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ABSTRACT

Two sets of dynamic centrifuge model experiments were performed to evaluate the magnitude
and distribution of seismically induced lateral earth pressures on retaining structures that are
representative of designs currently under consideration by the Bay Area Rapid Transit (BART)
and the Valley Transportation Authority (VTA). Two U-shaped cantilever retaining structures,
one flexible and one stiff, were used to model the prototype structures, and dry medium-dense
sand at 61% and 72% relative density was used as backfill.

The results of the centrifuge experiments show that the maximum dynamic earth pressure
increases with depth and can be reasonably approximated by a triangular distribution analogous
to that used to represent static earth pressure. In general, the magnitude of the seismic earth
pressure depends on the magnitude and intensity of shaking, the density of the backfill soil, and
the flexibility of the retaining walls. The resulting relationship between the seismic earth
pressure coefficient increment (AKsg) and PGA suggests that seismic earth pressures can be
neglected at accelerations below 0.3 g. This is consistent with the observations and analyses
performed by Clough and Fragaszy (1977) and Fragaszy and Clough (1980), who concluded that
conventionally designed cantilever walls with granular backfill could reasonably be expected to
resist seismic loads at accelerations up to 0.5 g.

Conventional seismic design procedures based on the Mononobe and Okabe work that
are currently in use were found to provide conservative estimates of the seismic earth pressures
and the resulting dynamic moments. Specifically, the BART design criterion for rigid walls
appears amply conservative, especially if the normal factors of safety are taken into account. The
BART design criterion for flexible walls appears to be somewhat unconservative for loose
backfill. However, considering the various factors of safety present in the conventional design it
may in fact contain an appropriate level of conservatism.

An important contribution to the overall moment acting on the wall is the mass of the
wall itself. The data from the centrifuge experiments suggest that this contribution may be as
much as 25%. Given that the conventional analyses methods tend to give adequately
conservative results without the separate consideration of the wall inertial effects, the
contribution of seismic earth pressures to the overall moment acting on the retaining structures is
apparently routinely overestimated. Further analyses are needed to fully evaluate the impact of

this observation on the overall design.
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1 Background

The problem of seismically induced lateral earth pressures on retaining structures and basement
walls has received significant attention from researchers over the years. The pioneering work
was performed in Japan following the Great Kanto Earthquake of 1923 by Okabe (1926) and
Mononobe and Matsuo (1929). The method proposed by these authors and currently known as
the Mononobe-Okabe (M-O) method is based on Coulomb’s theory of static soil pressures. The
M-O method was originally developed for gravity walls retaining cohesionless backfill materials
and is today, with its derivatives, the most common approach to determine seismically induced
lateral earth pressures. Later studies provided design methods mostly based on analytical
solutions assuming ideal cohesionless backfill or experimental data mainly from relatively small-
scale shaking table experiments. Whereas uncertainty remains on the position of the point of
application of the resultant dynamic earth pressure, many researchers have agreed that the M-O
method gives adequate results (e.g., Prakash and Basavanna 1969; Seed and Whitman 1970;
Clough and Fragaszy 1977; Bolton and Steedman 1982; Sherif et al. 1982; Ortiz et al. 1983).
Recently, however, there have been suggestions that the M-O method may lead to
unconservative estimates of the dynamic earth pressures (e.g., Richards and Elms 1979;
Morrison and Ebeling 1995; Green et al. 2003; Ostadan and White 1998; Ostadan 2004).

While these recent opinions suggest a significant increase in lateral earth pressures under
seismic loading, a review of case history data shows no documented failures of basement walls
or underground structures in non-liquefiable deposits in any of the recent major earthquakes such
as Northridge and Kobe (e.g., Sitar 1995). In order to address this apparent difference between
theory and practice, the authors have embarked on an experimental study aimed at improving our
understanding of seismically induced lateral earth pressures in sand deposits.

In this report, we present a brief overview of the concept and use of centrifuge testing in

geotechnical engineering, a brief literature review of the dynamic retaining wall behavior, and a



description of the experimental setups. The analyses and results of the series of two centrifuge

experiments are presented herein.

1.1 DYNAMIC GEOTECHNICAL CENTRIFUGE TESTING

The major advantage of dynamic centrifuge modeling is that scaling is relatively straight-
forward, and correct strength and stiffness can be readily reproduced for a variety of soils. The
centrifuge arm consists of a model bucket at one end, where the model container sits. The weight
of the model container is offset by adjustable counterweights at the other end of the arm. The
model container containing the test specimen sits on the long dimension of the arm, which is
parallel to the direction of shaking, horizontal until the arm starts spinning. As centrifugal
acceleration increases, the bucket holding the model container rotates about 90° outward and
upward. When the target centrifugal acceleration is reached, shaking is applied to the model
container along its long, now vertical, dimension.
Based on Kutter (1995) and Hausler (2002), the major advantages of dynamic centrifuge
modeling include the following:
e Use of small-scale models to simulate realistic soil stress states and depths;
e Repeatability of results for like models;
e Efficient and cost-effective solution compared to full-scale testing;
e Ability to apply earthquake motions with a wide range of magnitudes and frequency
contents; and

e Evaluation of empirical methods and validation of numerical modeling techniques.

Based on Hausler (2002), the major limitations inherent in centrifuge modeling are the
following:

e Slight nonlinear stress distribution due to the increasing radius of rotation with depth of
the model, which results in a small variation in the g level and hence the scaling factors
with depth;

e Container side-wall effects which interact with the neighboring soil; and

e Experimental errors that can be exacerbated through adherence to the scaling

relationships.



1.2 SCALING RELATIONSHIPS

In centrifuge testing, if a reduced-scale model with dimensions 1/N of the prototype is subject to
a gravitational acceleration during spinning that is N times the acceleration of gravity, the soil in
the model will have the same strength, stiffness, stress, and strain as the prototype. Based on
centrifuge scaling laws, the time period of shaking and displacements are scaled by a factor of
I/N during centrifuge testing, while accelerations are scaled by a factor of N (Kutter 1995).
Thorough discussions of centrifuge scaling laws are given by Scott (1998) and Kutter (1995). A
complete listing of the scaling relationships subject to our testing program is presented in Table

1.1.

Table 1.1 Centrifuge scaling relationships.

Model

Parameter Dimension/Prototype
Dimension

Length, L 1/N
Area, A 1/N?
Volume, V 1/N°
Mass, m 1IN?
Density, p 1
Force, F 1IN?
Moment, M 1/IN°
Stress, o 1
Strain, € 1
Strain Rate N
Acceleration, Gravity N
Acceleration, Dynamic N
Time, Dynamic 1/N
Frequency N

1.3 LITERATURE REVIEW

The study of seismically induced lateral earth pressures on retaining walls has been the topic of
considerable research over the last 80 years. Researchers have developed a variety of analytical
and numerical models to predict the dynamic behavior of retaining walls or performed various
types of experiments to study the mechanisms behind the development of seismic earth pressures
on retaining structures. The different approaches available for studying dynamic earth pressures

can be divided into analytical, numerical, and experimental methods. In this section, we will



briefly summarize pervious analytical, numerical, and experimental work related to dynamic

earth pressures.

1.3.1 Analytical Methods

As suggested by Stadler (1996), analytical solutions for the dynamic earth pressures problem can
be divided into three broad categories depending on the magnitude of the anticipated wall
deflection. These categories include rigid plastic, elastic and elasto-plastic, and nonlinear
methods. Elasto-plastic and nonlinear methods are usually developed using finite element

analysis and are therefore presented in this report under the numerical methods section.

Rigid Plastic Methods

Rigid plastic methods generally assume large wall deflections. Rigid plastic methods are either
force based or displacement based. The most commonly used force-based rigid plastic methods
are the M-O and Seed and Whitman (1970) methods. Displacement methods are generally based
on the Newmark (1965) or modified Newmark sliding block.

The M-O method developed by Okabe (1926) and Mononobe and Matsuo (1929) is the
earliest and the most widely used method for estimating the magnitude of seismic forces acting
on a retaining wall. The M-O method is an extension of Coulomb’s static earth pressure theory to
include the inertial forces due to the horizontal and vertical backfill accelerations. The M-O
method was developed for dry cohesionless backfill retained by a gravity wall and is based on
the following assumptions (Seed and Whitman 1970):

e The wall yields sufficiently to produce minimum active pressure.

e When the minimum active pressure is attained, a soil wedge behind the wall is at the
point of incipient failure, and the maximum shear strength is mobilized along the
potential sliding surface.

e The soil wedge behaves as a rigid body, and accelerations are constant throughout the
mass.

The M-O force diagram is presented in Figure 1.1. Based on the M-O method, the active
thrust per unit length of the wall is given by:

Par=0.5* v * H? * (1 - Kv) * Kxp



2 — —
Where, K ,, = cos (p=6-F)

cos@.cos” B.cos(d + S+ 6’){1 +\/

sin(@+ 6).sin(@p— 6 —i) 2
cos(0 + S+ 6).cos(i — )

v = unit weight of the soil

H = height of the wall

@ = angle of internal friction of the soil

d = angle of wall friction

i =slope of ground surface behind the wall
B = slope of the wall relative to the vertical
0 = tan'(kh / (1-Kv))

Kh = horizontal wedge acceleration (in g)
Kv = vertical wedge acceleration (in g)

The point of application of the M-O active thrust is assumed to be at H/3.

> Wall Cohesioniess soil

¥ ORI

Fig. 1.1 Forces considered in Mononobe-Okabe analysis (Wood 1973).



Seed and Whitman (1970) performed a parametric study to show the effects of changing
the angle of wall friction, the friction angle of the soil, the backfill slope and the vertical
acceleration on the magnitude of dynamic earth pressures. They observed that the total dynamic
pressure acting on a retaining wall can be divided into two components: the initial static pressure
and the dynamic increment due to the base motion, as follows:

Kag = Ka + AKAE

Where, AKAg = % Kh for the case of a vertical wall, horizontal backfill slope and a
friction angle of 35°. After reviewing the results of experimental work based on 1 g shaking table
experiments, Seed and Whitman (1970) suggested that the point of application of the dynamic
increment thrust should be between one half to two thirds the wall height above its base.

Displacement-based methods for determining seismic earth pressures on retaining walls
are generally based on the Newmark (1965) and modified Newmark sliding block model.
Examples of such methods are Richards and Elms (1979), Zarrabi (1979), and Jacobson (1980).
The concept of displacement-based methods involves calculating an acceleration coefficient
value based on the amount of permissible displacement. This reduced acceleration coefficient is

used with the M-O method to determine the dynamic thrust.

FElastic Methods

Elastic methods are generally applied in the design of basement walls with very small
displacement where the assumption is that the relative soil-structure movement generates soil
stresses in the elastic range. Elastic methods result in the upper bound dynamic earth pressures
estimates. Wood (1973) is the most widely used method under this category. Other work in this
area includes Matsuo and Ohara (1960), Tajimi (1973), and Scott (1973).

The Wood (1973) method is based on linear elastic theory and on idealized
representations of the wall-soil systems. Wood (1973) performed an extensive study on the
behavior of rigid retaining walls subject to earthquake loading and provided chart solutions for
the cases of arbitrary horizontal forcing of the rigid boundaries and a uniform horizontal body
force. The Wood (1973) method predicts a total dynamic thrust approximately equal to vH*A
acting at 0.58H above the base of the wall. Figure 1.2 presents Wood’s formulation for the case

of a uniform horizontal body force.
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Fig. 1.2 Wood (1973) rigid problem.

1.3.2 Numerical Methods

Numerical modeling efforts have been applied to verify the seismic design methods in practice
and to provide new insights to the problem. Various assumptions have been made and several
numerical codes have been applied (PLAXIS, FLAC, SASSI...) to solve the problem. While
elaborate finite element techniques are available in the literature to obtain the soil pressure for
design, simple methods for quick prediction of the maximum soil pressure are rare. Moreover,
while some of the numerical studies reproduced experimental data quite successfully,
independent predictions of the performance of retaining walls are not available. Hence, the
predictive capability of the various approaches is not clear. Selected research in the numerical
methods area is presented in this section.

As mentioned by Stadler (1996), Clough and Duncan (1971) were among the first
researchers to apply the finite elements methods for studying the static behavior of retaining

walls and including the interface effects between the structure and the soil. Wood (1973)



modeled the retaining wall-soil system using linear, plane strain conditions and compared the
results with analytical calculations for rigid wall and found good agreement.

Elasto-plastic models were adopted by several researchers studying dynamically induced
pressures on retaining walls. Examples of such work include Bryne and Salgado (1981),
Steedman (1984), and Steedman and Zeng (1990). Nonlinear soil models were used by
Siddharthan and Maragakis (1987) and Finn et al. (1989) to study the behavior of cantilever
flexible walls supporting sand backfill.

1.3.3 Experimental Studies

Results from various experimental programs aimed at determining dynamic earth pressure on
retaining walls have been reported in the literature. The majority of these experimental studies
were performed on 1 g shaking tables. The accuracy and usefulness of these 1 g shaking table
experiments are limited due to the inability to replicate in-situ spoil stress conditions especially
for granular backfills. Results from the 1 g shaking table experiments were published in the
literature by Mononobe and Matsuo (1929), Matsuo (1941), Ishii et al. (1960), Matsuo and Ohara
(1960), Sherif et al. (1982), Bolton and Steedman (1982), Sherif and Fang (1984), Steedman
(1984), Bolton and Steedman (1985) and Ishibashi and Fang (1987). Generally, results of such
experiments suggested that the M-O method predicts reasonably well the total resultant thrust but
that the point of application of the resultant thrust should be higher than H/3 above the base of
the wall.

Dynamic centrifuge tests on model retaining walls with dry and saturated cohesionless
backfills have been performed by Ortiz (1983), Bolton and Steedman (1985), Zeng (1990),
Steedman and Zeng (1991), Stadler (1996), and Dewoolkar et al. (2001). The majority of these
dynamic centrifuge experiments used sinusoidal input motions and pressure cells to measure
earth pressures on the walls.

Ortiz et al. (1983) performed a series of dynamic centrifuge experiments on cantilever
retaining walls with dry medium-dense sand backfill and observed a broad agreement between
the maximum measured forces and the M-O predictions. Ortiz et al. (1983) commented that the
maximum dynamic force acted at about H/3 above the base of the wall. The importance of

inertial effects was not considered.



Bolton and Steedman conducted dynamic centrifuge experiments on concrete (1982) and
aluminum (1985) cantilever retaining walls supporting dry cohesionless backfill, and their results
generally supported the M-O method. Steedman (1984) performed centrifuge experiments on
cantilever retaining walls with dry dense sand backfill and measured dynamic forces in
agreement with the values predicted by the M-O method, but suggested that the point of
application should be located at H/2 above the base of the wall. Based on Zeng (1990) dynamic
centrifuge experiments, Steedman and Zeng (1990) suggested that the dynamic amplification or
attenuation of input motion through the soil and phase shifting are important factors in the
determination of the magnitude and the distribution of dynamic earth pressures.

Stadler (1996) performed 14 dynamic centrifuge experiments on cantilever retaining
walls with medium-dense dry sand backfill and observed that the total dynamic lateral earth
pressure profile is triangular with depth but that the incremental dynamic lateral earth pressure
profile ranges between triangular and rectangular. Moreover, Stadler (1996) suggested that using
reduced acceleration coefficients of 20-70% of the original magnitude with the M-O method

provides good agreement with the measured forces.



2 Experimental Setup

2.1 UC DAVIS CENTRIFUGE, SHAKE TABLE, AND MODEL CONTAINER

The two centrifuge experiments described in this report were performed on the 400 g-ton
dynamic centrifuge at the Center for Geotechnical Modeling at the University of California,
Davis. The centrifuge has a radius of 9.1 m, a maximum payload of 4,500 kg, and an available
bucket area of 4 m’. The shaking table has a maximum payload mass of 2,700 kg and a
maximum centrifugal acceleration of 80 g. Additional technical specifications for the centrifuge
and the shaking table are available in the literature (Kutter et al. 1994; Kutter 1995).

