valuable insight into the mechanisms associated with site liquefaction.
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Port Island, Kobe (Japan). Hyogoken-Nanbu Earthquake, Jan. 17, 1995
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Figure 2.5: Port Island shear stress-strain responses midway between accelerometers, at 8.0 m,
24.0 m and 57.5 m depths [7359],
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Chapter 3

Identification and Modeling of
Earthquake Site Liquefaction

3.1 Introduction

A near-catastrophe resulted from a major liquefaction-induced slide in the lower San Fernando
~ dam (Southern-California) during the February 9, 1971 earthquake (Seed et al. 1975). Eighty
thousand people living downstream of the dam were evacuated, and the reservoir level was
promptly lowered to a safe elevation. Recent major seismic events such as the 1964 Niigata,
the 1989 Loma Prieta, and the 1995 Kobe earthquakes, continue to demonstrate the damaging
effects of liquefaction-induced loss of soil strength and associated lateral spreading (Seed 1966,
Ishihara 1985, Seed et al. 1990, Bardet et al. 1995, Comartin et al. 1995, Soils and Founda-
tions 1996). Experimental laboratory research on soil liquefaction has provided valuable insight
concerning excess pore-pressure buildup in saturated loose granular soils (National Research
Council 1985). However, for engineering applications, there remains a need to further under-
stand and identify the mechanisms of seismically induced soil deformation due to liquefaction,
and associated stiffness and strength degradation.

In-situ seismic records of site liquefaction are scarce. Currently, downhole seismic records
are only available for: (1) the Wildlife Refuge site (Imperial County, CA) during the 1987 Su-
perstition Hills earthquake (accelerations and pore-pressures), and (2) the Port Island site (Kobe,
Japan) during the 1995 Hyogoken-Nanbu earthquake. Such downhole acceleration and excess-
pore-pressure records provide direct information on the mechanisms of site liquefaction; and as-
sociated stiffness degradation and lateral spreading. This valuable information is of paramount
importance to the development of empirical and computational predictive techniques.

In the following sections, two downhole array studies are reported. In both cases, evidence
of liquefaction was documented. The downhole data was used herein to identify the associated
response mechanisms, and to calibrate appropriate computational models.

3.2 Scope

Studies were conducted to investigate the recorded downhole seismic response at Wildlife Refuge
(California, USA), and Port Island (Kobe, Japan) sites. Simple identification procedures were
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employed to estimate the associated seismic shear stress-strain histories; and to evaluate the
changes in shear wave propagation velocity during seismic excitation. The stress-strain histo-
ries were used to: (1) assess the effects of soil stiffness and strength degradation due to lique-
faction, and (2) analyze the involved mechanisms of large strain soil deformations. A detailed
description of the conducted studies was reported in Zeghal and Elgamal (1994), and Elgamal
et al. (1996a). Within a unified framework, this report presents additional information, and
summarizes a number of major findings. Moreover, the predictions of an effective stress com-
putational model, calibrated by the available downhole data and identified soil properties, are
presented and discussed.

3.3 Analysis Techniques

The techniques described in Elgamal et al. 1996b were used herein to evaluate: (1) shear wave
velocities, (2) site seismic shear stress and strain histories, and (3) optimal shear stiffness and
damping parameters. Soil constitutive behavior was modeled using the multi-surface plasticity
technique. New modeling capabilities were developed to represent the response mechanisms
during liquefaction, as identified from available seismic acceleration and pore-pressure records.

" This constitutive model was incorporated in a general purpose two-dimensional effective stress
finite-element formulation. The salient features of this formulation are presented in Ragheb
1994 and Parra 1996.

3.4 Wildlife-Refuge, California USA

3.4.1 Instrumentation and seismic records

The Wildlife Refuge site is located on the west side of the Alamo river, Imperial County in
Southern California. Evidence of liquefaction was observed at or near the site following the
1930, 1950, 1957, 1979, and 1981 Imperial Valley (Youd and Wieczorek 1984) earthquakes.

These observations triggered an interest in Wildlife which in an insightful effort, was instru-
mented in 1982 {Flé 3.1,|Youd and Wieczorek 1984) by the United States Geological Survey
(USGS). In 1987, the Wildlife site was shaken by two main earthquakes (Holzer et al. 1989).
On November 23, the Elmore Ranch earthquake occurred with essentially no excess
pore pressure rise (My, = 6.2 moment scale of magnitude). The next day, the Superstition
Hills earthquake occurred (My = 6.6), causing a sharp increase in recorded pore-water pres-
sure (Holzer et al. 1989). In addition, subsequent field investigations showed evidence of site
liquefaction and ground fissures. epicts the NS and EW components of the recorded
accelerations at ground surface and 7.5 m depth; and the associated excess pore-water pressure
measured at 2.9 m depth (piezometer P5,[Fig. 3.1}. As shown in[Fig. 3.3, the surface records
displayed peculiar acceleration spikes (Holzer 1989) associated with simultaneous instants of
pore-pressure drop.

Zorapapel and Vucetic (1994) employed the 1987 Wildlife Refuge seismic records to assess
the relationship between lengthening of site fundamental period, amplification factors, and ex-
cess pore pressure buildup. Glaser and Chung (1995) used ARMA modeling and system iden-
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Figure 3.1: Cross-section and instrumentation at the Wildlife Refuge site (after Bennett et al.
1984).
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Elmore Ranch 1987 Earthquake, Wildlife—Refuge Site
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Figure 3.2: Wildlife Refuge site NS and EW surface and downhole (at 7.5 m depth) accelera-
tions during the Elmore Ranch 1987 earthquake.
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Superstition Hills 1987 Earthquake, Wildlife-Refuge Site
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Figure 3.3: Wildlife Refuge site NS and EW surface and downhole (at 7.5 m depth) acceler-
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tification techniques to assess the effects of excess-pore-pressure on the Wildlife site dynamic
properties.