The two models were constructed in a rectangular flexible shear beam container with
internal dimensions of 1.65 m long x 0.79 m wide x approximately 0.58 m deep. The bottom of
the container is coated with grains of coarse sand and is uneven. The container consists of a

series of stacked aluminum rings separated by neoprene rubber, as shown in Figure 2.1.



Fig. 2.1 Model container FSB2.

To minimize boundary effects, the container is designed such that its natural frequency is
less than the initial natural frequency of the soil (Kutter 1995). The centrifugal acceleration used
in this experiment was 36 g. All results are presented in terms of prototype units unless otherwise

stated.

2.2 MODELS CONFIGURATION

The first centrifuge experiment, LAAO1, was performed on a two-layer sand model. The model
configuration is shown in Figure 2.2 in model units. In prototype scale, the LAAO1 model
consists of two retaining wall structures, stiff and flexible, of approximately 6 m height spanning
the width of the container. The structures have the stiffness, mass, and natural frequency of
typical reinforced concrete structures. They sit on approximately 12.5 m of dry medium-dense
sand (Dr = 73%) and the backfill soil consists of dry medium-dense sand (Dr = 61%). Both

structures have stiff mat foundations.
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Fig. 2.2 LAAO1 model configuration, profile view.

The second centrifuge experiment, LAAO2, was performed on a uniform density sand
model. The model configuration is shown in Figure 2.3 in model units. The LAA02 model
consists of the same stiff and flexible retaining wall structures that were used in LAAO1. The
structures sit on approximately 12.5 m of dry medium-dense sand (Dr = 72%) and support a dry
medium-dense sand backfill (Dr = 72%).
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Fig. 2.3 LAAO2 model configuration, profile view.
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2.3  SOIL PROPERTIES

The sand used in the two experiments was fine, uniform, angular Nevada sand. It has a mean
grain size of 0.14-0.17 mm, a uniformity coefficient of 1.67, and a specific gravity of 2.67
(Kammerer et al. 2000). The minimum and maximum dry densities determined at the University
of California, Davis, using the Japanese standard methods, yielded 14.50 and 17.49 kN/m’
respectively. The initial friction angle value for the backfill Nevada sand is estimated to be 33°

for LAAO1 and 35° for LAAO2 (Arulmoli et al. 1992).

24  STRUCTURES PROPERTIES

The model stiff and flexible structures were constructed of T6061 aluminum plate. The Young’s
modulus and Poisson’s ratio for this grade of aluminum are 10,000 ksi and 0.32, respectively.
Each structure was constructed of three plates in a tunnel-like configuration, a base plate and two
wall plates. The walls were bolted to the plates.

Both stiff and flexible aluminum structures were designed to represent typical reinforced
concrete retaining structures. Thickness of the model walls was determined by matching the
stiffness of the reinforced concrete prototypes. The stiffness of the reinforced concrete
prototypes was calculated using the effective moment of inertia of the concrete sections rather
than the gross moment of inertia (Ig = b*h’/12). The effective moment of inertia takes into
account the cracking of the concrete sections. The mass of the reinforced concrete prototypes
was also matched by adding small lead pieces to the model structures, without significantly
impacting their stiffness. Drawings of the stiff and flexible model structures are shown in Figure
2.4. The dimension of the prototype aluminum structures and their properties are presented in

Table 2.1.
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Fig. 2.4 Stiff and flexible model structures configuration (dimensions: in.).

Table 2.1 Prototype aluminum structures dimensions and properties.

Stiff Flexible
Stem Height (ft) 18.6 18.6
Stem Thickness (ft) 1.5 0.84
Stem Stiffness (Ib-in.” per ft width) | 5.83E+10 | 1.02E+10
Base Width (ft) 35.64 36.96
Base Thickness (ft) 2.7 2.7
Base Stiffness (Ib-in.2 per ft width) | 3.40E+11 | 3.40E+11
Estimated Natural Period (sec) 0.23 0.49

2.5 MODEL PREPARATION

The sand was placed using dry pluviation in different layers underneath and behind the
structures. The height of each layer corresponds to a horizontal array of instruments, as shown in
Figures 2.2 and 2.3. The soil density was produced by calibrating the drop height, mesh opening,
and speed of drop for the pluviator. After placement of each layer, the sand surface was
smoothed with a vacuum and instruments were placed at their specific positions. Industrial
grease was placed between the structures’ walls and the container to provide a frictionless
boundary and prevent sand from passing through. Lead was added to the structures in small
pieces of 1 in* each in order to match the masses of the reinforced concrete structures.

Photographs of the model under construction and on the centrifuge arm are shown in Figures

2.5-2.8.
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Fig. 2.5 Pluviation of sand inside model container.

Fig. 2.6 Leveling sand surface with a vacuum.
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Fig. 2.8 Model on centrifuge arm.
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2.6 INSTRUMENTATION

LAAOI and LAAO2 models were densely instrumented in order to collect accurate and reliable
measurements of accelerations, displacements, shear wave velocities, strains, bending moments
and earth pressures. Horizontal and vertical accelerations in the soil and on the structures were
measured using miniature ICP and MEMs (wireless) accelerometers. Soil settlement and
structures’ deflection and settlement were measured at different locations using a combination of
LVDTs and linear potentiometers. Shear wave velocities in the soil underneath and behind the
structures were measured using bender elements and air hammers. The locations of
accelerometers, bender elements, air hammers, and displacement transducers are shown in
Figures 2.2 and 2.3. All wired instruments were sampled at a model scale sampling frequency of
4096 Hz. MEMs accelerometers were sampled at a model scale sampling frequency of 2048 Hz.

Accurate measurement of lateral earth pressure distribution was the major goal of this
study. In the past, lateral stress measurements in laboratory experiments were usually made using
pressure cells. Unfortunately, such measurements are not considered reliable due to the fact that
cell/soil reaction is a function of the relative stiffness of the cell with respect to the soil and
arching effects caused by the disturbance of the stress field by the presence of the cell
(Dewoolkar et al. 2001). Therefore, in order to avoid these problems in the experiments
performed in this study, three different sets of instruments were used. The lateral earth pressures
were directly measured using flexible tactile pressure Flexiforce sensors. The Flexiforce sensors,
manufactured by Tekscan, are approximately 0.2 mm thick. The active sensing area is a 0.375 in.
diameter circle at the end of the sensor. The sensing area consists of conductive material
separated by semi-conductive ink, whereby the resistance is inversely proportional to the applied
force. Lateral earth pressures were also calculated by differentiating the bending moments
measured by the strain gages mounted on the model walls. Finally, direct measurements of the
total bending moments at the bases of the walls were made using force-sensing bolts at the wall-
foundation joints. The locations of the strain gages, Flexiforce sensors, and force-sensing bolts
on the south stiff and north flexible walls for experiments LAAO1 and LAAO2 are shown in
Figures 2.8-2.11.

18



Fig. 2.9 Flexiforce, strain gages, and force-sensing bolts on south stiff wall during LAAO02.
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Fig. 2.10 Flexiforce, strain gages, force-sensing bolts layout on south stiff and north flexible

walls for LAAO1.
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Fig. 2.11 Flexiforce, strain gages, force-sensing bolts layout on south stiff and north flexible
walls for LAAO2.

2.7 CALIBRATION

Linear potentiometers, LVDTs, and strain gages were manually calibrated specifically for these
tests and compared to the manufacturer’s specifications. The accelerometers were rated using the
manufacturer’s provided instrument sensitivities.

Special calibration techniques had to be developed for the force-sensing bolts and
Flexiforce sensors, used for the first time at the Center for Geotechnical Modeling at UC Davis.
Figure 2.12 shows the calibration of the force-sensing bolts and strain gages. A uniform known
load was applied at the top of the wall and the response from the load sensing bolts and strain
gages was recorded.

The Flexiforce sensors, being very sensitive to testing conditions, were calibrated in
conditions similar to the ones expected during the experiment. Four sensors were mounted to the
base plate of a small container filled with Nevada sand. Pressure was applied to the container,

and the Flexiforce responses were recorded.
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Fig. 2.12 Calibration of force-sensing bolts and strain gages.

2.8 SHAKING EVENTS

Five shaking events were applied to the LAAO1 model in flight at 36 g centrifugal acceleration.
The shaking was applied parallel to the long sides of the model container and orthogonal to the
model structures. The shaking events consisted of a step wave, a ground motion recorded at the
Santa Cruz station during the Loma Prieta earthquake and applied three times to the model, and a
ground motion recorded at 83 m depth at Port Island during the 1995 Kobe earthquake. The
shaking events for LAAOI along with their prototype base peak accelerations are shown in Table
2.2.

Fifteen shaking events were applied to the LAAO2 model in flight at 36 g centrifugal
acceleration. The shaking events consisted of step waves, ground motions recorded at the Santa
Cruz (SC) station and Saratoga West Valley College (WVC) stations during the Loma Prieta
1989 earthquake, ground motions recorded at 83 m depth at the Port Island (PI) and Takatori
(TAK) stations during the 1995 Kobe earthquake, and ground motions recorded at the Yarmica
(YPT) station during the Kocaeli, Turkey, 1999 earthquake.
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Input ground motions for experiments LAAO1 and LAAO2 should reasonably reproduce
the range of frequencies present in the recorded earthquake motions. However, travel limitations
of the shaking table limit the low-frequency content of the input motions and, therefore, affect
the overall spectra of the motions. Comparison examples of four recorded earthquake motions

and their response spectra to the corresponding input motions applied to the models are shown in
Figures 2.13-2.16.
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Since the Kobe TAK, Loma Prieta WVC, and Kocaeli YPT ground motions were used
for the first time at the centrifuge facility at UC Davis, these ground motions had to be applied
several times in order to scale the input record as close as possible to the peak accelerations and
frequency contents of the original records. The Kobe PI ground motion was applied a second
time to the model due to a power supply failure. The shaking events for LAA02 along with their

prototype base peak accelerations are shown in Table 2.3.

Table 2.2 Shaking sequence for LAAO1.

. Input Peak
Shaking Event Accel:eration (9)
Step Wave 0.06
Loma Prieta 1 -

Loma Prieta 2 0.43
Kobe 0.90
Loma Prieta 3 0.43

Table 2.3 Shaking sequence for LAAO02.

. Input Peak
Shaking Event Accerl)eration (9)
Step Wave-1 0.05
Loma Prieta-SC-1 0.66
Kobe-PI-1 0.79
Step Wave-2 0.05
Kobe-PI-2 0.80
Loma Prieta-SC-2 0.49
Kocaeli-YPT060-1 0.04
Kocaeli-YPT060-2 0.15
Kocaeli-YPT060-3 0.24
Kocaeli-YPT330-1 0.10
Kocaeli-YPT330-2 0.27
Kobe-TAK090-1 0.74
Kobe-TAK090-2 0.87
Loma Prieta-WVC270-1 0.23
Kocaeli-YPT330-3 0.22

2.9 LIMITATIONS

During both centrifuge experiments LAAO1 and LAAO2, Flexiforce sensors experienced drift,
and the original calibration factors developed for these sensors could not be applied to the

results. In order to interpret the Flexiforce voltage records, we matched the static earth pressures
27



recorded before and after each shake to the corresponding static earth pressures interpreted from

the strain gages, and new calibration factors were back-calculated to take into account the drift of

the response. These new calibration factors were applied to interpret the total dynamic earth

pressures recorded by the Flexiforce sensors. As a result of the significant drift, the results

obtained from the Flexiforce sensors were used for qualitative interpretations more than for

quantitative interpretations.

The main problems and limitations that occurred during LAAO1 were that:

During the first Loma Prieta shaking event, wired accelerometers were not set at the
appropriate gain, and accelerations were recorded only by wireless accelerometers for
this shake. As a result of this problem, the Loma Prieta shaking event was applied a
second time to the model.

Accelerometer A12 failed during the experiment.

SG1 on the flexible wall failed during the experiment.

Data obtained from the bender elements located behind the retaining wall structures were

very noisy.

The main problems and limitations encountered during LAA02 were that

A power supply failure was encountered during Kobe-PI-1 and as a result, the Kobe-PI
event preceded by a step wave was applied a second time to the model.

Since the Kobe TAK, Loma Prieta WVC, and Kocaeli YPT ground motions were used
for the first time at the centrifuge facility at UC Davis, the original records had to be
filtered before being applied to the shaking table. Unfortunately, the filtered input
motions had different peak accelerations and frequency contents than the source motions.

Accelerometers A28 and A31 failed during the experiment.

SG8 on the stiff wall and SG6 and SG2 on the flexible wall failed during the experiment.

Bender elements data were not collected after Loma Prieta-SC-1, Kobe-PI-1, and Step
Wave-2 due to technical problems.

Air hammer data were not collected before Step Wave-1 and after Kobe-PI-1, Step
Wave-2, Loma Prieta-SC-2, and Kocaeli-YPT330-2 due to technical problems.
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3 Experimental Results

3.1 ACCELERATION RESPONSE AND GROUND MOTION PARAMETERS

Acceleration time series were collected during both series of tests at the accelerometer locations
shown in Figure 2.2 and Figure 2.3, respectively. Acceleration time series recorded at the
northeast and northwest of the load frame were averaged to determine the input ground motion.
All horizontal acceleration recordings have been corrected so that horizontal acceleration is
positive to the south and vertical acceleration is positive downwards, regardless of the orientation
of the instruments themselves. All acceleration time series presented in this report have been
filtered and the mean was removed. Acceleration time series were filtered with a third-order
Butterworth low-pass filter with prototype scale corner frequency of 25 Hz for noise reduction,
as well as a third-order Butterworth high-pass filter with a prototype scale corner frequency of
0.3 Hz to remove the long period drift that would appear in the records after integration to
velocity and again to displacement. The disadvantage of such filtering is that any apparent
permanent offset of the instrument is also removed.

Tables 3.1 and 3.2 present the ground motion parameters for the different input shaking
events for LAAO1 and LAAO2, respectively. These ground motion parameters include the peak
ground acceleration (PGA), the Arias intensity (I,), the predominant period (T}), the mean period
(Ty) and the bracketed duration (D). D is the total time elapsed between the first and the last
excursions of a level of acceleration of 5% of the PGA. T, is the period at which the maximum
spectral acceleration occurs in an acceleration response spectrum calculated at 5% damping. Ty,
is a better frequency content characterization parameter being estimated with the following
equation, where C; are the Fourier amplitudes, and f; represent the discrete Fourier transform

frequencies between 0.25-20 Hz.
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Figures 3.1-3.6 present the horizontal acceleration, integrated velocity, integrated
displacement and Arias intensity time series of the input ground motions applied during LAAOI.
Figures 3.7-3.17 present the horizontal acceleration, integrated velocity, integrated displacement,
and Arias intensity time series of the input ground motions applied during LAAO2. The

acceleration response spectra at 5% damping are also presented for the input ground motions.

Table 3.1 Input ground motions parameters for different shaking events during

LAAOI.

Shaking Event PGA (9) I, (m/sec) T, (sec) T, (S€c) D (sec)
Loma Prieta-1 - 1.19 0.34 0.53 27.06
Loma Prieta-2 0.43 1.22 0.30 0.52 23.46
Kobe 0.90 5.44 0.26 0.79 25.11
Loma Prieta-3 0.43 1.17 0.3 0.53 23.47

Table 3.2 Input ground motions parameters for different shaking events during LAA02.

Shaking Event PGA (9) I, (m/sec) T, (sec) T, (S€c) D (sec)
Loma Prieta-SC-1 0.66 1.97 0.14 0.39 9.51
Kobe-PI-1 0.79 5.68 0.36 0.77 25.13
Kobe-PI-2 0.80 6.07 0.36 0.77 18.23
Loma Prieta-SC-2 0.49 1.33 0.3 0.52 23.45
Kocaeli-YPT060-1 0.04 0.011 0.62 0.62 23.50
Kocaeli-YPT060-2 0.15 0.12 0.28 0.54 18.60
Kocaeli-YPT060-3 0.24 0.30 0.28 0.51 15.65
Kocaeli-YPT330-1 0.10 0.054 0.20 0.57 20.41
Kocaeli-YPT330-2 0.27 0.39 0.24 0.53 15.44
Kobe-TAK090-1 0.74 4.95 0.50 0.41 8.61
Kobe-TAK090-2 0.87 6.23 0.20 0.44 16.16
Loma Prieta-WVC270 0.23 0.28 0.26 0.56 12.05
Kocaeli-YPT330-3 0.22 0.36 0.24 0.56 19.70
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Fig. 3.1 Horizontal acceleration, velocity, displacement, Arias intensity, and response
spectrum of Loma Prieta-1 input motion for LAAO1.
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Fig. 3.2 Horizontal acceleration, velocity, displacement, Arias intensity, and response
spectrum of Loma Prieta-2 input motion for LAAO1.
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Fig. 3.3 Horizontal acceleration, velocity, displacement, Arias intensity, and response
spectrum of Kobe input motion for LAAO1.
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Fig. 3.5 Horizontal acceleration, velocity, displacement, Arias intensity, and response

spectrum of Loma Prieta-SC-1 input motion during LAAO02.
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Fig. 3.6 Horizontal acceleration, velocity, displacement, Arias intensity, and response
spectrum of Kobe-PI-1 input motion during LAAO02.
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spectrum of Kobe-PI-2 input motion during LAAOQ2.
37



a. Horizontal Input Acceleration

0.4

=)

[

2 02

©

o 0

802

Q

< I ' ' ' I ' ' ' I ' ' ' I ' ' ' I ' ' ' I ' ' ' I '

0 5 10 15 20 25 30
Time [sec]

b. Horizontal Input Velocity

N
o

N
o

Velocity [cm/sec]
S oo

0 5 10 15 20 25 30
Time [sec]

c. Horizontal Input Displacement

5 47

T 2

()

EO0

3

@ -2

@ -4

=) T T T T T T T T T T T T T T T T T T T T T T T T T T

0 5 10 15 20 25 30
Time [sec]

d. Arias Intensity

Arias Intensity (%)
(o))
<

0 5 10 15 20 25 30
Time [sec]

e. Acceleration Response Spectrum

— Damp. 5.0%

1.2

0.8
0.6
0.4}
0.2

Response Acceleration [g]

1 2 3 456789
Period [sec]

Fig. 3.8 Horizontal acceleration, velocity, displacement, Arias intensity, and response
spectrum of Loma Prieta-SC-2 input motion during LAAO02.
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Fig. 3.9 Horizontal acceleration, velocity, displacement, Arias intensity, and response
spectrum of Kocaeli-YPT060-1 input motion during LAAO2.
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Fig. 3.10 Horizontal acceleration, velocity, displacement, Arias intensity, and response
spectrum of Kocaeli-YPT060-2 input motion during LAAO02.
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Fig. 3.11 Horizontal acceleration, velocity, displacement, Arias intensity, and response
spectrum of Kocaeli-YPT060-3 input motion during LAAO02.
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Fig. 3.12 Horizontal acceleration, velocity, displacement, Arias intensity, and response
spectrum of Kocaeli-YPT330-1 input motion during LAAO02.
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Fig. 3.13 Horizontal acceleration, velocity, displacement, Arias intensity, and response
spectrum of Kocaeli-YPT330-2 input motion during LAAO02.
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Fig. 3.14 Horizontal acceleration, velocity, displacement, Arias intensity, and response
spectrum of Kobe-TAK090-1 input motion during LAAO2.
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Fig. 3.15 Horizontal acceleration, velocity, displacement, Arias intensity, and response
spectrum of Kobe-TAK090-2 input motion during LAAO2.
45



a. Horizontal Input Acceleration

5 .
p= 0.2
2 01
o
2 0 ul Py
3
o -0.1
< I ' ' ' I ' ' ' I ' ' ' I ' ' ' I ' ' ' I ' ' ' I '
0 5 10 15 20 25 30
Time [sec]
b. Horizontal Input Velocity
%)
[0
R
e
L,
2
©
o
()
> T T T T T T T T T T T T T T T T T T T T 1 T T T T T
0 5 10 15 20 25 30
Time [sec]

c. Horizontal Input Displacement

3
O,
c
()
1S
(0]
o
©
a
(2]
5 T T T T T T T T T T T T T T T T T T T T T T T T T T
0 5 10 15 20 25 30
Time [sec]

d. Arias Intensity

Arias Intensity (%)
(o))
<

0 5 10 15 20 25 30
Time [sec]

e. Acceleration Response Spectrum

— Damp. 5.0%
0.6
0.5
0.4
0.3
0.2
0.1

Response Acceleration [g]

1 2 3 456789
Period [sec]

Fig. 3.16 Horizontal acceleration, velocity, displacement, Arias intensity, and response
spectrum of Loma Prieta-WVC270 input motion during LAAO2.
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Fig. 3.17 Horizontal acceleration, velocity, displacement, Arias intensity, and response
spectrum of Kocaeli-YPT330-3 input motion during LAAO02.
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The acceleration time series obtained from the two sets of experiments, LAAOl and
LAAO2, were used to evaluate the amplification and deamplification of the input ground
motions, and to evaluate the magnitude of seismically induced forces. Table 3.3 and Table 3.4
present the peak accelerations measured at the base of the container, at the top of the soil in the
free field, and at the tops of the south stiff and north flexible walls during different shaking

events.

Table 3.3 Peak accelerations measured at base of container, at top of soil in free field,
and at tops of south stiff and north flexible walls during LAAO1 shaking events.

Peak Accelerations (g)
imput  Topofsoil TEE A" ERfible wall
Step Wave 0.06 0.11 0.15 0.12
Loma Prieta-1 - - - -
Loma Prieta-2 0.43 0.48 0.78 0.96
Kobe 0.90 0.73 1.03 1.11
Loma Prieta-3 0.43 0.52 0.83 1.01

Table 3.4 Peak accelerations measured at base of container, at top of soil in free field, and
at tops of south stiff and north flexible walls during LAA02 shaking events.

Peak Accelerations (g)

.. Top of South Top of North

Input  Top of soil ‘Fier i) Floxible Wall
Step Wave-1 0.05 0.08 0.10 0.14
Loma Prieta-SC-1 0.66 0.44 0.71 0.85
Kobe-PI-1 0.79 0.67 0.89 1.38
Step Wave-2 0.05 0.10 0.1 0.1
Kobe-PI-2 0.80 0.76 0.96 1.44
Loma Prieta-SC-2 0.49 0.52 0.85 0.84
Kocaeli-YPT060-1 0.04 0.06 0.07 0.09
Kocaeli-YPT060-2 0.15 0.28 0.36 0.31
Kocaeli-YPT060-3 0.24 0.40 0.57 0.54
Kocaeli-YPT330-1 0.10 0.17 0.21 0.22
Kocaeli-YPT330-2 0.27 0.39 0.49 0.49
Kobe-TAK090-1 0.74 0.86 1.27 1.75
Kobe-TAK090-2 0.87 0.64 1.32 1.21
Loma Prieta-WVvC270-1 0.23 0.31 0.38 0.43
Kocaeli-YPT330-3 0.22 0.36 0.40 0.40
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Figure 3.18 is a plot of the peak accelerations measured at the base of the container
versus those measured at the top of the soil in the free field, at the top of the south stiff wall, and
at the top of the north flexible wall during the different shaking events. A 45° line is displayed
for reference. Based on Tables 3.3 and 3.4 and Figure 3.20, the motions are consistently
amplified at the tops of the walls, and the acceleration at the top of the soil crosses over the 45°

line, indicating attenuation of the large magnitude input shaking events.
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Fig. 3.18 Base motion amplification/deamplification for soil, stiff, and flexible structures.

3.2 SOIL SETTLEMENT AND DENSIFICATION

Vertical soil deformation measurements were recorded at the soil surface and at the foundation
level of each structure, as shown in Figure 2.2 and Figure 2.3 for LAAOl and LAAO2,
respectively. The static offsets measured by the displacement transducers were used to determine
the settlement increment of the uniform density soil model after the different shaking events in
experiment LAAO2. In experiment LAAO1, the settlement increment of the backfill soil as well

as the soil underneath the structures (base soil) was determined for the two-layer model. Table
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3.5 and Table 3.6 show these settlement values along with the relative density (Dr) of the soil

after each shaking event for LAAO1 and LAAO2, respectively. It is apparent that the maximum

settlement occurred during the first Kobe event in both sets of experiments, LAAOI and LAAO2,

due to the large magnitude of shaking the relatively low initial density of the sand.

Table 3.5 Soil settlement and relative density after different shaking events for LAAO1.

Base Soil Backfill
. Settlement Settlement
Shaking Event Increment (mm) Dr (%) Increment (mm) Dr (%)
Step Wave 0.36 74.4 0.50 61.7
Loma Prieta-1 31.64 75.6 22.75 63.5
Loma Prieta-2 17.85 76.4 2.37 63.7
Kobe 37.62 77.9 37.34 66.7
Loma Prieta-3 4.17 78.1 5.16 67.1

Table 3.6

Soil settlement and relative density after different shaking events for LAA02.

Shaking Event Settlement Increment Dr (%)
(mm)
Step Wave-1 0.36 721
Loma Prieta-SC-1 52.62 73.9
Kobe-PI-1 98.51 77.0
Step Wave 2 0 77.0
Kobe-PI-2 56.07 78.8
Loma Prieta-SC-2 7.00 79.05
Kocaeli-YPT060-1 0 79.05
Kocaeli-YPT060-2 1.39 79.1
Kocaeli-YPT060-3 1.82 79.1
Kocaeli-YPT330-1 0 79.1
Kocaeli-YPT330-2 0.93 79.2
Kobe-TAK090-1 29.03 80.3
Kobe-TAK090-2 16.40 81.0
Loma Prieta-WVC270 0.31 81.0
Kocaeli-YPT330-3 0.07 81.0

33 SHEAR WAVE VELOCITY

Bender element arrays were used to measure shear wave velocities in experiment LAAO1 after

each shaking event in the soil behind and underneath the retaining wall structures as shown in

Figure 2.2. The shear wave velocities measured between the different shaking events in the base
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soil along with the corresponding estimated fundamental natural periods are presented in Table
3.7. The fundamental natural period of the soil was estimated using the relationship: T = 4*H/ V.

The data obtained from the bender elements located behind the retaining wall structures
were very noisy; hence shear wave velocities for backfill soil could not be measured directly.
Shear wave velocities were back-calculated by measuring the arrival times to accelerometers
A27 and A22, located at the base level of the structures and at the top of the backfill soil in the
free field, respectively. The back-calculated shear wave velocity was on the order of 130 m/s.
The shear wave velocity estimated using the procedure outlined in Arulnathan et al. (2000) for
measuring the shear wave velocity of Nevada sand in model tests are in agreement with the back-
calculated value. Therefore, the initial natural period of the backfill soil is estimated to be around
0.2 sec. The shear wave velocity of the backfill soil slightly increased after each shaking event

due to the soil densification. However, this increase was not very significant.

Table 3.7 Shear wave velocities and natural periods of base soil after different shaking

events for LAAOI.
V, (m/sec) | T (sec)
Initial 266 0.19
After Step Wave 221 0.23
After Loma Prieta-1 266 0.19
After Loma Prieta-2 280 0.18
After Kobe 271 0.19
After Loma Prieta-3 266 0.19

In experiment LAAO2, shear wave velocities in the base soil were measured using bender
elements. Shear wave velocities in the backfill soil were determined using a mini air hammer as
a wave source and a vertical array of accelerometers as detectors as shown in Figure 2.3. Signals
detected at accelerometers A24, A26, and A27 were sampled at a model scale sampling
frequency of 50,000 Hz. Travel times were computed based on the arrival of the peak points in
the time domain. The shear wave velocities measured between the different shaking events and
the corresponding natural periods in the base soil and the backfill soil are presented in Table 3.8.
It should be noted that shear wave velocity measurements were not collected in the base soil after
Loma Prieta-SC-1, Kobe-PI-1, and Step Wave-2 and in the backfill soil before Step Wave-1, and
after Kobe-PI-1, Step Wave-2, Loma Prieta-SC-2, Kocaeli-YPT060-2 and 3, and Kocaeli-
YPT330-2 due to technical problems.
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Table 3.8 Shear wave velocities and natural periods of base soil and backfill soil after
different shaking events for LAA(2.

Base Soil Backfill Soil

V, (m/sec) T (sec) | Vs (m/sec) T (sec)
Before Step Wave-1 260.74 0.19 - -
After Step Wave-1 261.29 0.19 180.45 0.14
After Loma Prieta-SC-1 - - 172.55 0.15
After Kobe-PIl-1 - - - -
After Step Wave-2 - - - -
After Kobe-PI-2 261.68 0.19 165.2 0.16
After Loma Prieta-SC-2 264.03 0.19 -
After Kocaeli-YPT060-1 261.45 0.19 127.85 0.20
After Kocaeli-YPT060-2 265.55 0.19 - -
After Kocaeli-YPT060-3 255.41 0.20 - -
After Kocaeli-YPT330-1 256.75 0.19 127.85 0.20
After Kocaeli-YPT330-2 256.21 0.20 - -
After Kobe-TAK090-1 267.12 0.19 127.85 0.20
After Kobe-TAK090-2 266.67 0.19 137.69 0.19
After Loma Prieta-WVC270-1 266.91 0.19 137.69 0.19
After Kocaeli-YPT330-3 267.12 0.19 137.69 0.19

Recall that the estimated natural period of the stiff and flexible structures was 0.23 and 0.49 sec,
respectively (Table 2.1). Thus the measured site periods were close to the natural period of the
stiff structure in both sets of experiments. Similarly the input motions had dominant periods
ranging from 0.14 to 0.62 sec and mean periods ranging from 0.39 to 0.79 sec (Tables 3.1 and
3.2), which effectively spanned the range of periods expected to produce maximum response in

the soil deposit and structures.

3.4 MOMENT DISTRIBUTIONS

3.4.1 Analysis Procedure and Assumptions

Five force-sensing bolts and six strain gages were used to instrument the south stiff and north
flexible walls in experiment LAAO1, as shown in Figure 2.9. The total dynamic moment
distributions along the heights of the walls were calculated from the strain values measured by
the strain gages. For the stiff wall, six dynamic moment profiles were computed for each shaking
event; each moment profile corresponding to the time at which the maximum moment occurred

at one strain gage location and plotting the moments recorded at the other strain gages at the
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same time. For the flexible wall, applying the same procedure, five moment profiles were plotted
for each shaking event instead of six, since the strain gage SG1 was damaged. The dynamic
moment profiles for the same shaking event were very similar for both the stiff and the flexible
walls, with the envelope consistently occurring at the time the maximum moment was recorded
at SG1 for the stiff wall and SG2 for the flexible walls. Therefore, all maximum total dynamic
moment profiles and all maximum dynamic moment increment profiles observed in experiment
LAAOI which are presented in this section correspond to the times at which the maximum
moments occurred at SG1 and SG2 for the stiff and the flexible walls, respectively. The dynamic
moments at the bases of the walls were directly measured by the force-sensing bolts, applying
the appropriate moment calibration factors.

In experiment LAAO2 the south stiff and north flexible walls were instrumented with five
force-sensing bolts and eight strain gages each, as shown in Figure 2.11. SG8 on the stiff wall
and SG6 on the flexible wall did not usually give good records. The same procedure outlined
above for experiment LAAO1 was used to obtain the maximum total dynamic moment and
dynamic moment increment profiles. Therefore, all maximum total dynamic moment profiles
and all maximum dynamic moment increment profiles for LAAO2 presented in this section
correspond to the times at which the maximum moments occurred at SG1 for the stiff and
flexible walls, respectively. The dynamic moments at the bases of the walls were directly
measured by the force-sensing bolts, applying the appropriate moment calibration factors.

For comparison, we estimated the total dynamic moments as well as the dynamic moment
increments acting at the bases of the walls applying the M-O method, the Seed and Whitman
(1970) method, and the BART design criteria. For the M-O method, the resultant force of the
total dynamic pressure distribution was applied at one third the height of the wall from its base.
For the Seed and Whitman (1970) method, we used the M-O pressure distribution with the
resultant force of the dynamic increment applied at two thirds the height of the wall from the
base. The peak ground acceleration values recorded at the accelerometers located at the top of
the soil in the free field as well as 65% the peak ground accelerations were used in the M-O and
Seed and Whitman (1970) estimates.