3.4.2 Seismic site response

Using[Egs. 2.5 and 2.6][Figs. 3.4|and[3.5|display the NS and EW shear stress-strain histories
during the Elmore Ranch earthquake (p = 2000 kg/m?). As shown, no significant change in site

stiffness is observed throughout this shaking event. In fact, following the principals of linear
optimization as described in Elgamal et al. 1996b (Egs. 11 and 12), the ElImore Ranch response
identified a shear modulus G' = 21.44 MPa (v,=104m/s), and a damping ratio /G =
1.0% (average values for 7.5m stratum between surface and downhole accelerometers). These
values are in the neighborhood of those identified at the Lotung, Taiwan site (Elgamal et al.
1996b).

During the Superstition Hills earthquake, variation of average shear wave velocity (v,) was
evaluated using cross-correlation analyses between overlapping segments (Chang et al. 1991)
of the surface and downhole acceleration records . As may be observed, shear wave
velocity started with a value in the neighborhood of that estimated during thr Elmore Ranch

- earthquake. However, change in shear wave velocity during shaking showed clear evidence
of stiffness degradation (Holzer et al. 1989) during the 12 to 18 s window of strong seismic
excitation (stage Z,M This reduction clearly coincided with the initial phase of sharp
pore-pressure rise (stage 2,.

The dramatic difference in site response due to liquefaction was also immediately evident
in the stress-strain histories of the Superstition Hills earthquake (Fig. 3.7). This was further
manifested by the effective stress histories at 2.9 m depth (location of piezometer P5,|Fig. 3.1},
evaluated from the acceleration and excess pore pressure records of|Fig. 3.3] Shear stress versus
effective vertical stress (o, = 0, — p, where p is excess pore pressure measured by P5, and o,
is total vertical stress at P5) may be interpreted as an effective stress path.

Selected cycles of shear stress-strain response are shown in|Figs. 3.9 Jand [3.10] During the
initial phase (stage 1 [0sto 13.7 s]] Fig.3.3 ], the site showed no evidence of significant stiffness

degradation 3.9); and no appreciable rise in pore pressure was recorded by piezome-
ter P5 . During the strong shaking phase (stage 2 [13.7 s to 20.6 s,[Figs. 3.3]|3.7|[3.9

and|3.10), the site experienced a clear and gradual stiffness degradation associated with a sharp
increase in pore water pressure. Soil stiffness and yield strength continued to decrease during
stages 3 and 4 ([20.6 s t0 96.0 s],|Figs. 3.3)B.7)|3.9] and[3.10). Cycles of large shear strain were
developed during these stages, with a peak strain of 1.5 % at 36 s (Figs. 3.7]and 3.10).

During stages 2-4, site response was marked by shear stress-strain hardening at large strains
(Figs. 3.7][3.9] and 3.10). This hardening was more pronounced in the negative direction where
negative acceleration spikes occurred along with instantaneous pore pressure drops .
Such asymmetric hardening was most probably associated with the presence of a nearby free
slope towards which permanent ground deformations were observed (Holzer et al. 1989). At
low effective confining pressures (high excess pore pressures, stage 4), the effective stress-path
(Fig. 3.8) clearly exhibited a reversal of behavior from contractive to dilative as the line of phase
transformation was approached (National Research Council 1985).

Thus, this case history clearly showed (for the first time), an in-situ mechanism of shear

3% 2a
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Elmore ranch 1987 Earthquake, Wildlife Site
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Figure 3.4: Wildlife Refuge EW and NS shear stress-strain histories during the Elmore Ranch
1987 earthquake (evaluated from acceleration histories shown in
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Superstition Hills 1987 Earthquake, Wildlife site
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Figure 3.6: Average shear wave velocity during the SH earthquake (NS and EW directions).

stress-strain hardening at large strain excursions during liquefaction. Such a mechanism has
been observed in a number of experimental studies (e.g., Castro 1975, Ishihara 1985, Koga and
Matsuo 1990, Arulmoli et al. 1992, Taboada and Dobry 1993), and is a consequence of soil
dilation at large strain excursions, which results in associated instantaneous pore-pressure drops
(Vucetic and Dobry 1988).

The observed phenomenon of hardening at large shear strain excursions (during liquefac-
tion) is of paramount importance in restricting the extent of lateral deformation due to seismic
excitation. Consequently, constitutive models that capture this phenomenon are essential in
analyses of such an important site response mechanism. Currently, this aspect has only received
serious attention in a small number of computational studies (Nakai 1989, Kabilamany and Ishi-
hara 1990, Byrne 1991, Iai 1991, Iai et al. 1995, Sasaki et al. 1992, Towhata and Toyota 1994,
Parra 1996) and additional research is necessary. A preliminary computational simulation of
the identified response tFigs. 3.7 |and|3.8,|NS direction) using the constitutive model of Parra
1996 is shown in[Fig. 3.11] In addition to the loss of stiffness and strength associated with pore-
pressure buildup, this model is seen to capture the regain in stiffness and strength at
large strain excursions. The associated dilative response during these instants occurs near the
condition of liquefaction (r,, about 1.0), along the phase transformation line. In order to com-
putationally model this response, a special loading-unloading non-associative flow rule (above
the phase transformation line) was specifically developed (Parra 1996), and calibrated by the

observed stress-strain response of| Fig. 3.7
Intervals of such dilative behavior (points 1-13 in[Figs. 3][10]and[11} appear to have been
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Superstition Hills 1987 Earthquake, Wildlife Site
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Figure 3.7: Wildlife-Refuge NS and EW shear stress-strain histories during the Superstition
Hills 1987 Earthquake (evaluated from acceleration histories shown in|Fig. 3.3).
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Superstition Hills 1987 Earthquake, Wildlife Site
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Figure 3.8: Wildlife-Refuge NS and EW shear stress-strain histories during the Superstition
Hills 1987 Earthquake (evaluated from acceleration and excess pore pressure histories shown

in[Fig. 3.3].
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Superstition Hills Earthquake, Wildlife Site
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Figure 3.9: Shear stress-strain history during selected loading cycles of stages 1, 2 and 3 of the
Superstition Hills earthquake.
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Superstition Hills Earthquake, Wildlife Site
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Figure 3.10: Wildlife-Refuge shear stress-strain history during selected loading cycles of stages
3 and 4 of the Superstition Hills earthquake.
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Figure 3.11: Wildlife-Refuge computed NS shear stress-strain and effective-stress histories dur-
ing the Superstition Hills 1987 Earthquake.
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Figure 3.12: Wildlife-Refuge shear stress-strain history during selected loading cycles of stages
3 and 4 of the Superstition Hills earthquake.
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3 and 4 of the Superstition Hills earthquake.