The BART design criteria for stiff walls assume at-rest (Ko) earth pressures for static
loads and 1.5 times the M-O inverted triangular pressure increment for seismic loads. For
flexible walls, BART design criteria assume active earth pressures for static loads and the M-O
inverted triangular pressure increment for seismic loads. For both stiff and flexible walls, half the
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peak ground accelerations measured at the top of the soil in the free field were used for moment

estimations using the BART design criteria.

3.4.2 Results: Time Series

Strain time series recorded during experiments LAAO1 and LAAO2 were filtered using a first-
order low-pass Butterworth filter with a prototype scale corner frequency of 25 Hz for noise
reduction. Moment time series recorded by the force-sensing bolts were filtered using a third-
order low-pass Butterworth filter with a prototype scale corner frequency of 25 Hz for noise
reduction.

In experiment LAAOI, strain gage SG1 on the flexible wall was damaged, thus moment
time series at this location were not presented for the flexible wall. Moreover, one force-sensing
bolt on the flexible wall failed at the beginning of the experiment. The moment carried by this
bolt was estimated based on the calibration data.

In experiment LAA02, SG7, and SGS8 on the stiff and flexible walls did not generally
give good results during some of the shakes. Moreover, a power supply problem was
encountered during the Kobe-PI-1 shake and the strain gage and force-sensing bolts time series
from this shake were very noisy. The moment time series obtained during the Kocaeli-YPT060-1
and Kocaeli-YPT330-1 are not presented in this report due to the insignificant magnitude of
shaking. We also note that the moment time series obtained from SG1 on the stiff wall were
consistently less than the moment time series obtained from other strain gages on the same wall
which suggests that SGI1 results might not be accurate. A data-acquisition problem was
encountered on one force-sensing bolt channel on the north flexible wall during the Step Wave-
1, Loma Prieta-SC-1, and Kobe-PI-1 shaking events. The moment carried by this bolt during
these shakes was estimated based on the calibration data. The problem was resolved before the
Step Wave-2 shake. Moreover, one force-sensing bolt on the stiff wall gave bad moment time
series during all events. The moment carried by this bolt was estimated based on the calibration

data.
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3.4.3 Static Moments

Figures 3.19-3.24 present the static moment profiles measured by the strain gages on the south
stiff and north flexible walls before the initial shake in both experiments and between the
successive shaking events. The static moments measured at the bases of the walls as well as the
static at-rest and static active moment estimates are included in Figures 3.19-3.24 for
comparison. The static at-rest and static active moments were estimated using an initial friction
angle of 33° in experiment LAAO1 and 35° in experiment LAAO2. In experiment LAAO2 the
initial friction angle was assumed to increase gradually toward a final value of 36° to reflect the

densification of the soil during each successive shaking event.

Initial - Before Shaking Initial - Before Shaking
LAAO01 LAA02
Static Moment (lb-in) Static Moment (lb-in)
x10° x10°
0 20 40 60 0 20 40 60
1 | N D —
& Meas. SG-Stiff ¢ Meas. SG-Stiff
50 + Meas. SG-Flexible 50 + Meas. SG-Flexible
' S
® Meas. LB-Stiff ® Meas. LB-Stiff
) . |
= 100 Meas. LB-Flexible = 100 | ® Meas. LB-Flexible
ff = Static At Rest ;l_’ = Static At Rest
e Static Active = Static Active
150 150 |
200 200 |

Fig. 3.19 Static moment profiles measured by strain gages and force-sensing bolts and

estimated using static at-rest and static active pressure distributions before
shaking LAAO1 and LAAO2 models.
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After Loma Prieta-1 After Loma Prieta-SC-1
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Fig. 3.20 Static moment profiles measured by strain gages and force-sensing bolts and
estimated using static at-rest and static active pressure distributions after Loma
Prieta-1 and 2 for LAAO1 and after Loma Prieta-SC-1 for LAAO2.
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Fig. 3.21 Static moment profiles measured by strain gages and force-sensing bolts and
estimated using static at-rest and static active pressure distributions after Kobe

for LAAO1 and after Kobe-PI-1 and -2 for LAAOQ2.
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After Loma Prieta-3 After Loma Prieta-SC-2
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Fig. 3.22 Static moment profiles measured by strain gages and force-sensing bolts and
estimated using static at-rest and static active pressure distributions after Loma
Prieta-3 for LAAO1 and after Loma Prieta-SC-2, and Kocaeli-YPT060-2 and -3
for LAAO2.
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After Kocaeli-YPT330-2 Kobe-TAK090-1
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Fig. 3.23 Static moment profiles measured by strain gages and force-sensing bolts and
estimated using static at-rest and static active pressure distributions after
Kocaeli-YPT330-2, Kobe-TAK090-1 and -2, and Loma Prieta-WVC270 for
LAAOQ2.
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Fig. 3.24 Static moment profiles measured by strain gages and force-sensing bolts and
estimated using static at-rest and static active pressure distributions after
Kocaeli-YPT330-3 for LAAO2.

As shown in Figures 3.19-3.24, the moments measured by the force-sensing bolts at the
bases of the stiff and flexible walls in experiment LAAO1 were slightly higher than those
interpreted from the strain gage measurements. The moments measured by the force-sensing
bolts at the base of the flexible wall for LAA02 were consistently lower than those interpreted
from the strain gage measurements. Overall, the results show that the initial moments measured
at the bases of the stiff and flexible walls are less than predicted from active earth pressure,
reflecting the interlocking grain fabric of the dry pluviated sand. Once subjected to shaking and
the resulting compaction, the observed moments generally fall between the static at-rest and
static active moment estimates reflecting the progressive compaction of the sand during the

shaking events.

60



3.4.4 Total Dynamic Moments

The maximum total dynamic moment profiles (static plus dynamic increment) interpreted from
the strain gage measurements for the south stiff and north flexible walls and directly measured
by the force-sensing bolts are shown in Figures 3.25-3.29 for the different shaking events in
experiments LAAO1 and LAAO2. The total dynamic moments at the bases of the walls estimated
using the M-O method, the Seed and Whitman (1970) method, and BART’s design criteria for
stiff and flexible walls are also shown in Figures 3.25-3.29. The M-O and Seed and Whitman
(1970) total dynamic moments presented in Figures 3.25-3.29 were estimated using the total
peak ground acceleration at the top of the soil in the free field. For some of the Kobe shaking
events, the total dynamic moments estimated using the M-O method were indeterminate due to
the high peak ground acceleration. It is important to note that the moments computed from the
strain gage data and from the load bolt data include the inertial forces due to the mass of the wall
itself. The magnitude of the contribution of the wall inertial forces to the moment acting on the
walls is discussed later in Section 3.10.

Tabulated values of the total dynamic moments at the bases (height of 18.6 ft from the
top) of the south stiff and north flexible walls estimated from the strain gage data and measured
by the force-sensing bolts data during the different shaking events for LAAO1 and LAAO2 are
presented in Appendix A (Tables A.1-A.4). The tables also contain values of total dynamic
moments estimated at the bases of the walls using the M-O and Seed and Whitman (1970)
methods with the peak ground acceleration and 65% of the peak ground acceleration, and
moments estimated using the BART approach for the stiff and flexible walls.

Based on the results plotted in Figures 3.25-3.29, the moments measured by the force-
sensing bolts at the base of the flexible wall in experiment LAAO1 were consistently higher than
those interpreted from the strain gage measurements. In experiment LAAO2, we note the
opposite trend. The maximum dynamic moments in both series of experiments, LAAO1 and

LAAO2, occurred during the Kobe motions due to the large magnitude of shaking.
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Fig. 3.25 Maximum total dynamic moment profiles measured by strain gages and force-
sensing bolts and estimated using M-O, Seed and Whitman (1970), and BART’s
methods on stiff and flexible walls for Loma Prieta-1 and -2 for LAAO1, and for

Loma Prieta-SC-1 for LAAQ2.
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Fig. 3.26 Maximum total dynamic moment profiles measured by strain gages and force-
sensing bolts and estimated using M-O, Seed and Whitman (1970), and BART’s
methods on stiff and flexible walls for Kobe during LAAO01, and for Kobe-PI-1

and -2 for LAAOQ2.
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Fig. 3.27 Maximum total dynamic moment profiles measured by strain gages and force-
sensing bolts and estimated using M-O, Seed and Whitman (1970), and BART’s
methods on stiff and flexible walls for Loma Prieta-3 for LAAO1, and for Loma
Prieta-SC-2, and Kocaeli-YPT060-1 and 2 for LAAO2.
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Fig. 3.28 Maximum total dynamic moment profiles measured by strain gages and force-
sensing bolts and estimated using M-O, Seed and Whitman (1970), and BART’s
methods on stiff and flexible walls for Kocaeli-YPT330-2, Kobe-TAK090-1 and 2

and Loma Prieta-WVC270 for LAAQ2.
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Fig. 3.29 Maximum total dynamic moment profiles measured by strain gages and force-
sensing bolts and estimated using M-O, Seed and Whitman (1970), and BART’s
methods on stiff and flexible walls for Kocaeli-YPT330-3 for LAAO2.

Tables 3.9-3.16 present computed moments based on the M-O, Seed and Whitman
(1970), and BART methods as a ratio in percent of the maximum total dynamic moments
interpreted from the strain gage data on the stiff and the flexible walls for the different shaking
events for LAAOl and LAAO2. M-O and Seed and Whitman (1970) moment estimates are
calculated with peak and 65% of the peak ground accelerations measured at the top of the soil in
the free field. Note that Seed and Whitman seem to recommend 85% rather than the more
commonly assumed 65% of the peak ground acceleration. Whenever the total dynamic moment
estimates underestimate the measured maximum total dynamic moments, the corresponding

values are presented in bold red.
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Table 3.9 Ratio of computed total dynamic moment to maximum total dynamic moments

interpreted from strain gage data at base of south stiff wall during Loma Prieta-
1, 2, and 3, and Kobe shaking events for LAAO1.

Moment Estimates / Measured Moments

Loma Prieta-1 | Loma Prieta-2 Kobe Loma Prieta-3
BART Estimates 130% 122% 113% 128%
M-O Method with ap, 102% 96% INDET 107%
M-O Method with 65% ap,.y 67% 63% 61% 66%
:::(d and Whitman (1970) Method with 127% 120% 106% 125%
Seed and Whitman (1970) Method with 95% 89% 76% 92%

65% amax

Table 3.10 Ratio of computed total dynamic moment to maximum total dynamic moments

interpreted from strain gage data at base of north flexible wall during Loma

Prieta-1, 2, and 3, and Kobe shaking events for LAAO1.

Moment Estimates / Measured Moments

Loma Prieta-1 | Loma Prieta-2 Kobe Loma Prieta-3
BART Estimates 122 118 129 121
M-O Method with a,x 156 150 INDET 164
M-O Method with 65% ap.y 102 99 111 102
::zd and Whitman (1970) Method with 194 188 193 192
Seed and Whitman (1970) Method with 144 140 139 142

65% amax
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Table 3.11 Ratio of computed total dynamic moment to maximum total dynamic moments

interpreted from strain gage data at base of south stiff wall during Loma
Prieta-SC-1, Kobe-PI-1, Kobe-PI-2, and Loma Prieta-SC-2 shaking events for

LAAO2.
Moment Estimates / Measured Moments
Loma Prieta-SC-1 | Kobe-PI-1 | Kobe-PI-2 | Loma Prieta-SC-2

BART Estimates 138% 99% 114% 137%
M-O Method with ap,.x 101% 114% INDET. 110%
M-O Method with 65% a.x 70% 52% 61% 70%
Se_ed and Whitman (1970) Method 139% 100% 113% 1419,
with agax

Seed and Whitman (1970) Method 103% 72% 80% 104%

with 65% anax

Table 3.12 Ratio of computed total dynamic moment estimates to maximum total dynamic

moments interpreted from strain gage data at base of north flexible wall during
Loma Prieta-SC-1, Kobe-PI-1, Kobe-PI-2, and Loma Prieta-SC-2 shaking

events for LAAO2.
Moment Estimates / Measured Moments
Loma Prieta-SC-1 | Kobe-PIl-1 | Kobe-PI-2 | Loma Prieta-SC-2

BART Estimates 99% 81% 91% 98%
M-O Method with a,,., 119% 150% INDET. 128%
M-O Method with 65% anax 83% 68% 78% 82%
Sged and Whitman (1970) Method 164% 131% 144% 164%
with a,.x

Seed and Whitman (1970) Method 1229% 94% 103% 121%

with 65% amax
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Table 3.13 Ratio of computed total dynamic moment to maximum total dynamic moments

interpreted from strain gage data at base of south stiff wall during Kocaeli-
YPT060-2, Kocaeli-YPT060-3, Kocaeli-YPT330-2, and Kobe-TAK090-1
shaking events for LAAQ?2.

Moment Estimates / Measured Moments

Method with 65% ap,.x

Kocaeli- Kocaeli- Kocaeli- Kobe-

YPT060-2 YPT060-3 YPT330-2 TAK090-1
BART Estimates 197% 155% 177% 120%
M-0O Method with a,;., 126% 109% 123% INDET.
M-0O Method with 65% a,.x 102% 80% 91% 66%
Seed and Whitman (1970) o o o o
Method with a,,,, 187% 157% 178% 115%
Seed and Whitman (1970) 146% 118% 134% 81%

Table 3.14 Ratio of computed total dynamic moment to maximum total dynamic moments

interpreted from strain gage data at base of north flexible wall during Kocaeli-
YPT060-2, Kocaeli-YPT060-3, Kocaeli-YPT330-2, and Kobe-TAK090-1
shaking events for LAAQ2.

Moment Estimates / Measured Moments

Kocaeli- Kocaeli- Kocaeli- Kobe-

YPT060-2 YPT060-3 YPT330-2 TAK090-1
BART Estimates 142% 151% 143% 108%
M-O Method with a,,., 153% 175% 164% INDET.
M-O Method with 65% ap,ax 124% 128% 120% 94%
Seed and Whitman (1970) o o o o
Method with a,,,, 228% 252% 237% 162%
Seed and Whitman (1970) 177% 190% 179% 114%

Method with 65% a,ax
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Table 3.15 Ratio of computed total dynamic moment to maximum total dynamic moments
interpreted from strain gage data at base of south stiff wall during Kobe-
TAKO090-2, Loma Prieta-WVC270, and Loma Kocaeli-YPT330-3 shaking

events for LAAO2.
Moment Estimates / Measured Moments
Kobe-TAK090-2 | Loma Prieta-WVC270 | Kocaeli-YPT330-3
BART Estimates 115% 177% 169%
M-O Method with ap,ax 112% 115% 119%
M-O Method with 65% ap,ax 60% 91% 90%
Seed and Whitman (1970) o o o
Method with a,,,, 118% 173% 177%
Seed and Whitman (1970) o o o
Method with 65% apmay 85% 133% 134%

Table 3.16 Ratio of computed total dynamic moment to maximum total dynamic moments
interpreted from strain gage data at base of north flexible wall during Kobe-
TAKO090-2, Loma Prieta-WVC270, and Loma Kocaeli-YPT330-3 shaking
events for LAA02.

Moment Estimates / Measured Moments
Kobe-TAK090-2 | Loma Prieta-WVC270 | Kocaeli-YPT330-3

BART Estimates 108% 111% 113%
M-O Method with ap,.y 170% 121% 133%
M-O Method with 65% ap,ax 90% 95% 100%
Seed and Whitman (1970) o o o

Method with a,,,, 178% 181% 197%
Seed and Whitman (1970) 129% 140% 150%

Method with 65% a,.x

Tables 3.9-3.16 show that the M-O and Seed and Whitman (1970) methods used with the
total peak ground accelerations typically overestimate the maximum measured total dynamic
moment values. The ratio of the observed maximum total dynamic moments to the estimated

total dynamic moments appears to be a function of the flexibility of the wall, the magnitude of
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shaking, and the density of the sand backfill. The overestimate is not as large for stiff wall, and a
large magnitude of shaking with relatively loose backfill.