Shear strain (%)

Shear strain (%)




3.5. PORT ISLAND, KOBE JAPAN 53

manifested in an additional response characteristic. This is illustrated byand in
which selected stress-strain time windows are shown in the NS and EW directions. In these
windows and , it may be observed that during any large strain phase associated
with dilation and regain in stiffness and strength (points 1, 2, 4, and 5), a corresponding stiff
response phase also appears in the other shaking direction. In other words, the stiffness caused
by large strains in a certain direction of shear, is reflected on the overall soil response during
this time window. Thus, during such instants, stiff shear response prevails, even in the shearing
directions with small shear strain.

3.5 Port Island, Kobe Japan

3.5.1 Instrumentation and seismic records

Port Island is an artificial (reclaimed) island located on the west-south side of Kobe, Japan.
In the phase completed by 1981 {Fig. 3.14), 436 ha were reclaimed by bottom-dumping from
barges (Nakakita and Watanabe 1981). Soil in the artificial reclaimed layer (O’Rourke 1995,
Sitar 1995) consisted of decomposed weathered granite fill (Masa soil mined from the nearby
Rokko mountains) with grain sizes ranging from gravel and cobble-sized particles, to fine sand
(2 mm mean particle size, with silt-sized particles or smaller of less than 10% by weight). A
downhole accelerometer array was installed at the North-West corner of Port Island
and in August 1991 (Iwasaki 1995a). The array consisted of triaxial accelerometers lo-
cated at the surface, 16 m, 32 m, and 83 m depths. All instruments were linked to a common
triggering mechanism, and hence the recorded earthquake data were synchronized. The array
location is close to an improved-ground warehouse site Soil treatment at the ware-
house site was performed using the vibro-rod method, and covered most of the reclaimed layer
thickness (Sitar 1995).

As shown in the downhole array site consists of: (1) an artificial, reclaimed, loose
surface layer down to about 19 m depth, (2) an alluvial clay layer between 19 m and 27 m depth,
(3) sand and sand with gravel strata interlayered with clay between 27 and 61 m depth, (4) a
diluvial clay layer between 61 m and 82 m depth, and (5) sand with gravel layers interlayered
with clay starting at about 82 m depth. The water table was located at 4 m depth approximately.
A Standard Penetration Test (SPT) and a geophysical shear wave velocity profile of the soil
strata around the downhole array are also shown in(Iwasaki 1995a, b). In the upper
20 m layer low Standard Penetration Test (SPT) blow counts prevailed (average
uncorrected N-values of about 6 blows/ft). Such low values in a granular fill are indicative of
high liquefaction susceptibility (Seed et al. 1983).

3.5.2 Shear stress-strain histories

Using the recorded downhole accelerations [[Fig. 3.16) and Eqs. 5-9 of Elgamal et al. 1996b,
shear stress-strain response was evaluated as shown in|Fig. 3.17.] Selected representative cy-
cles of this response are shown in Two remarkably different response patterns were
exhibited at the site. Below 32m depth, the shear stress-strain histories showed an essentially

i
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Figure 3.14: Port Island map (showing reclaimed areas completed in 1981, after Nakakita and
Watanabe 1981).
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Port Island, Kobe (Japan). Hyogoken-Nanbu Earthquake, Jan. 17, 1995
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Figure 3.16: N44W accelerations at ground surface and downhole stations (at 16 m, 32 m and
83 m depths, after Iwasaki 1995a).
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linear soil response, with no appreciable reduction in soil stiffness. On the other hand, at shallow
depths, the stress-strain histories indicated: (1) a noticeable reduction in stiffness with a slight
shear strain hardening at elevation 24m , and (2) an abrupt sharp loss of stiffness and
reduction of yield strength near the surface at 8m depth.

3.5.3 Computational simulation

The employed soil model parameters were derived through a nonlinear optimization technique
(Bard 1974, Gill 1981, NAG 1991), so as to achieve the best possible match between the identi-
fied stress-strain responses (selected cycles shown in[Fig. 3.18), and the computed counterparts.
Optimization was performed in a weighted manner where: (1) the initial phase of response be-
fore pore-pressure buildup was used primarily to identify the low amplitude soil properties, (2)
the next phase of pore-pressure buildup was employed for calibrating the associated model-
ing parameters, and (3) the remaining response was used to calibrate the corresponding post-
liquefaction model response. Based on the above, the optimized model stress-strain response is
shown inand 21} along with the counterpart evaluated earlier from seismic response.
The main optimal modeling parameters were: vs = 167 m/s and friction angle = 34 degrees (0-
© 16m layers), vs = 242 m/s and friction angle = 36 degrees (16-32m layers); and vs = 342 m/s
and friction angle = 40 degrees (32-83m layers). These parameters represent average dynamic
properties of the soil layers between the accelerometers located at elevations O m, 16 m, 32 m,
and 83 m [Fig. 16).