Using 65% of the peak ground accelerations measured at the top of the soil in the free
field, the M-O method generally underestimates the maximum observed total dynamic moments,
especially on the stiff wall. Using 65% of the peak ground accelerations measured at the top of
the soil in the free field, the Seed and Whitman (1970) method slightly underestimates the
moments measured at the base of the stiff wall in experiment LAAO1. In experiment LAAO2 the
same approach generally overestimates the moments due to the higher soil density except for the
moments on the stiff wall during the Kobe shaking events.

Overall, the maximum observed total dynamic moments for the stiff wall are generally
adequately estimated or overestimated by the BART design criteria for all shaking events.
However, the BART design criteria apparently underestimate the maximum total dynamic
moments on the flexible wall for all the shaking events during LAAO1, and the Loma Prieta-SC-
1 and 2 and Kobe-PI-1 and 2 shaking events during LAAO02, although this typically occurs only

in one cycle of loading as shown later.

3.4.5 Dynamic Moment Increments

Dynamic moment increments were determined by applying a moving average filter to the
moment time series directly measured by the force-sensing bolts and interpreted from the strain
gage data. The moving average filter determines the static trend for each moment time series;
deducing this trend from the corresponding total (static plus dynamic) moment time series results
in a dynamic moment increment time series. The procedure outlined in Section 3.4.1 (Analysis
Procedure and Assumptions) for determining the maximum total dynamic moments at the bases
of the south stiff and north flexible walls and the maximum total dynamic moment profiles from
the strain gage data were applied to determine the maximum dynamic moment increment values
and profiles.

The maximum dynamic increment moment distributions interpreted from the strain gage
measurements for the south stiff and north flexible walls and those directly measured by the
force-sensing bolts are shown in Figures 3.30-3.34 for the different shaking events in
experiments LAAOI and LAAO2. The dynamic moment increments at the bases of the walls
estimated using the M-O method, the Seed and Whitman (1970) method, and BART’s design

71



criteria for stiff and flexible walls are also shown in Figures 3.30-3.34. The M-O and Seed and
Whitman (1970) dynamic moment increments presented in Figures 3.30-3.34 were estimated
using the total peak ground acceleration at the top of the soil in the free field. While the values
of the maximum dynamic moment increment still contain the moments due to the wall inertial
forces, they eliminate the increment in static moment on the wall as a result of compaction of the
backfill. Thus, they provide a more representative measure of the actual dynamic loading on the
walls.

The plots in Figures 3.30-3.34 show that the maximum dynamic moment increments at
the bases of the south stiff and north flexible walls generally tend to be overestimated by the M-
O and Seed and Whitman methods. Similarly, the BART design criteria tend to overestimate the
measured dynamic moment increments at the bases of the walls, except for the first Kobe event
in both experiments when the BART design criteria slightly underestimate the observed
maximum dynamic moment increment.

Tabulated values of the computed dynamic moment increments at the bases (height of
18.6 ft from the top) of the south stiff and north flexible walls as interpreted from the strain gage
data and measured by the force-sensing bolts during the different shaking events for LAAO1 and
LAAO2 are presented in Appendix A (Table A.9-A.10). As before, the dynamic moment
increments estimated at the bases of the walls using the M-O and Seed and Whitman (1970)
methods with the peak ground acceleration and 65% of the peak ground acceleration and with

BART design criteria are also included for comparison.
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Fig. 3.30 Maximum dynamic moment increment profiles measured by strain gages and
force-sensing bolts and estimated using M-O, Seed and Whitman (1970), and
BART’s methods on stiff and flexible walls for Loma Prieta-1 and 2 for LAAO1,

and for Loma Prieta-SC-1 for LAAQ2.
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Fig. 3.31 Maximum dynamic moment increment profiles measured by strain gages and
force-sensing bolts and estimated using M-O, Seed and Whitman (1970), and
BART’s methods on stiff and flexible walls for Kobe for LAAO1, and for Kobe-

PI-1 and -2 for LAAO2.
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Fig. 3.32 Maximum dynamic moment increment profiles measured by strain gages and
force-sensing bolts and estimated using M-O, Seed and Whitman (1970), and
BART’s methods on stiff and flexible walls for Loma Prieta-3 for LAAO1, and for
Loma Prieta-SC-2 and Kocaeli-YPT060-2 and -3 for LAAO2.
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Fig. 3.33 Maximum dynamic moment increment profiles measured by strain gages and
force-sensing bolts and estimated using M-O, Seed and Whitman (1970), and
BART’s methods on stiff and flexible walls for Kocaeli-YPT330-2, Kobe-
TAKO090-1 and -2 and Loma Prieta-WVC270 for LAAO2.
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Fig. 3.34 Maximum dynamic moment increment profiles measured by strain gages and
force-sensing bolts and estimated using M-O, Seed and Whitman (1970, and
BART’s methods on stiff and flexible walls for Kocaeli-YPT330-3 for LAAO02.

Tables 3.17-3.24 present the M-O, Seed and Whitman (1970), and BART’s dynamic
moment increments estimates as a ratio in percent of the maximum dynamic moment increments
interpreted from the strain gage data on the stiff and the flexible walls for the different shaking
events for LAAOl and LAAO2. M-O and Seed and Whitman (1970) moment estimates are
calculated with peak and 65% of the peak ground accelerations measured at the top of the soil in
the free field. Whenever the dynamic moment increment estimates underestimate the measured

dynamic moment increments, the corresponding values are presented in bold red in Tables 3.17—

3.24.
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Table 3.17 Ratio of computed dynamic moment increment to maximum dynamic moment

increment interpreted from strain gage data at base of south stiff wall during
Loma Prieta-1, 2, and 3, and Kobe shaking events for LAAO1.

Moment Estimates / Measured Moments
Loma Prieta-1 Loma Prieta-2 Kobe Loma Prieta-3
BART Estimates 105% 97% 89% 109%
M-O Method with a,,., 104% 96% INDET. 116%
M-O Method with 65% anax 50% 47% 47% 53%
geed and Whitman (1970) Method with 141% 132% 100% 143%
max

Seoed and Whitman (1970) Method with 92% 86% 65% 93%
65% amax

Table 3.18 Ratio of computed dynamic moment increment to maximum dynamic moment

increment interpreted from strain gage data at the base of north flexible wall
during Loma Prieta-1, 2, and 3, and Kobe shaking events for LAAO1.

Moment Estimates / Measured Moments

Loma Prieta-1 Loma Prieta-2 Kobe Loma Prieta-3
BART Estimates 126% 126% 135% 143%
M-O Method with a,.y 188% 187% INDET. 228%
M-0O Method with 65% a,.x 91% 91% 107% 104%
Seed and Whitman (1970) o o o o
Method with a,,,, 256% 256% 227% 282%
Seed and Whitman (1970) 166% 166% 148% 183%

Method with 65% ap,.x
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Table 3.19 Ratio of computed dynamic moment increment to maximum dynamic moment

increment interpreted from strain gage data at base of south stiff wall during
Loma Prieta-SC-1, Kobe-PI-1, Kobe-PI-2, and Loma Prieta-SC-2 shaking

events for LAAOQ2.
Moment Estimates / Measured Moments
Loma Prieta-SC-1 | Kobe-PI-1 | Kobe-PI-2 | Loma Prieta-SC-2

BART Estimates 116% 89% 97% 103%

M-O Method with ap,.x 106% 131% INDET. 104%

M-O Method with 65% a.x 55% 45% 51% 50%

Se_ed and Whitman (1970) Method 170% 112% 115% 146%

with agax

Seed and Whitman (1970) Method o o o o

with 65% a,., 110% 73% 75% 95%

Table 3.20 Ratio of computed dynamic moment increment to maximum dynamic moment

increment interpreted from strain gage data at base of north flexible wall
during Loma Prieta-SC-1, Kobe-PI-1, Kobe-PI-2, and Loma Prieta-SC-2
shaking events for LAAQ2.

Moment Estimates / Measured Moments
Loma Prieta-SC-1 | Kobe-PI-1 | Kobe-PI-2 | Loma Prieta-SC-2
BART Estimates 145% 116% 95% 106%
M-O Method with ap,ax 199% 257% INDET. 159%
M-O Method with 65% a.x 102% 89% 75% 76%
:eed and Whitman (1970) Method with 319% 219% 169% 2249,
max
ng';odaand Whitman (1970) Method with 207% 143% 110% 146%
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Table 3.21 Ratio of the computed dynamic moment increment to maximum dynamic

moment increment interpreted from strain gage data at base of south stiff wall
during Kocaeli-YPT060-2, Kocaeli-YPT060-3, Kocaeli-YPT330-2, and Kobe-
TAKO090-1 shaking events for LAAO2.

Moment Estimates / Measured Moments

Kocaeli- Kocaeli- Kocaeli- Kobe-

YPT060-2 YPT060-3 YPT330-2 TAK090-1
BART Estimates 193% 173% 203% 114%
M-O Method with a,,., 153% 151% 175% INDET.
M-O Method with 65% ap,ax 88% 81% 94% 63%
Seed and Whitman (1970) o o o o
Method with a,,,, 316% 264% 311% 126%
Seed and Whitman (1970) 205% 172% 202% 81%

Method with 65% ag.x

Table 3.22 Ratio of the computed dynamic moment increment to maximum dynamic

moment increment interpreted from strain gage data at base of north flexible
wall during Kocaeli-YPT060-2, Kocaeli-YPT060-3, Kocaeli-YPT330-2, and
Kobe-TAKO090-1 shaking events for LAAO02.

Moment Estimates / Measured Moments

Kocaeli- Kocaeli- Kocaeli- Kobe-

YPT060-2 YPT060-3 YPT330-2 TAK090-1
BART Estimates 255% 266% 259% 126%
M-O Method with a,,., 303% 348% 337% INDET.
M-O Method with 65% a.x 175% 186% 181% 105%
Seed and Whitman (1970) o o o o
Method with a,,,, 626% 609% 597% 209%
Seed and Whitman (1970) 406% 396% 388% 136%

Method with 65% a,.x
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Table 3.23 Ratio of computed dynamic moment increment to maximum dynamic moment
increment interpreted from strain gage data at base of south stiff wall during
Kobe-TAK090-2, Loma Prieta-WVC270, and Loma Kocaeli-YPT330-3 shaking
events for LAAO2.

Moment Estimates / Measured Moments
Kobe-TAK090-2 | Loma Prieta-WVC270 | Kocaeli-YPT330-3

BART Estimates 103% 227% 250%
M-O Method with ap,.x 127% 183% 210%
M-O Method with 65% a.x 51% 104% 116%
,f,,‘;‘:goac’,’ g/i':,v,h;'::'xa n (1970) 136% 371% 396%
Seed and Whitman (1970) 88% 241% 257%

Method with 65% a,.x

Table 3.24 Ratio of computed dynamic moment increment to maximum dynamic moment
increment interpreted from strain gage data at base of north flexible wall
during Kobe-TAK090-2, Loma Prieta-WVC270, and Loma Kocaeli-YPT330-3
shaking events for LAAQ2.

Moment Estimates / Measured Moments
Kobe-TAK090-2 | Loma Prieta-WVC270 | Kocaeli-YPT330-3

BART Estimates 146% 239% 250%
M-O Method with ap,.y 269% 290% 315%
M-O Method with 65% ap.y 109% 164% 174%
Seed and Whitman (1970) o o o

Method with a,,,, 289% 586% 594%
Seed and Whitman (1970) 187% 380% 385%

Method with 65% a,.x

Tables 3.17-3.24 show that M-O and Seed and Whitman (1970) methods used with the
total peak ground accelerations overestimate the maximum observed dynamic moment
increments. Again, we note that the ratio of the observed maximum dynamic moment increments

to the computed values appears to be a function of the flexibility of the wall, the magnitude of
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shaking, and the density of the sand backfill, with the magnitude of the overestimate being lower
for the stiff wall.

Using 65% of the peak ground accelerations measured at the top of the soil in the free
field, the M-O method generally underestimates the maximum observed dynamic moment
increments, especially on the stiff wall, while the Seed and Whitman (1970) method adequately
estimates if not overestimates the measured dynamic moment increments. BART design criteria

generally overestimate the dynamic moment increments on the stiff and the flexible walls.

35 SHEAR DISTRIBUTIONS

3.5.1 Analysis Procedure and Assumptions

Maximum total dynamic shear profiles were obtained by differentiating the maximum total
dynamic moment profiles interpreted from the strain gage measurements. Since the best fit for
the total dynamic moments interpreted from the strain gages is a cubic polynomial fit of the form
M = a*z’ + b*z, the total dynamic shear profiles have a quadratic form: V = 3a*z* + b. It is
important to note that due to the form of the best-fit equation for the observed moment
distribution, the equation for shear distribution gives a non-zero intercept and hence a shear at
the top of the wall that is physically impossible. Thus, only the computed value of maximum
shear at the base should be considered as fully representative.

The computed total dynamic shear profiles and shear values at the bases of the south stiff
and north flexible walls are compared to the estimated shear values using M-O and Seed and
Whitman (1970) using the peak ground acceleration and 65% of the peak ground acceleration
measured at the top of the soil in the free field for the stiff and flexible walls. Total dynamic
shear estimates using the BART design criteria are also presented. BART design criteria for stiff
walls assume at-rest (Ko) earth pressures for static loads and 1.5 times the M-O inverted
triangular pressure increment for seismic loads. For flexible walls, BART design criteria assume
active earth pressures for static loads and M-O inverted triangular pressure increment for seismic
loads. For both stiff and flexible walls, half the peak ground accelerations measured at the top of

the soil in the free field were used with the BART design criteria.
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3.5.2 Total Dynamic Shear Distributions

Tabulated values of the computed total dynamic shear at the bases (height of 18.6 ft from the
top) of the south stiff and north flexible walls interpreted from the strain gage measurements
during the different shaking events in experiments LAAOl and LAAO2 are presented in
Appendix A (Tables A.5—A.8). The total dynamic shear values estimated at the bases of the walls
using the M-O and Seed and Whitman (1970) methods with the peak ground acceleration and
65% of the peak ground acceleration, and using the BART criteria are also presented for
comparison.

The maximum total dynamic shear distributions interpreted from the strain gage
measurements are plotted in Figures 3.35-3.39 for the different shaking events in experiments
LAAO1 and LAAO2. The plots show that the shear profiles interpreted from the strain gage
measurements on the south stiff wall are generally higher than those on the north flexible wall.
Shear estimates at the bases of the stiff and the flexible walls obtained using the M-O and Seed
and Whitman methods tend to overestimate the shear values interpreted from the strain gage
measurements, except for Kobe-PI-1, LAAO2. The shear values interpreted from the strain gage
measurements at the bases of the stiff and the flexible walls are generally adequately estimated
by the BART design criteria for all the shaking events except for Loma Prieta-SC-1 and 2 and
some of the Kobe shaking events during LAAO2. This result is consistent with the moment
distribution results as would be expected, due to the functional relationship already mentioned.

Also, these values again include the shear due to motion of the wall itself as already discussed.
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Fig. 3.35 Maximum total dynamic shear profiles interpreted from strain gage
measurements and estimated using M-O, Seed and Whitman (1970), and BART’s
methods on stiff and flexible walls for Loma Prieta-1 and 2 for LAAO1, and for

Loma Prieta-SC-1 for LAAOQ2.
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Fig. 3.36 Maximum total dynamic shear profiles interpreted from strain gage
measurements and estimated using M-O, Seed and Whitman (1970), and BART’s
methods on stiff and flexible walls for Kobe for LAAO1, and for Kobe-PI-1 and -2

for LAAO2.
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Fig. 3.37 Maximum total dynamic shear profiles interpreted from strain gage
measurements and estimated using M-O, Seed and Whitman (1970), and BART’s
methods on stiff and flexible walls for Loma Prieta-3 for LAAO1, and for Loma
Prieta-SC-2 and Kocaeli-YPT060-2 and 3 for LAAO2.
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Fig. 3.38 Maximum total dynamic shear profiles interpreted from strain gage
measurements and estimated using M-O, Seed and Whitman (1970), and BART’s
methods on stiff and flexible walls for Kocaeli-YPT330-2, Kobe-TAK090-1 and 2

and Loma Prieta-WVC270 for LAAQ2.
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Fig. 3.39 Maximum total dynamic shear profiles interpreted from strain gage
measurements and estimated using M-O, Seed and Whitman (1970), and BART’s
methods on stiff and flexible walls for Kocaeli-YPT330-3 for LAAO2.

Tables 3.25-3.32 present the M-O, Seed and Whitman (1970), and BART shear estimates
at the bases of the stiff and the flexible walls as a percentage of the maximum shear values
interpreted from the strain gage data for the different shaking events for LAAOl and LAAO2.
The M-O and Seed and Whitman (1970) shear estimates are calculated with peak and 65% of the
peak ground accelerations measured at the top of the soil in the free field. Whenever the total
dynamic shear estimates underestimate the maximum interpreted shear values, the corresponding

values are presented in bold red in Tables 3.25-3.32.
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Table 3.25 Ratio of computed total dynamic shear to maximum total dynamic shear values

interpreted from strain gage data at base of south stiff wall during Loma

Prieta-1, -2, and -3, and Kobe shaking events for LAAO1.

Shear Estimates / Interpreted Shears from SGs

Loma Prieta-1 | Loma Prieta-2 Kobe Loma Prieta-3
BART Estimates 156% 142% 99% 144%
M-O Method with ap,.y 166% 152% INDET. 167%
M-O Method with 65% ap.y 109% 100% 80% 103%
:::d and Whitman (1970) Method with 131% 120% 84% 123%
Seed and Whitman (1970) Method with 105% 96% 64% 97%

65% amax

Table 3.26 Ratio of computed total dynamic shear to maximum total dynamic shear values

interpreted from strain gage data at base of north flexible wall during Loma

Prieta-1, -2, and -3, and Kobe shaking events for LAAO1.

Shear Estimates / Interpreted Shears from SGs

Loma Prieta-1 | Loma Prieta-2 Kobe Loma Prieta-3
BART Estimates 146% 141% 137% 145%
M-O Method with ap,y 260% 252% INDET. 281%
M-O Method with 65% ap.x 171% 165% 181% 173%
:::{d and Whitman (1970) Method with 205% 199% 190% 206%
Seed and Whitman (1970) Method with 164% 159% 145% 163%

65% amax
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Table 3.27 Ratio of computed total dynamic shear to maximum total dynamic shear values

interpreted from strain gage data at base of south stiff wall during Loma
Prieta-SC-1, Kobe-PI-1, Kobe-PI-2, and Loma Prieta-SC-2 shaking events for

LAAO02.
Shear Estimates / Interpreted Shears from SGs
Loma Prieta-SC-1 | Kobe-PI-1 | Kobe-PI-2 | Loma Prieta-SC-2

BART Estimates 132% 82% 98% 141%
M-O Method with apn.x 128% 139% INDET. 157%
M-O Method with 65% a.x 90% 64% 80% 100%
Sged and Whitman (1970) Method 113% 73% 87% 125%
with a,.x

Seed and Whitman (1970) Method 90% 56% 65% 98%

with 65% amax

Table 3.28 Ratio of computed total dynamic shear to maximum total dynamic shear values

interpreted from strain gage data at base of north flexible wall during Loma
Prieta-SC-1, Kobe-PI-1, Kobe-PI-2, and Loma Prieta-SC-2 shaking events for

LAAO02.
Shear Estimates / Interpreted Shears from SGs
Loma Prieta-SC-1 | Kobe-PIl-1 | Kobe-PI-2 | Loma Prieta-SC-2

BART Estimates 81% 58% 69% 89%
M-O Method with ap,y 134% 162% #VALUE! 166%
M-O Method with 65% ap.y 94% 74% 92% 106%
S(_aed and Whitman (1970) Method 118% 85% 100% 1329
with ap,.x

Seed and Whitman (1970) Method 94% 65% 75% 103%

with 65% amax
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Table 3.29 Ratio of the computed total dynamic shear to maximum total dynamic shear

values interpreted from strain gage data at base of south stiff wall during
Kocaeli-YPT060-2, Kocaeli-YPT060-3, Kocaeli-YPT330-2, and Kobe-
TAKO090-1 shaking events for LAAQ2.

Shear Estimates / Interpreted Shears from SGs

Kocaeli- Kocaeli- Kocaeli- Kobe-

YPT060-2 YPT060-3 YPT330-2 TAK090-1
BART Estimates 196% 141% 159% 106%
M-0O Method with a,;., 154% 129% 145% INDET.
M-0O Method with 65% a,.x 124% 94% 106% 92%
Seed and Whitman (1970) o o o
Method with a,,,, 156% 120% 135% 92%
Seed and Whitman (1970) 131% 97% 110% 69%

Method with 65% ap,.x

Table 3.30 Ratio of computed total dynamic shear to maximum total dynamic shear values
interpreted from strain gage data at base of north flexible wall during Kocaeli-
YPT060-2, Kocaeli-YPT060-3, Kocaeli-YPT330-2, and Kobe-TAK090-1
shaking events for LAAQ?2.

Shear Estimates / Interpreted Shear from SGs

Kocaeli- Kocaeli- Kocaeli- Kobe-

YPTO060-2 YPT060-3 YPT330-2 TAK090-1
BART Estimates 126% 124% 123% 84%
M-O Method with ap,,y 172% 194% 191% INDET.
M-O Method with 65% a.x 138% 141% 140% 118%
Seed and Whitman (1970) o o o o
Method with a,,,, 174% 180% 178% 118%
Seed and Whitman (1970) o o o o
Method with 65% ap,,, 146% 145% 144% 88%
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Table 3.31 Ratio of computed total dynamic shear to maximum total dynamic shear values
interpreted from strain gage data at base of south stiff wall during Kobe-
TAKO090-2, Loma Prieta-WVC270, and Loma Kocaeli-YPT330-3 shaking

events for LAAO02.
Shear Estimates / Interpreted Shears from SGs
Kobe-TAK090-2 | Loma Prieta-WVC270 | Kocaeli-YPT330-3
BART Estimates 106% 161% 178%
M-O Method with ap,.x 150% 130% 155%
M-O Method with 65% a,;.yx 79% 103% 117%
Seed and Whitman (1970) o o o
Method with a,,,, 95% 131% 150%
Seed and Whitman (1970) o o o
Method with 65% apmas 3% 108% 122%

Table 3.32 Ratio of computed total dynamic shear to maximum total dynamic shear values
interpreted from strain gage data at base of north flexible wall during Kobe-
TAKO090-2, Loma Prieta-WVC270, and Loma Kocaeli-YPT330-3 shaking
events for LAA02.

Shear Estimates / Interpreted Shear from SGs
Kobe-TAK090-2 | Loma Prieta-WVC270 | Kocaeli-YPT330-3

BART Estimates 89% 100% 102%
M-O Method with a,;., 209% 141% 153%
M-0O Method with 65% ap,.x 111% 111% 115%

Seed and Whitman (1970)
Method with a,,.x

Seed and Whitman (1970)
Method with 65% ap,ax

133% 142% 148%

101% 117% 120%

Tables 3.25-3.32 show that the M-O and Seed and Whitman (1970) methods used with
the total peak ground accelerations generally overestimate the maximum total dynamic shear
values at the bases of the stiff and the flexible walls interpreted from the strain gage

measurements, except for some of the Kobe shaking events for LAAOl and LAA0O2. We note
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that the ratio of the interpreted maximum total dynamic shear to the estimated total dynamic
shear is a function of the flexibility of the wall, the magnitude of shaking, and the density of the
sand backfill. Using 65% of the peak ground accelerations measured at the top of the soil in the
free field, the M-O and Seed and Whitman methods tend to underestimate the maximum
interpreted total shear on the stiff and the flexible walls for all the shaking events during LAAO1
and for the Loma Prieta-SC-1 and some of the Kobe shaking events during LAAO02.

The maximum observed dynamic shear values for the stiff wall are generally adequately
estimated, if not overestimated, by the BART design criteria for all shaking events. While it
appears that the BART design criteria underestimates the maximum total dynamic shear values
at the base of the flexible wall for the Loma Prieta-SC-1 and 2 and Kobe-PI-1 and 2 shaking
events during LAAO2, it is important to note that the empirical curve fit used to interpret the
moment distributions significantly affects the computed values of shear. Hence, these data

should be used as a way of noting trends rather than absolute values.

3.6 LATERAL EARTH PRESSURES

3.6.1 Analysis Procedure and Assumptions

Ten Flexiforce sensors were mounted on all four walls to directly measure the seismically
induced lateral earth pressures at the locations shown in Figure 2.10 and Figure 2.11 for LAAO1
and LAAOQ2, respectively. Time series recorded by the Flexiforce sensors were filtered using a
first-order low-pass Butterworth filter with a prototype scale corner frequency of 22 Hz to reduce
noise. The Flexiforce sensors experienced drifting during both LAAO1 and LAAO2. As a result,
the original calibration factors could not be applied to the results. In order to interpret the
Flexiforce voltage records, we matched the static earth pressures recorded before and after each
shake to the corresponding static earth pressures interpreted from the strain gages, and we back-
calculated new calibration factors that take into account the drift of the response. These new
calibration factors were applied to interpret the total dynamic earth pressures recorded by the
Flexiforce sensors.

Seismically induced lateral earth pressure profiles were plotted for each wall by choosing
the time at which the maximum pressure occurred at the lowest Flexiforce sensor of each wall

and then plotting the pressures at all other Flexiforce sensors at that same time. Seismically
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induced lateral earth pressure profiles were also interpreted from the strain gage responses by
double differentiating the cubic polynomial fits obtained for the total dynamic moment profiles.

For comparison, we present the total dynamic pressure distributions estimated by M-O and by
Seed and Whitman (1970) using the peak ground acceleration and 65% of the peak ground
acceleration measured at the top of the soil in the free field for the stiff and flexible walls. The
total dynamic pressure distributions estimated using the BART design criteria are also presented.
BART design criteria for stiff walls assume at-rest (Ko) earth pressures for static loads and 1.5
times the M-O inverted triangular pressure increment for seismic loads. For flexible walls,
BART design criteria assume active earth pressures for static loads and M-O inverted triangular
pressure increment for seismic loads. For both stiff and flexible walls, half the peak ground
accelerations measured at the top of the soil in the free field were used with the BART design

criteria.

3.6.2 Total Dynamic Earth Pressures and Comparisons

The seismically induced lateral earth pressure profiles directly measured by the Flexiforce
sensors on all four walls are shown in Figures 3.40-3.47 for the different shaking events for
LAAO1 and LAAO2. Based on Figures 3.40-3.47, we observe a consistent agreement between
the total dynamic earth pressures measured at the north and south walls of each structure. This is
an important observation in that it confirms that the models were not influenced by proximity to

the walls of the container and that the motions of the container were reasonably symmetrical.
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Fig. 3.40 Maximum total dynamic lateral earth pressure profiles measured by Flexiforce
sensors on stiff and flexible walls during first Loma Prieta shaking events for

LAAO1 and LAAO2.
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Fig. 3.41 Maximum total dynamic lateral earth pressure profiles measured by Flexiforce
sensors on stiff and flexible walls during Loma Prieta -2 and Kobe shaking events

for LAAO1.
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Fig. 3.42 Maximum total dynamic lateral earth pressure profiles measured by Flexiforce
sensors on stiff and flexible walls during Kobe-PI-1 and -2 shaking events for
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Fig. 3.43 Maximum total dynamic lateral earth pressure profiles measured by Flexiforce
sensors on stiff and flexible walls during Loma Prieta-3 and Loma Prieta-SC-2

shaking events for LAAO1 and LAAO02, respectively.
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Fig. 3.44 Maximum total dynamic lateral earth pressure profiles measured by Flexiforce
sensors on stiff and flexible walls during Kocaeli-YPT060-2 and -3 shaking events

for LAAO2.
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Fig. 3.45 Maximum total dynamic lateral earth pressure profiles measured by Flexiforce
sensors on stiff and flexible walls during Kocaeli-YPT330-2 and Kobe-TAK090-1

shaking events for LAAO02.
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Fig. 3.46 Maximum total dynamic lateral earth pressure profiles measured by Flexiforce
sensors on stiff and flexible walls during Kobe-TAK090-2 and Loma Prieta-

WVC270 shaking events for LAAO02.
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Fig. 3.47 Maximum total dynamic lateral earth pressure profiles measured by Flexiforce
sensors on the stiff and flexible walls during Kocaeli-YPT330-3 shaking event for

LAAO2.

Figures 3.48-3.53 show the maximum total dynamic pressure distributions recorded by
the Flexiforce sensors and interpreted from the strain gage data on the stiff and the flexible walls
during the different shaking events. Data recorded by the Flexiforce sensors and interpreted from
the strain gage measurements presented in Figures 3.48-3.53 were not recorded at the same time
but present the maximum recorded profiles. The pressure distributions estimated by the M-O
method using the peak and 65% peak ground accelerations are displayed in Figures 3.48 and
3.50 for comparison. The pressure distributions estimated by the Seed and Whitman (1970)
method using the peak and 65% peak ground accelerations and assuming a triangular distribution

with depth are displayed in Figures 3.51 and 3.53.
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Fig. 3.49 Maximum total dynamic pressure distributions measured and estimated using M-
O method on south stiff and north flexible walls for Loma Prieta-SC-1 and -2,
Kobe-PI-1 and -2, and Kocaeli-YPT060-2 and -3 for LAAO2.
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Fig. 3.50 Maximum total dynamic pressure distributions measured and estimated using M-
O method on south stiff and north flexible walls for Kocaeli-YPT330-2 and -3,
Kobe-TAK090-1 and -2, and Loma Prieta-WVC270 for LAAO02.
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Fig. 3.51 Maximum total dynamic pressure distributions measured and estimated using

Loma Prieta and Kobe shaking events for LAAO1.

Seed and Whitman (1970) method on south stiff and north flexible walls for all
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Fig. 3.52 Maximum total dynamic pressure distributions measured and estimated using
Seed and Whitman (1970) method on south stiff and north flexible walls for Loma
Prieta-SC-1 and -2, Kobe-PI-1 and -2, and Kocaeli-YPT060-2 and -3 for LAAO02.
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Fig. 3.53 Maximum total dynamic pressure distributions measured and estimated using
Seed and Whitman (1970) method on south stiff and north flexible walls for
Kocaeli-YPT330-2 and 3, Kobe-TAK090-1 and 2, and Loma Prieta-WVC270 for

LAAOQ2.
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As shown in Figures 3.48-3.53, the pressure profiles measured by the Flexiforce sensors
were not always consistent with the values obtained by double differentiating the strain gage
measurements. However, in general, the Flexiforce sensors measured lower pressure than
obtained from the strain gage measurements. While this difference could be attributed to
compliance effects, the more likely interpretation is that the moments on the walls include the
wall inertial effects while the direct earth pressure measurements only include the soil-wall
interaction effects. Hence, it would be quite reasonable to expect lower earth pressure on the
wall in cases when the maximum moment on the wall occurs at a point in time when the wall is
moving away from the soil and higher soil pressures in a case when the maximum moment on
the wall occurs when the wall is moving into the soil. Overall, the data show that the maximum
total dynamic pressure distributions measured on the stiff and flexible walls are generally smaller
than the pressures estimated by the M-O method using peak ground acceleration. Moreover, the
maximum total dynamic pressure distributions measured on the stiff and the flexible walls are
smaller than those estimated by the Seed and Whitman (1970) method using peak ground
acceleration with the exception of the pressure distributions observed for Kobe for LAAOI, and
Kobe-PI-1 for LAAO2. Finally, it is important to note that the dynamic earth pressure
consistently increases monotonically downward in the manner that is typically observed and
assumed under static conditions. This observation runs counter to the typical assumptions made
in the current design methods and requires careful consideration in any future changes to the

design methodology.