Using the effective stress finite element model of Parra 1996, one-dimensional site response
was conducted with lateral earth pressure coefficient K = 1.0 (during application of own weight)
and Bulk modulus B = (2/3)G during dynamic excitation (Parra 1996). An essentially undrained
dynamic soil response resulted from using a permeability coefficient £ = 1 x 1075 m/sec. The
N44W earthquake record at 83 m depth was employed as input excitation. As may be expected,
close agreement was found between the computed and recorded accelerations . The
computed excess pore pressure time history at 8 m depth showed that an abrupt rise occurred
mainly during the phase of strongest excitation (stage 2, 4-7 s), causing the upper soil layers to

lose stiffness and strength [Fig. 3.18
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Port Island, Kobe (Japan); Hyogoken—Nanbu Earthquake, Jan. 17, 1995
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Figure 3.17: Port Island site shear stress-strain histories at 8.0 m, 16.0 m, 24.0 m, 32.0 m, and
57.5 m depths.
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Port Island, Kobe (Japan); Hyogoken—Nanbu Earthquake, Jan. 17, 1995
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Figure 3.19: Port Island shear stress histories estimated from acceleration histories and corre-
sponding constitutive model prediction (at 8.0 m, 24.0 m, and 57.5 m depths).
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Port Island, Kobe (Japan). Hyogoken-Nanbu Earthquake, Jan. 17, 1995
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Chapter 4

Mechanism of Liquefaction Response in
Sand-Silt Sites Using Dynamic Centrifuge
Tests

4.1 Introduction

A near-catastrophe resulted from a major liquefaction-induced slide in the lower San Fernando
dam (Southern California) during the February 9, 1971 earthquake [1]. Eighty thousand people
living downstream of the dam were evacuated, and the reservoir level was promptly lowered
to a safe elevation. Recent major seismic events such as the 1989 Loma Prieta and the1995
Kobe earthquakes, continue to demonstrate the damaging effects of liquefaction-induced loss
of soil strength and associated lateral spreading [2,3,4,5,6,7]. Experimental laboratory research
on soil liquefaction has provided valuable insight concerning excess pore-pressure buildup in
saturated loose granular soils [8]. However, for engineering applications, there remains a need
to further understand and identify the mechanisms of seismically induced soil deformation due
to liquefaction, and associated stiffness and strength degradation.

In-situ records of site or embankment liquefaction are scarce. The Wildlife Refuge site seis-
mic records (Imperial County, CA) during the 1987 Superstition Hills earthquake are currently
the only such data set (surface and downhole accelerations, and pore-pressures) in the United
States, and possibly worldwide [9]. A number of sites have been instrumented throughout Cal-
ifornia to capture anticipated liquefaction during future earthquakes [10]. Centrifuge tests pro-
vide an alternative source of information to assess liquefaction and lateral spreading mecha-
nisms of various soil-systems under a broad range of loading conditions at a relatively low
cost. In this regard, the VELACS (Verification of Liquefaction Analysis by Centrifuge Stud-
ies) project is unique [11,12]. Within this project, ten saturated soil-systems with well defined
boundary conditions and soil properties were tested.

Stratified non-cohesive soils of different permeabilities, such as sand-silt systems, are of
common occurrence and are prone to liquefaction and formation of sand boils during seismic
excitation [13,14]. Herein, the recorded dynamic response of two VELACS centrifuge mod-
els composed of a medium-dense sandy layer overlain by a low permeability silt deposit were
analyzed. These models consist of a two-layer level site [15], and an earth embank-
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ment [16]. A simple identification procedure was employed to estimate shear stress and strain
histories within the soil layers, directly from the recorded accelerations. These histories were
then utilized to assess the layered soil-system response mechanisms during liquefaction. The
identified stress-strain histories showed: (1) the typical reduction in soil stiffness and strength
associated with liquefaction, and (2) a subsequent gradual regain in stiffness during cyclic ex-
citation. Similar response patterns were observed during simple shear laboratory tests [17].

The following section briefly describes the centrifuge testing procedures. Thereafter, the
employed stress-strain identification procedure is presented, and the analysis results are de-
scribed and discussed in detail. This identification procedure was proposed in basic form for
shake-table studies [18], and was further developed and used for analyses of downhole seismic
site response [19,20,21].

4.2 Testing Procedures

A Shaevitz centrifuge with a 1 m radius was employed at the University of California Davis
(UCD). The level site test was performed in a one dimensional (1D) laminated container [22].
This container allows relative slip between laminates in order to simulate 1D shear
.response. The embankment test was performed in a rigid container . Instrumentation
included pore pressure transducers, accelerometers, and LVDTs (Linear Variable Differential
Transducers) to measure settlements .

The soil models were built and instrumented at 1 g (g= acceleration of gravity) with trans-
ducers installed at the specified locations; and saturated with water under vacuum. Thereafter,
the model containers were placed on the centrifuge and spun to a 50 g gravitational field. At
this gravitational field, the analyzed models represent prototypes of: (1) a 6 m thick level site
(model 4a), and (2) a 4 m high earth embankment (model 6). In view of the scaling laws appli-
cable to centrifuge experiments [23], prototype permeability of the employed sand corresponds
to that of coarse sand or fine gravel.

One-dimensional shaking was imparted along the model base using an electro-hydraulic
shaker [24]. Acceleration, pore pressure and displacement time histories were recorded by the
installed sensors [Flé 4.1). The results of these tests have been documented by Arulanandan et
al. [15,16]. In the following sections, prototype units [23] will be employed when discussing
these results.