3.7 PERFORMANCE: TOTAL DYNAMIC MOMENT TIME HISTORIES

The overall performance of the walls can be evaluated by inspecting the observed moment time
series and comparing them to the limit values estimated using the different methods. We use the
values measured by the force-sensing bolts and by strain gage SG2 on the stiff and the flexible
walls to obtain moment time series for the different shaking events. These are presented in

Figures 3.54-3.68.
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Fig. 3.54 Comparison of total dynamic moment time series, recorded at SG2 on stiff and
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Fig. 3.55 Comparison of total dynamic moment time series, recorded at SG2 on stiff and

flexible walls and by force-sensing bolts, with estimated moments for Loma
Prieta-2, LAAOI.
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Fig. 3.56 Comparison of total dynamic moment time series, recorded at SG2 on stiff and

flexible walls and by force-sensing bolts, with estimated moments for Kobe,

LAAO1.
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Fig. 3.57 Comparison of total dynamic moment time series, recorded at SG2 on stiff and
flexible walls and by force-sensing bolts, with estimated moments for Loma
Prieta-3, LAAO1.
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Fig. 3.58 Comparison of total dynamic moment time histories, recorded at SG2 on stiff and
flexible walls and by force-sensing bolts, with estimated moments for Loma

Prieta-SC-1, LAAO2.
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Fig. 3.59 Comparison of total dynamic moment time histories, recorded at SG2 on stiff and

flexible walls and by force-sensing bolts, with estimated moments for Kobe-PI-1,
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Fig. 3.61 Comparison of total dynamic moment time histories, recorded at SG2 on stiff and
flexible walls and by force-sensing bolts, with estimated moments for Loma
Prieta-SC-2, LAAO2.
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Fig. 3.62 Comparison of total dynamic moment time histories, recorded at SG2 on stiff and

flexible walls and by force-sensing bolts, with estimated moments for Kocaeli-
YPT060-2, LAAO2.
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Fig. 3.63 Comparison of total dynamic moment time histories, recorded at SG2 on stiff and

flexible walls and by force-sensing bolts, with estimated moments for Kocaeli-
YPT060-3, LAAO2.
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Fig. 3.65

Comparison of total dynamic moment time histories, recorded at SG2 on stiff and
flexible walls and by force-sensing bolts, with estimated moments for Kobe-
TAKO090-1, LAAO2.
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Fig. 3.66 Comparison of total dynamic moment time histories, recorded at SG2 on stiff and

flexible walls and by force-sensing bolts, with estimated moments for Kobe-
TAKO090-2, LAAO2.
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Fig. 3.67 Comparison of total dynamic moment time histories, recorded at SG2 on stiff and
flexible walls and by force-sensing bolts, with estimated moments for Loma
Prieta-WVC270, LAAQ2.
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Fig. 3.68 Comparison of total dynamic moment time histories, recorded at SG2 on stiff and

flexible walls and by force-sensing bolts, with estimated moments for Kocaeli-
YPT330-3, LAAO2.
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As shown in Figures 3.54-3.57 for experiment LAAO1, the moments measured at the
base of the stiff wall are generally adequately estimated by the M-O method and the BART
design criteria and overestimated by the Seed and Whitman (1970) method. For the Kobe
shaking event, the Seed and Whitman (1970) method slightly underestimated the moments
measured on the stiff wall in one cycle. The peak moments measured on the flexible wall were
generally underestimated by the M-O method and the BART design criteria. We note that there
was period matching between the Loma Prieta shaking events in experiment LAAOI and the
flexible walls, hence the large observed moments.

As shown in Figures 3.58-3.68 for experiment LAAO2, BART design criteria for stiff
and flexible retaining walls, as well as the Seed and Whitman method, generally overestimate the
dynamic moment distributions at all times for all shaking events except for some of the Kobe
shakes. During the early LAA02 motions, recorded dynamic moments slightly exceeded BART’s
estimated dynamic moments on the stiff and flexible walls. This phenomenon was not observed
during the later Kobe shaking events due to the densification of the soil.

In addition the time history data clearly show the effect of soil densification during the
shaking as the static moment on the walls increases during the shaking. This effect is most
pronounced for the strongest shaking events with largest amount of settlement. Such effect
would be less pronounced in soils that are less susceptible to compaction either due to greater
density or presence of cohesion. Finally, the time histories show that the total dynamic
moments, which include the moments due to the wall inertia, rarely exceed the design criteria in

more than one cycle.

3.8 PERFORMANCE: DYNAMIC MOMENT INCREMENT TIME HISTORIES

As already discussed in Section 3.4.5 and as noted above, the total dynamic moments incorporate
moments due to the static earth pressure, the static earth pressure increment due to compaction
during shaking and, of course, the moment due to the dynamic response of the wall itself. Thus,
the data were processed to eliminate the static moments and the static moment increment due to
shaking. The resulting plots are presented in Figures 3.69-3.83. In general, these results show a

pattern consistent with that observed for the maximum total moments, as would be expected.
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Fig. 3.74 Comparison of dynamic moment increment time series, recorded at SG2 on stiff
and flexible walls and by force-sensing bolts, with estimated moments for Kobe-
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Fig. 3.75 Comparison of dynamic moment increment time series, recorded at SG2 on stiff
and flexible walls and by force-sensing bolts, with estimated moments for Kobe-
PI-2, LAAOQ2.

132



x 107 Stiff Wall - SG2 x 107 Flexible Wall - SG2
8 ; ; ; 8 ; ; ; ;
7" . 7" .
Recorded
__ 67 ] 6 M-O Estimate [
£ £ S&W Estimate
& 5 1 & 5 : 1
= = BART Estimate
2 4 loEa :
Q o
2 3} ] 2 3L | .
I <
g 2f 1 g 2 1
o [e]
€ €
a a
1+ B 1+ B
2 il oL 1
_3 I I I I I I _3 I I I I I I
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time (sec) Time (sec)

Dynamic Moment Increment(lb-in)

10

[¢;]

o

x 10" Stiff Wall - Force Sensing Bolts

15 20 25 30
Time (sec)

Dynamic Moment Increment(lb-in)

10

)]

o

x 10’ Flexible Wall - Force Sensing Bolts

— ]

15 20
Time (sec)

10

Fig. 3.76 Comparison of dynamic moment increment time series, recorded at SG2 on stiff
and flexible walls and by force-sensing bolts, with estimated moments for Loma
Prieta-SC-2, LAAO2.

133



x 107 Stiff Wall - SG2 x 107 Flexible Wall - SG2

4 4
3.5 3.5+ 1
Recorded
3t J 3t M-O Estimate J
< S S&W Estimate
o o] .
= 2.5¢ 1 = 25¢ BART Estimate R
c c
(] [
§ 2of T8 2! '
(8] (8]
£ £
£ 15¢ B € 1.5¢ B
(] [
§ §
s T2 1
] ]
g 0.5 1 g 0.5+ 1
c c
> >
Q0 puuwnl b o of
-0.5¢ R 0.5} i
_1 L L L L L L _1 L L L L L L
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time (sec) Time (sec)
x 10" Stiff Wall - Force Sensing Bolts x 10’ Flexible Wall - Force Sensing Bolts
6 ‘ 6 :
5F 5 5F g
= =
é 4+ B 1_5 4+ i
< €
[] [0)
£ 3F A £ 3t 1
o <
o (o]
£ £
g 2r 1 € 27 1
[] ()
IS £
] o
S 1t 1 = 1t 1
Q Q
IS ‘ £
g g
€S0 uwmwwwﬂw €0 MMWWWW/VWWWWNWW“
Aa Aa
1 - 1t 4
_2 L L L L L L _2 L L L L L L
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time (sec) Time (sec)
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Fig. 3.79 Comparison of dynamic moment increment time series, recorded at SG2 on stiff
and flexible walls and by force-sensing bolts, with estimated moments for

Kocaeli-YPT330-2, LAAO2.
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Fig. 3.80 Comparison of dynamic moment increment time series, recorded at SG2 on stiff
and flexible walls and by force-sensing bolts, with estimated moments for Kobe-
TAKO090-1, LAAO2.
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Fig. 3.81 Comparison of dynamic moment increment time series, recorded at SG2 on stiff
and flexible walls and by force-sensing bolts, with estimated moments for Kobe-

TAKO090-2, LAAO2.
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Fig. 3.82 Comparison of dynamic moment increment time series, recorded at SG2 on stiff
and flexible walls and by force-sensing bolts, with estimated moments for Loma
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Fig. 3.83 Comparison of dynamic moment increment time series, recorded at SG2 on stiff
and flexible walls and by force-sensing bolts, with estimated moments for
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3.9 DYNAMIC ACTIVE EARTH PRESSURE COEFFICIENTS

The maximum total dynamic earth pressures interpreted from the strain gages and the force-
sensing bolts on the stiff and the flexible walls were used to back-calculate the total dynamic
earth pressure coefficients (Kag) for the different shaking events. Figure 3.84 and Figure 3.85
show K4 as a function of the peak ground acceleration measured at the top of the soil in the free
field and as a function of the relative density of the backfill soil, respectively. The effects of the
intensity of shaking and of the amplification/attenuation of the ground motion on Kag are shown
in Figures 3.86-3.87. The intensity of shaking is measured in terms of the Arias intensity (I, in
m/sec) and the amplification/attenuation of the ground motion is presented as the ratio of the
peak ground acceleration measured at the top of the soil in the free field over the peak
acceleration of the input motion. In Figures 3.85 and 3.87, the peak ground accelerations

measured at the top of the soil in the free field are also displayed.

Seismic Coefficient versus PGA
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Fig. 3.84 Back-calculated dynamic earth pressure coefficient for stiff and flexible walls as

function of PGA measured at top of soil in free field.
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Fig. 3.85 Back-calculated dynamic earth pressure coefficient for stiff and flexible walls as

function of relative density of soil backfill.
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Fig. 3.86 Back-calculated dynamic earth pressure coefficient for stiff and flexible walls as

function of amplification/attenuation of ground motion.
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Fig. 3.87 Back-calculated dynamic earth pressure coefficient for stiff and flexible walls as
function of intensity of shaking.

Figure 3.84 shows that the back-calculated dynamic earth pressure coefficient (Kag)
increases with increasing the peak ground acceleration measured at the top of the soil in the free
field. The effect of changing relative density on Kag is somewhat indistinct. While it appears
that there is a decrease in Kag with increasing relative density from 62 to 81%, this trend is not
very clear and is probably masked by the fact that the different ground motions were used at
different stages of the experiment. Another way to look at the results is to plot Kag as a function
of the amplification of the input ground motion in the free field. The plots in Fig 3.86 show that
the seismic earth pressure coefficient is the highest when the ground motion is attenuated
(stronger shaking) and decreases as the magnitude of ground motion amplification increases.
This effect is more clearly evident in Figure 3.87, which shows that the total seismic earth
pressure coefficient increases with the intensity of shaking represented by I,.

The maximum dynamic increments of earth pressures interpreted from the strain gages and the
force-sensing bolts in both sets of experiments were used to back-calculate the dynamic earth
pressure increment coefficients (AKag). Figure 3.88 and Figure 3.89 show AK4g as a function of
the peak ground acceleration measured at the top of the soil in the free field and as a function of
the relative density of the backfill soil, respectively. Figures 3.90-3.91 show AKag as a function
of the intensity of shaking and of the amplification/attenuation of the ground motion,

respectively.
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Fig. 3.88 Back-calculated dynamic earth pressure increment coefficient for stiff and
flexible walls as function of PGA measured at top of soil in free field.
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Fig. 3.89 Back-calculated dynamic earth pressure increment coefficient for stiff and

flexible walls as function of relative density of soil backfill.
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Fig. 3.90 Back-calculated dynamic earth pressure increment coefficient for stiff and

flexible walls as function of amplification/attenuation of ground motion.
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Fig. 3.91 Back-calculated dynamic earth pressure increment coefficient for stiff and

flexible walls as function of intensity of shaking.
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While these trends are consistent with those observed for the total dynamic earth pressure
coefficient, as would be expected, there is one very important observation that stands out. As
seen in Figure 3.88, dynamic effects do not appear to be significant when the PGA does not
exceed about 0.3 g. Similar effect can be seen in the relationship to the Arias intensity, with the
dynamic earth pressure coefficient remaining relatively small up to about 1 m/sec, which in our

case includes earthquake records with PGA in excess of 0.4 g.

3.10 WALL INERTIAL EFFECTS ON MOMENT AND PRESSURE DISTRIBUTIONS

During centrifuge experiment LAAO2, the south stiff and the north flexible walls were
instrumented with accelerometers at the bases and the tops of the walls. The acceleration time
series recorded at these locations were used to determine the relative acceleration of the tops of
the stiff and flexible walls with respect to their bases and to estimate the moments induced at the
bases of the walls due to inertial effects. In this section, we assume that the acceleration on the
stiff and the flexible walls increases linearly from zero at the bases of the walls to a maximum at
the tops. The moments induced at the bases of the stiff and the flexible walls due to inertial
effects are estimated using relative acceleration values at the time the maximum total moment
profiles interpreted from the strain gages occurred.

Tables 3.33 and 3.34 show the relative accelerations and base moments applied on the
stiff and the flexible walls due to inertial effects for all shaking events during experiment
LAAO2, respectively. Tables 3.33 and 3.34 also present the ratios of the moments induced at the
bases of the walls due to inertial effects to the maximum total dynamic moments at the bases

interpreted from the strain gage measurements.
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Table 3.33 Estimate of moments induced at base of south stiff wall due to inertial effects
for all shaking events during LAAO2.

. % of Maximum total Dynamic
Aa(g) | M (lb-in) Moment at the Base

Loma Prieta-SC-1 0.78 1.96E+07 25.20%
Kobe-PI-1 NA NA NA

Kobe-PI-2 0.45 1.13E+07 7.65%
Loma Prieta-SC-2 0.92 2.30E+07 26.39%
Kocaeli-YPT060-2 0.33 8.24E+06 19.28%
Kocaeli-YPT060-3 0.53 1.34E+07 20.74%
Kocaeli-YPT330-2 0.44 1.10E+07 19.73%
Kobe-TAK090-1 1.22 3.06E+07 19.02%
Kobe-TAK090-2 0.87 2.19E+07 17.91%
Loma Prieta-WVC270 0.21 5.34E+06 10.96%
Kocaeli-YPT3303-3 0.36 9.05E+06 17.00%

Table 3.34 Estimate of moments induced at base of north flexible wall due to inertial
effects for all shaking events during LAAO02.

. % of Maximum total Dynamic
Aa(g) | M (lb-in) Moment at the Base

Loma Prieta-SC-1 0.44 8.90E+06 13.52%
Kobe-PI-1 0.061 1.24E+06 1.07%
Kobe-PI-2 0.634 1.28E+07 11.08%
Loma Prieta-SC-2 0.32 6.41E+06 8.55%
Kocaeli-YPT060-2 0.23 4.73E+06 13.50%
Kocaeli-YPT060-3 0.09 1.81E+06 4.50%
Kocaeli-YPT330-2 0.28 5.58E+06 13.29%
Kobe-TAK090-1 NA NA NA

Kobe-TAK090-2 0.97 1.96E+07 24.21%
Loma Prieta-WVC270 0.38 7.78E+06 16.72%
Kocaeli-YPT3303-3 0.21 4.24E+06 8.92%

Based on the results presented in Tables 3.33 and 3.34, the moments at the base of the
stiff wall due to wall inertial range, in general, from about 5-26% of the maximum total dynamic
moments interpreted from the strain gage data. The one outlier appears to be the Kobe-PI-1
earthquake in which the moment due to the inertia of the flexible wall to the maximum total

moment at the base was only 1%. At this point, further work is needed to fully interpret these
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results in terms of their relationship to site period, Arias intensity, and period of the input
motion. Nevertheless, it is apparent that the total dynamic moments measured in the experiments
should be reduced by the appropriate factors to reflect moments induced by the earth pressure
alone.

Moreover the data show that inertial effects due to the mass of the walls are an important
element that has to be considered in the analysis and design. This aspect of the behavior of
gravity retaining structures was noted by Richards and Elms (1979) who concluded that the
effect of the wall inertia could be on the same order as that of the soil dynamic pressure
computed by the M-O analysis. Thus they strongly recommended that wall inertial effects
should be taken into account in the design of gravity retaining walls (Richards and Elms 1980) in
addition to the earth pressures obtained using the M-O analysis approach.