4.3 Evaluation Of Shear Stress-Strain Histories

Within the setting of a laminar box subjected to lateral input motion, the soil system of model

4a undergoes an essentially 1D shear loading. Thus, the three-dimensional equations of motion

reduce to that of a one-dimensional shear beam [25,26]. The governing equations are (Fig. 4.2);
or

5 pii, with the boundary conditions wu(h,t) = u4(t), and 7(0,t) =0 4.1)

in which t is time, z is depth coordinate, 7 = 7(z,t) is lateral shear stress, it = (z,t) is
absolute lateral acceleration, u = u(z, t) is absolute lateral displacement, u,(t) is input (base)
lateral displacement, p = p(z) is mass density, and A is total depth of soil stratum.
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Integrating the equation of motion and using the surface stress-free boundary condition Eq.4.1),
shear stress at any level z within the ground may be expressed as [19,21]:

r(z,t) = [ pii(C, g 42)

If linear interpolation is employed between downhole accelerations, discrete counterparts of
shear stresses (Eq. 4.2) at levels z; and (z;_; + 2;)/2 may be expressed as (Fig. 4.2}:

Ui + Uy ,
Ti(t) = Ti-a(t) + pi—l%Azz’—l, i=2,3,-- (4.3)
31 + Uy .
Ti—1/2(t) = Ti—l(t) + Pi—llTAZi—l, 1= 2’ 3’ e (44)

in which subscripts i and (i — 1/2) refer to levels z; (of the i*" accelerometer) and (z;_1 +
2;)/2 (halfway between accelerometers (i — 1) and 7) respectively, 7;(t) = 7(z;, t), Ti—1/2(t) =
T((zi—1 + 21)/2,t), T1(t) = 7(0,t) = 0 at the stress free ground surface, i; = i(z;,t), pi—1 is
average mass density for the soil layer between levels z;_; and z;, and Az; is spacing interval
as shown in Fig. 4.2. These stress estimates (Eqs. 4.3 and 4.4) are second-order accurate [19].
- A corresponding set of second-order accurate shear strains at levels z; and (z;-1 + 2;)/2 may
be expressed as [27]:

1 Azi_l AZl .
i(t) = ——— | Wi —w i — Ui ; 1=2,3,--{4
~i(t) Ar T A <(u 41— Ug) Az + (u; —u I)Azi_1> 7 3,--{(4.5)
- BT Wi
Yi-1/2 (t) - AZi_l y 2 27 37 (46)

in which u; = u(z;, t) is displacement evaluated through double integration of the correspond-
ing acceleration histories.

For an earth embankment (Fig. 4.1b), the equation of motion of 1D shear-wedge response
is [28,29]:

a(br)
0z

= pbii, with the boundary conditions u(h,t) = uy(t), and 7(0,¢t) =0 (4.7)

in which b = b(z) is width of embankment base at level z. Thus, the discrete counterpart of
shear stress at level (z;-1 + z;)/2 between any two accelerometers is given by [27]:

[ﬁ1(7b1 + 2b2) + ﬁ2(2b1 + bg)] Am,

mayslt) = 12(by + by) “48)
B (b1 + b)) ti—1(bioy + 2b;) Amy_y + 41 (2b; + biv1) Amy
Tiryja(t) = Ty bi + bit1 * 12(bs + bit1) "

u, [Qbi_lAmi—l + 7bi(Ami—1 + Amz) + 2b2‘+1Ami]
12(b; + bit1) ’

i=23,- (49

in which bi = b(Zz) and Ami = plAZ,
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The identification algorithm presented above [Eqgs. 2.5{4.6, 4.8 and 4.9) is based only on
the equations of motion and the definition of shear strains. Thus, the algorithm is valid regard-
less of the type of constitutive relationship that links shear stresses and strains; and the identi-
fied stresses and strains reflect all dynamic stiffness and damping mechanisms during the con-
ducted tests. The various approximations involved in the above procedures are discussed in Ap-
pendix I. In general, these approximation have no significant influence on the identified salient
soil response characteristics, as discussed below.

4.4 Level Site Response: Model 4a

Model 4a consisted of a saturated 3 m layer of Bonnie silt overlaying a 3 m saturated medium-
dense Nevada sand stratum (Fig. 4.1, and Tables 4.1 and 4.2). It was proposed and tested by
Arulanandan et al. at UCD [15]. This test was also independently replicated by RPI [30], and
by CalTech [31]. The soil profile of model 4a was also studied within VELACS in three addi-
tional tests as model 4b (at UCD [32], the University of Colorado at Boulder [33], and RPI[34]).
These additional tests were conducted using rigid containers. All six tests (models 4a and 4b)
were to be subjected to the same input excitation as specified by VELACS [11,12]. In the fol-
- lowing sections, the UCD model 4a results will be thoroughly analyzed.

Fig. 4.3 displays the recorded UCD model 4a accelerations, vertical settlement and excess
pore pressures (u). Input accelerations were composed primarily of a 1 Hz signal. The shaking
lasted for about 20 seconds, with nearly uniform acceleration amplitudes of about 330 cm/s?
(A8,[Fig. 4.3a). In the sand layer, the excess pore water pressure (u.) rapidly increased, and
reached high values in about one cycle of dynamic excitation. This high u. which approached
the initial effective vertical stress (r, = 1.0) at 3.1 m depth, clearly denoted a process of lig-
uefaction that was sustained throughout the shaking event (r, = u. /0o, is excess pore pressure
ratio, where o, is effective vertical stress). Upon the onset of liquefaction, acceleration ampli-
tudes decreased and nearly vanished within the entire soil stratum . This response
pattern is a typical characteristic [35] associated with liquefaction, and loss of soil stiffness and
strength (e.g., Niigata, Japan 1964, as reported by Ishihara [36]; Treasure Island, CA 1989, as
reported by Hryciw et al. [37]; and Kobe, Japan 1995, as reported by Elgamal er al. [38)].

During liquefaction, the overlaying surface silt layer remained in isolation from base exci-
tation (A2 and A4, Thus, it may be concluded that a loss of stiffness and strength
was sustained somewhere within (and possibly throughout) the silt stratum. However, within
the sand layer, the recorded acceleration (A6,exhibited two distinct response patterns
during the phase of high u,: (1) the typical reduction in acceleration amplitudes upon liquefac-
tion, due to pore-pressure buildup and the resulting decrease in effective confining stresses, and
thus in soil stiffness and strength; and (2) a subsequent phase of gradual increase in accelera-
tion amplitudes, possibly denoting a progressive regain of stiffness and strength (A6,.
This unexpected pattern of regain in stiffness and strength during liquefaction (r, = 1) was
clearly observed in: (1) four of the six model 4a and 4b tests (at 7 out of 12 locations
A4 and A6, [39), and (2) laboratory cyclic shear test results on the employed Nevada Sand [17;
as will be discussed in detail in the following sections. The disparity in observed responses in
the six tested centrifuge models [39 may be attributed to differences in the employed testing
equipment and imparted input motions, as well as to the usual margins of experimental error

S T ek

-
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Table 4.1; Transducer coordinates.

71

Model 4a (prototype units)
Transducer | x (m) | z (m) || Transducer | x (m) | z (m)
A2 2.54 | 0.00 PA 0.00 | 1.50
A4 2.54 | 3.00 PB 0.00 | 3.10
A6 2.54 | 450 PC 0.00 | 4.50
A8 -6.35 | 6.63
Model 6 (prototype units)
Transducer | X (m) | z (m) || Transducer | X (m) | z (m)
Al 0.00 | 0.30 PE 0.00 | 0.75
A2 0.00 | 1.50 PA 0.00 | 1.35
A3 -4.15 | 2.10 PB 0.00 | 2.10
A4 0.00 | 3.75 L1 0.00 | 0.00
AS -6.36 | 5.63 L2 -4.15 | 1.25
L3 415 | 1.25
Table 4.2: Soil properties.
Model | Mass density (kg/m3) | Relative density | Water content
Sand Silt of sand of silt
4a 2000 1927 62.0 % 30 %
6 2000 1927 62.0 % 30 %

and instrumentation malfunction.

4.4.1 Stress-strain histories

Centrifuge model response

Using the recorded accelerations (Fig. 4.3a) inlEqs. 2.5]—|4_1.6] [Fig. 4.5]displays model 4a shear

strain and stress histories at 1.5 m, 3.0 m, 3.75 m, 4.5 m and 5.25 m depths. R
stress-strain cycles at these locations during selected time windows are shown in
Very large strains are seen to occur during the first cycle of loading lFlé 4.5

Representative
Fié. 4.6.|

‘. The largest

strains were within the sand lower-most strata, and reached amplitudes of 2.5 %, 3.5 % and
5.0 % at 3.75 m, 4.5 m and 5.25 m depths respectively. These large strain amplitudes were
associated with a sharp rise in sand u, after 1 s of shaking, as mentioned earlier (PC and PB,
. As a consequence of these large sand u. values and the associated loss of stiffness,
the silt layer was practically isolated from further input excitation (after about 3.0 s of shaking),
and experienced only small stresses and strains thereafter [Figs. 4.5/and[4.6).

The identified stress-strain histories suggested that stiffness degradation through-
out the sand layer started during the first cycle of loading. During the 2—10 s time window, the

sand response was characterized by cycles of large strains and small stresses

Figs. 4.5 and[4.6).
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UCD: 17.5m |

Sand (Dr= 62 %)

<4 Accelerometer O Pore pressure transducer

1 LVDT (Linear Variable Differencial Transducer)

(a)
UCD: 27.94 m I
E
p
E
i
++ Accelerometer O Pore pressure transducer
(b) 1 LVDT (Linear Variable Differential Transducer)

Figure 4.1: Model configurations: (a) VELACS model 4a, and (b) VELACS model 6 (dimen-

sions in prototype units).
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Free surface

_\AZ

O Accelerometer, X stress and strain sampling location

Figure 4.2: Soil-system model and stress-strain sampling locations (model 4a).

Near the end of shaking, at about 19 s, the lower-most sand strata started to gradually regain
stiffness and exhibit smaller strains and larger stresses (Figs. 4.5|and[4.6). It may be observed
that significant vertical settlement occurred throughout the shaking phase in all tests {Figs. 4.3b
and[4.4). This feature of response suggests that the observed regain in stiffness may possibly
be due to a densification of the sand layer (increase in relative density), and a resulting increase
in interlocking friction forces between the soil particles.

As mentioned earlier, similar dynamic response characteristics were also observed
in three other models including those conducted in rigid boundary containers [39. For instance,
the data recorded along the centerline of model 4b [34 was employed (Egs. 3-6) to obtain Fig-
ure[4.7] Within the sand layer [Fig. 4.7)), the loss and gradual regain in stiffness is quite evident.
Considering the experimental differences in input motion and other testing details, the similar-
ity of stress-strain response patterns in models 4b and Model 4a is notable.
This similarity possibly denotes a small influence of boundary effects on the employed center-
line acceleration response of model 4b (rigid container test).

Laboratory test results

A similar shear restiffening response pattern was also observed during laboratory tests con-
ducted using the employed Nevada sand [17. In cyclic stress-controlled direct simple shear tests
(at relative densities of D, = 40% and D, = 60%, and a confining pressure of 160 kPa), it was
noted that (Figs. 4.8 hnd|4.9): (1) upon liquefaction, the soil exhibited the typical phase of stiff-
ness reduction and increase in shear strain amplitudes, and (2) during liquefaction, subsequent
loading cycles showed a regain of stiffness phase with a gradual decrease in strain amplitudes.
This regain of stiffness also coincided with an increase in accumulated vertical strains (or set-
tlements), indicating a possible densification of the soil skeleton.
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Figure 4.4: Sample acceleration and settlement records of RPI model 4b and CalTech model
4a.
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4.4.2 Liquefaction mechanism

After liquefaction, the observed response patterns suggested that a subsequent densification has
caused the observed regain in sand stiffness and strength. In the laboratory tests, this regain
was also associated with 7, gradually decreasing from a value approaching 1.0 to about 0.8
[Figs. 4.8 hnd[4.9}. However, in the centrifuge experiments [Fig. 4.3}, no similar reduction in
r, was observed. Thus, the high shear stresses near the end of shaking at 5.25 m depth are
incompatible with u,. at 4.5m depth. To resolve this inconsistency, one can only speculate that
ue below 4.5 m, closer to the base, must have experienced a level of reduction that allowed for
the observed regain in shear stiffness and strength, towards the end of dynamic excitation. This
reduction in u, might have been partially in the form of instantaneous dips leading to instants of
dilation and regain in stiffness; as documented during the Wildlife Refuge site case history [20.

4.5 Embankment Response: Model 6

This model was proposed and tested by Arulanandan et al. at UCD [16. It consisted of a sub-
merged Nevada sand embankment overlain by a layer of Bonnie silt (Fig. 4.1, and[Tables 4.1]
and.

- Time histories of the recorded accelerations (along the central axis), vertical settlement (right
slope) and u, values are shown in[Fig. 4.10] Input acceleration was primarily composed of a
1 Hz signal. As observed earlier in models 4a and 4b, the rise in u, was associated with rela-
tively low amplitude accelerations in the silt layer at the top of the embankment (Al at 0.3 m
depth,. These amplitudes appear to have been reduced further (after about 13 s of
shaking) as the recorded sand u. approached r, = 1.0 at 1.35 m depth near the sand-silt inter-
face (PA,. In the sand, the acceleration recorded by A2 (at 1.5 m depth along the
central axis,[Figs. 4.1 pnd[4.10a), exhibited an asymmetric response pattern, with smaller ac-
celeration amplitudes in the negative direction, and large amplitude acceleration spikes in the
positive direction. Near the base, the sand acceleration at 3.75 m depth was similar to the input

acceleration (A4 and AS respectively,|Fig. 4.10a

4.5.1 Stress-strain histories

Centrifuge model response

The acceleration histories of| Fig. 4.10a were employed in|Eqgs. 4.6, 4.8 and 4.9|to obtain shear
strain and stress histories at 0.9 m and 2.6 m depths, as shown in |Eig. 4.11) Selected stress-strain
cycles at these locations are shown in Fig. 4.12.[ The identified stress-strain histories show that:

1. Within the silt layer (at 0.9 m depth), the shear stress-strain response was characterized
by cycles of large strains and small stresses (Figs. 4.11] and|4.12}. This response pattern
which denotes an extremely low shear stiffness and isolation of the silt layer from base
excitation, occurred throughout the shaking phase.

2. Within the sand zone, large strains and small stresses occurred at 2.6 m depth during the
first loading cycle [Fig. 4.11]. After about 10 s, sand strains (at 2.6 m) started to decrease
gradually and the corresponding stresses increased in magnitude (Figs. 4.11 fand 4.12)]

T
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Figure 4.6: Selected cycles of UCD model 4a shear stress-strain histories at 1.5 m, 3.0 m, 3.75

m, 4.5 m, and 5.25 m depths.
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Neveda Sand (Dr=60 %)
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Figure 4.8: Shear stress, shear strain and EPP histories of a Nevada sand sample (at D, = 60%,
and 160 kPa confining pressure) subject to a stress-controlled cyclic direct simple shear test [17].
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Figure 4.9: Shear stress, shear strain and EPP histories of a Nevada sand sample (at D, = 40%,
and 160 kPa confining pressure) subject to a stress-controlled cyclic direct simple shear test [17].
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The sand in the neighborhood of this elevation experienced a gradual regain in stiffness
that may be attributed partially to: (1) a gradual decrease in sand u. values at 2.1 m depth
from r, = 1.0 at about 10 s to about , = 0.6 by the end of shaking (PB,[Fig. 4.10c}), and
(2) possible densification of the sand layer as suggested by the observed large settlements

(Fig. 4.10b].

3. The shear stress history at 2.6 m was characterized by an asymmetric response
pattern, with large positive spikes that reflect the observed bias in A2 acceleration ampli-
tudes These large stress spikes coincided in time with significant instan-
taneous drops in the sand u, values at 2.10 m depth (PB,. Such a response
pattern denotes the tendency for soil-skeleton dilation at large strain excursions [20, thus
causing: (1) instantaneous drops in pore-pressure, and (2) associated increase in soil stiff-
ness and strength (2.6 m depth,[Fig. 4.12) The asymmetry in recorded acceleration and
calculated stress response may be mainly attributed to a mechanism of biased downs-
lope yielding and large cyclic strain excursions towards the embankment free slope, as
described below.

~ Since no permanent deformation may be evaluated from acceleration records, a crude estimate
of permanent lateral shear strain was evaluated using the settlement recorded by LVDT L3
lFigs. 4.1b |and|4.10b|D. The permanent lateral displacement u, at L3 level was approximated
to be proportional to the observed vertical settlement (L3, Fig. and the slope angle a,
such as u, = l3(t)/tan « (in which I3(t) is the permanent vertical settlement at L3 obtained
by filtering out the cyclic components,[Table 4.3)] Thus, an approximate average permanent
strain component 1, for the 1.25 m to 4 m depth sand layer may be evaluated as 7, = u,/Az
(in which Az = 2.75 m is the sand layer thickness), and superposed on the 2.6 m depth cyclic
strains of[Fig. 4.11] This strain only provides a qualitative picture of the involved permanent de-
formations. The corresponding stress-strain history demonstrates a stress hardening
response in the downslope (positive strain) direction. This observed response pattern shows that
accumulation of permanent downslope deformation was influenced significantly by the instan-
taneous increase in soil stiffness due to soil-skeleton dilation at large cyclic strain excursions,
in addition to the regain of stiffness that may be attributed to densification and the reduction in
Ue.

Laboratory test results

The observed downslope stress-strain response characteristics of the sand layer were also mim-

icked in laboratory experiments [17. During undrained cyclic stress-controlled direct simple

shear tests of the employed Nevada sand (at D, = 40% and D, = 60%, and a confining pressure

of 160 kPa), with a superposed shear bias to simulate slope induced static stresses
and[4.15][17), the soil response was characterized by: (1) an initial reduction in stiffness due to

excess pore pressure buildup, (2) stress hardening and accumulation of strains in the direction of

imposed static stress bias (or downslope), and (3) with no significant reduction in pore-pressure,

a regain in stiffness that coincided in time with a slight reduction in r,, and an accumulation of

settlement, reflecting the possible influence of densification.
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Figure 4.11: Model 6 shear strain and stress histories at 0.9 m and 2.6 m depths.
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Figure 4.13: Model 6 shear stress-strain history at 2.6 m depth (with superposed permanent
deformation evaluated from settlement records).
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Figure 4.15: Selected shear stress-strain cycles of two Nevada sand samples (at D, = 60% and D, = 40%) subject to a stress-controlled
cyclic direct simple shear test and stress bias [17].
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4.6 Appendix I: Analysis Approximations

The approximations involved in evaluating stress and strain histories {Eqs. 2.5114.6, 4.8 and 4.9)
stem from the following sources:

e Instrument Configuration: Accuracy of shear stress and strain estimates is a function of:
(1) instrument spacing, and (2) acceleration wave-lengths (A = v,/ f, where v, is shear
wave velocity and f is frequency). Dynamic energy of UCD models 4a and 6 responses
was mainly within the 1.0-2.0 Hz frequency range, and acceleration wave-lengths were
about 20-25 m. Within these ranges, approximation errors in shear stress and strain esti-
mates were evaluated to be generally less than 6.0 %. However, note that any strain con-
centration, which might have occurred at the sand-silt interface during liquefaction, could
only be averaged over the spacing between instruments. These approximations were de-
scribed in detail by Zeghal and Elgamal [19.

e Data Processing: In view of instrument and digitization inaccuracies, shear strain histo-
ries (evaluated using integrated accelerations,[Egs. 4.5 and 4.6)|include baseline drifts in
the form of spurious very low frequency components. These drifts and minor high fre-
quency components were eliminated using low- and high-pass filters [40 . Zero-phase
time domain FIR (finite duration impulse response) filters, with the characteristics men-
tioned in|Table 4.3] were utilized. This filtering procedure introduces no phase shifts. As
shown in| Table 4.3 filter bandwidths were selected to be wide enough so as to conserve
the shear stress and strain characteristics.

e Analysis Technique: In view of the relatively close spacing between instruments, and in
order to maintain simplicity, first order linear interpolation between accelerations was em-
ployed to estimate stresses {Eqs. 2.5, 2.6,]4.8 and 4.91; and second order interpolation be-
tween displacements was used to evaluate strains (Egs. 4.5 and 4.6) These interpolations
yield consistent second-order accurate shear stress and strain estimates [19.

e Measurement Errors: For the purpose of illustration, we will assume a case of recorded
acceleration response ;and input 9, where %; includes a small amplitude measurement
error ii,,. Thus, stresses (Egs. 2.5, 2.6,|4.8,and 4.9)| will contain a proportionally small
error. However, strains (Egs. 4.5 and 4.6) will include a relative error proportional to
tim/(tiy — tg). Consequently, a small error i, in recorded accelerations may result in
a large error in strains if (i — i) — 0.

e Weight of Model 4a Laminated Container: Additional shear stresses were imposed dur-
ing shaking due to the inertial forces associated with own weight of the laminates. Con-
sequently, in the adopted shear beam approximations (Eq. 1), the dynamic stresses (Eqs.
3 and 4) were increased by a factor of 16 % due to own weight of UCD laminated con-
tainer.

.....
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Chapter 5

Conclusions

The conducted studies showed that downhole vertical-array records offer a valuable source for:
(1) evaluating site seismic shear stress-strain histories, (2) assessing the mechanisms of site
amplification, stiffness degradation and liquefaction, and (3) calibrating constitutive models
and computational modeling procedures. In this regard, system identification techniques were
found to be an effective means to evaluate optimal modeling parameters. At present, down-
hole seismic records are becoming increasingly available worldwide. Such records are finally
providing a growing site response database under a wide range of seismic loading conditions.

At the Wildlife Refuge and Port Island sites, the estimated stress-strain histories showed
that: (1) site stiffness and strength decreased steadily with excess pore pressure buildup, (2)
at high excess pore pressure levels, site response was characterized by large strains and small
stresses, and (3) during liquefaction, significant shear strength may evolve at large shear strains,
due to dilation. The employed identification techniques were shown to provide valuable in-
formation of direct use for calibration of computational modeling procedures. In this regard,
system identification techniques were found to be an effective means of defining the necessary
optimal modeling parameters.

Analyses of the dynamically induced liquefaction response in centrifuge models of a level
site, composed of a sand layer overlain by a silt deposit, revealed that: (1) liquefaction of the
underlaying sand rapidly isolated the silt layer from the imparted base excitation, (2) the silt
layer experienced relatively low strains during the shaking phase, and was liquefied mainly due
to the underlying sand high excess pore pressures, and the resulting upward diffusion of pore-
fluid toward the ground surface, and (3) towards the end of shaking, the sand layer exhibited a
relative increase in acceleration amplitudes associated with a regain in shear stiffness; a mech-
anism that was also observed in laboratory experiments. This regain might be partially a result
of densification and increased sand skeleton interlocking. The response of a sand-silt embank-
ment showed that: (1) the overlaying silt stratum exhibited extremely low stiffness as the sand
stratum liquefied, (2) the sand layer appeared to have partially regained shear stiffness towards
the end of shaking, reflecting an observed gradual decrease in sand excess pore pressures and
possible densification effects, (3) during liquefaction, large cyclic (downslope) shear strains in
the sand layer were associated with an increase in soil strength, manifested in the form of large
spikes in shear stress and recorded acceleration, along with drops in pore pressure. This re-
sponse pattern occurred due to a tendency for soil-skeleton dilation at large strains, and has only
appeared during the phases of cyclic deformation towards the embankment free slope, (4) the
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sand cyclic dilative response and associated regain in stiffness may be a primary factor in dictat-
ing the magnitude of permanent shear strain towards an existing free slope, and (5) the observed
deformation mechanisms and stiffness regain were in agreement with data from laboratory ex-
periments.
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