A somewhat different conclusion was reached by Clough and Fragaszy (1977) and
Fragaszy and Clough (1980) who investigated the seismic performance of cantilever retaining
structures. They analyzed the behavior of open channel floodway structures in the Greater Los
Angeles area during the 1971 San Fernando Valley earthquake. The floodway structures studied
consisted of open U-shaped channels with the walls tops set flush to the ground surface as shown
in Figure 3.92. The backfill soil consisted of dry medium-dense sand with an estimated friction
angle of 35°. The structures were designed for a conventional Rankine static triangular earth

pressure distribution, and no seismic provisions were applied in the design.
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Fig. 3.92 Section through open channel floodway and typical mode of failure due to
earthquake shaking (from Clough and Fragaszy 1977).
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The cantilever walls were damaged during the earthquake, with the typical mode of failure as
shown in Figure 3.92.

Clough and Fragaszy (1977) performed pseudo-static analyses and shear wave
propagation studies, and concluded that “conventional factors of safety used in design of
retaining structures for static loadings provide a substantial strength reserve to resist seismic
loadings. Peak accelerations of up to 0.5 g were sustained by the floodways with no damage even
though no seismic loads were explicitly considered in the design.” The relationship between wall
damage and ground acceleration obtained by Clough and Fragazsy (1977) is shown in Figure
3.93. After performing M-O analyses and while applying the resulting dynamic force at 0.67H,
they observed that M-O type analysis adequately predicted the failure loads assuming effective
acceleration of 0.7 PGA. While they considered the moment capacity of the walls in their

analyses, they did not specifically address the inertia of the walls themselves.
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Fig. 3.93 Relationship between channel damage and peak accelerations (from Clough
and Fragaszy 1977).

Overall, their observations and conclusions are consistent with those obtained from the
centrifuge experiments presented herein. Specifically, the centrifuge tests show that there does
not seem to be a significant increment of seismic earth pressure on retaining structures at
accelerations below 0.3-0.4 g, and that the application of the M-O method is conservative in that
it appears to predict the combined loads due to the earth pressure and wall inertia. At this point,

further analysis of this result is needed, since the above conclusion may simply represent a
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fortuitous outcome due to the assumption about the point of application of the seismic earth
pressure which is inconsistent with the conventional triangular distribution observed in our

experiments.

3.1 WALL DEFLECTIONS

Horizontal displacement transducers located at the tops of the stiff and flexible walls in both
experiments were used to measure the deflection at the tops of the walls during shaking as well
as the static offsets. Moreover, acceleration time series recorded at the tops of the walls were
double-integrated to obtain displacement time series that were compared to the time series
recorded by the displacement transducers. Static offsets cannot be obtained from the double
integration of the acceleration time series due to the high-pass filtering of the records. Also note
that the instrument rack to which the displacement transducers were attached experienced
vibration during spinning and shaking; this vibration is obvious in the recorded displacement
time series.

Table 3.35 presents the normalized static offsets measured at the tops of the four walls
after the different shaking events in both sets of experiments. The static offsets were normalized
by the heights of the walls. We note that the displacement time series for Kobe-PI-1, LAAO02
were very noisy due to the power supply problem and therefore, the static offsets could not be
determined for this shaking event. Moreover, the two displacement transducers located at the top
of the north flexible (internal) wall were damaged in experiment LAAO2 and are not available.

Tables 3.36 and 3.37 contain the maximum transient deflections during loading
normalized by the heights of the walls (H = 18.6 ft). The data show that the maximum
deflections measured at the tops of the walls by the displacement transducers did not always
agree well with the maximum deflections obtained by double-integrating the acceleration time
series. The rack vibration resulted in large apparent deflections and therefore, the maximum
deflections based on the acceleration time series are considered more accurate. Table 3.36 shows
that the maximum normalized transient deflections at the tops of the stiff walls exceeded 0.004H
for the LAAO1 shaking events and for the Kobe motions during LAAO02. Table 3.37 show that
the maximum normalized transient deflections at the tops of the flexible walls generally

exceeded 0.004H.
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Table 3.35 Normalized static offsets increments measured at tops of walls after different
shaking events.

Normalized Static Offsets at the Tops of the Walls

Stiff Internal | Stiff External Flexible Internal Flexible External
Loma Prieta-1, LAAO1 0.003 0.001 0.006 0.000
Loma Prieta-2, LAAO1 0.001 0.000 0.001 0.001
Kobe, LAAO1 0.001 0.001 0.001 0.001
Loma Prieta-3, LAAO1 0.000 0.000 0.000 0.001
Loma Prieta-SC-1, 0.003 0.000 ) 0.000
LAAO02 | ' |
Kobe-PI-1, LAA02 - - - -
Kobe-PI-2, LAA02 0.002 0.003 - 0.029
Loma Prieta-SC-2,
LAAO2 0.000 0.000 - 0.000
Kocaeli-YPT060-2,
Kocaeli-YPT060-3,
LAAO2 0.000 0.000 - 0.000
Kocaeli-YPT330-2,
Kobe-TAK090-1,
LAAO2 0.001 0.000 - 0.001
Kobe-TAK090-2,
LAAO02 0.000 0.000 - 0.000
Loma Prieta-WVC270,
LAAO2 0.000 0.000 - 0.000
Kocaeli-YPT330-3,
LAAO2 0.000 0.000 - 0.000

During experiment LAAO2, the south stiff and north flexible walls were instrumented
with accelerometers located at the bases and the tops of the walls. The relative acceleration time
series of the tops of the walls with respect to their bases were double-integrated in order to obtain
the relative displacement of the tops of the south stiff and north flexible walls with respect to
their bases. Please note that the displacement of the tops of the walls with respect to their bases
could not be obtained in experiment LAAOI and for the north stiff and south flexible walls in
experiment LAAO2 due to the absence of accelerometers at the bases. Table 3.38 presents the
maximum deflections at the tops of the south stiff and north flexible walls with respect to their

bases.
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Table 3.36 Maximum transient deflections at tops of stiff walls during different shaking

events.

Normalized Transient Deflections

Stiff Internal Stiff External
Disp. Transducers | Acc. Records | Disp. Transducers | Acc. Records
Loma Prieta-1, LAAO1 0.008 0.008 0.009 0.020
Loma Prieta-2, LAAO1 0.007 0.008 0.009 0.019
Kobe, LAAO1 0.009 0.010 0.007 0.015
Loma Prieta-3, LAAO1 0.007 0.010 0.010 0.020
Loma Prieta-SC-1, LAA02 0.001 0.004 0.001 0.002
Kobe-PI-1, LAA02 - 0.005 - 0.005
Kobe-PI-2, LAA02 0.014 0.004 0.019 0.004
Loma Prieta-SC-2, LAA02 0.009 0.002 0.016 0.002
Kocaeli-YPT060-2, LAA02 0.005 0.002 0.004 0.001
Kocaeli-YPT060-3, LAA02 0.007 0.002 0.006 0.001
Kocaeli-YPT330-2, LAA02 0.005 0.003 0.005 0.003
Kobe-TAK090-1, LAA02 0.021 0.008 0.032 0.004
Kobe-TAK090-2, LAA02 0.006 0.020 0.012 0.021
Loma Prieta-WVC270, LAA02 0.004 0.002 0.004 0.001
Kocaeli-YPT330-3, LAA02 0.005 0.002 0.006 0.001

Table 3.37 Maximum transient deflections at tops of flexible walls during different shaking

events.

Normalized Transient Deflections

Flexible Internal

Flexible External

Disp. Transducers | Acc. Records | Disp. Transducers | Acc. Records

Loma Prieta-1, LAA0O1 0.015 0.010 0.011 0.005
Loma Prieta-2, LAA0O1 0.013 0.010 0.011 0.007
Kobe, LAAO1 0.011 0.012 0.013 0.017
Loma Prieta-3, LAA01 0.016 0.015 0.011 0.005
Loma Prieta-SC-1, LAA02 - 0.004 0.001 0.002
Kobe-PI-1, LAA02 - 0.018 - 0.003
Kobe-PI-2, LAA02 - 0.009 0.065 0.006
Loma Prieta-SC-2, LAA02 - 0.004 0.024 0.004
Kocaeli-YPT060-2, LAA02 - 0.002 0.005 -

Kocaeli-YPT060-3, LAA02 - 0.003 0.009 -

Kocaeli-YPT330-2, LAA02 - 0.004 0.005 0.003
Kobe-TAK090-1, LAA02 - 0.024 0.085 0.007
Kobe-TAK090-2, LAA02 - 0.019 0.028 0.024
Loma Prieta-WVC270, LAA02 - 0.003 0.004 0.001
Kocaeli-YPT330-3, LAA02 - 0.003 0.007 0.001
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Table 3.38 Maximum deflections at tops of south stiff and north flexible walls with respect
to their bases during different shaking events in experiment LAA02.

Normalized Relative Deflections
Stiff Flexible
Loma Prieta-SC-1 0.011 0.006
Kobe-PI-1 - 0.042
Kobe-PI-2 0.011 0.014
Loma Prieta-SC-2 0.005 0.007
Kocaeli-YPT060-2 0.001 0.002
Kocaeli-YPT060-3 0.002 0.003
Kocaeli-YPT330-2 0.002 0.003
Kobe-TAK090-1 0.010 0.613
Kobe-TAK090-2 0.007 0.007
Loma Prieta-WVC270 0.001 0.003
Kocaeli-YPT330-3 0.002 0.003

Overall, the data show that the walls showed very small, if any, permanent static
deflections. Under dynamic loading the flexible walls consistently exceeded the .004H deflection
limit, while the stiff wall exceeded this limit less frequently, suggesting that the stiff walls were

still somewhat flexible in terms of the stated criterion.

153



4 Conclusions and Recommendations

4.1 OVERVIEW

A review of the basic assumptions and criteria used for the analysis and design of retaining
structures subjected to seismic loading shows that most of the methods are based on or compare
themselves to procedures that have roots in experimental and analytical work performed in the
1920s and 1940s. Although the basic method is commonly referred to as the Mononobe-Okabe
(M-O) method, the experimental basis for the method is the work of Mononobe and Matuso
(1929) and Matsuo (1941), while the theoretical underpinnings are presented by Okabe (1926).
The approach presented in these early papers was reviewed by Seed and Whitman (1970) who
carefully considered field evidence, available experimental data to that date, and proposed a
modified approach that has been extensively adopted since then. Later, Richards and Elms (1979
and 1980) suggested a modification of the methodology to deal specifically with gravity walls
and included wall inertial effects as an important parameter in the design. While many other
researchers have addressed this topic in addition to those mentioned, the basic premise of the
method that a Coulomb wedge adequately represents the mobilized soil mass during seismic
loading has been accepted as a given.

With the increased awareness of seismic risks and a better understanding of the
magnitude of potential ground motions, designers of retaining structures in regions in close
proximity to seismic sources have increasingly faced the challenge of having to consider very
large seismic forces based on the M-O methodology. Yet, while failures of retaining structures
have occurred in recent large earthquakes, there is little, if any, evidence that retaining structures
were underdesigned with respect to seismic forces even in cases in which seismic forces
apparently were not considered.

This is the situation facing the Bay Area Rapid Transit (BART) and the Valley

Transportation Authority (VTA) in the San Francisco Bay Area, as well as many other owners of



large infrastructure in California and elsewhere. Thus, the purpose of this study was to obtain a
set of experimental data that could be used to evaluate whether the basic assumptions derived
from the shaking table experiments on dry loose sand, as performed by Mononobe and Matsuo
(1929) and Matsuo (1941), were being appropriately extended to modern design. While shaking
table experiments have been extensively used for various types of studies, they present a very
difficult scaling challenge for frictional materials such as sand, since the strength and hence all
other dynamic properties of the material are directly proportional to confining stress. As a result,
correct scaling of dynamic effects is virtually impossible in 1-g shaking table experiments
without resorting to full-scale models. Therefore, the approach adopted in this study was to use
the geotechnical centrifuge to perform two sets of experiments on model walls with medium-
dense dry sand backfill. While scaling and instrumentation issues still come up, the dynamic
properties of the prototype structures and soil backfill can be correctly scaled and, therefore, a
significantly better insight can be obtained into the mechanism of seismic earth pressure

development.

42  CONCLUSIONS

The results of the two centrifuge experiments on model cantilever walls with medium-dense dry
sand backfill with relative density of 61% and 72%, respectively, provide a number of important

observations and conclusions, as follows.

4.2.1 Seismic Earth Pressure Distribution

The centrifuge data consistently show that the maximum dynamic earth pressures increase with
depth and can be reasonably approximated by a triangular distribution analogous to that used to
represent static earth pressure. This result is contrary to the assumption made by Seed and
Whitman (1970), who based their approach on the experimental work of Matsuo (1941).
Matsuo’s experiments were on dry, relatively loose sand in a rigid shaking table container up to
6 ft deep. While these experiments were very meticulous and pioneering in their scope, they
cannot be simply scaled to taller structures. More importantly, the observed amplification of
ground motion and the observed increase in earth pressure upward is a direct result of the

physical layout of the geometry of the shaking table box and properties of the sand. In that sense,
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Matsuo’s results are correct for the given geometry and material, and are directly applicable to

walls up to 6ft in height with relatively loose granular backfill.

4.2.2 Seismic Earth Pressure Magnitude

In general, the magnitude of the seismic earth pressure depends on the magnitude and intensity
of shaking, the density of the backfill soil, and the flexibility of the retaining walls. The
relationship between the seismic earth pressure coefficient increment (AKag) and PGA (Fig.
3.88) suggests that seismic earth pressures can be neglected at accelerations below 0.3 g. While
similar conclusions and recommendations were made by Seed and Whitman (1970), their
approach assumed that a wall designed to a reasonable static factor of safety should be able to
resist seismic loads up 0.3 g. In the present study, the data suggest that even higher seismic loads
could be resisted by cantilever walls designed to an adequate factor of safety. This observation is
consistent with the observations and analyses performed by Clough and Fragaszy (1977) and
Fragaszy and Clough (1980) who concluded that conventionally designed cantilever walls with
granular backfill could be reasonably expected to resist seismic loads at accelerations up to 0.5 g.

Since PGA does not fully represent all aspects of the ground motion, a better alternative
may be to use the Arias intensity as a representative parameter. Figure 3.91 presents the observed
relationship between the seismic earth pressure coefficient increment (AKag) and Arias intensity.
In either case, however, it is important to note that these results are applicable to medium-dense
sand backfill and, therefore, represent a fairly severe loading condition that may not occur in
denser materials or materials with some degree of cohesion. Similarly, the effect of the wall
stiffness cannot be fully assessed with the present data. Thus, while it would appear prudent to
use the relationships obtained for the stiff wall, it may still be overly conservative for most
retaining structures in well-consolidated or cohesive deposits.

Finally, it is important to note that the traditional M-O and the Seed and Whitman (1970)
methods currently used in practice provide reasonably conservative estimates of the maximum

induced seismic earth pressures.
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4.2.3 Dynamic Moments on Walls

The computation of the dynamic moments is probably the most problematic aspect of this study
in that there are a number of factors that come into play as follows: (a) the elevation on the wall
at which the dynamic force due to the dynamic earth pressure increment should be applied; (b)
the magnitude of the dynamic earth pressure increment; and (c) moment of inertia of the wall
itself. The issue of the point of application of the force representing the dynamic earth pressure
increment has received significant attention over the years with most authors suggesting that 0.6-
0.7H is a reasonable range (e.g., Seed and Whitman 1970). The exact origin of this idea is not
clear, although Masuo’s (1941) experimental results seem to have provided much of the impetus
for the assumption that seismic earth pressure increases upward due to soil amplification. While
this effect may have been observed in rigid-base shaking table tests, as already discussed, it has
not been observed in the centrifuge tests. Nevertheless, the analysis of the observed moments in
the centrifuge tests show the methods of analysis that assume the point of force application at
0.67H give reasonably conservative estimates of the induced moments, most likely because the
assumed point of application of the dynamic force increment is conservative in light of the actual
seismic earth pressure distribution. Specifically, the BART design criterion for rigid walls
appears amply conservative, especially if the normal factors of safety are taken into account. The
BART design criterion for flexible walls appears to be somewhat unconservative for loose
backfill; however, considering the various factors of safety present in conventional design and
considering that the medium-dense sand backfill represents a very severe loading condition, the
BART criterion may in fact contain an appropriate level of conservatism.

An important contribution to the overall moment acting on the wall is the mass of the
wall itself. While Richardson and Elms (1979 and 1980) make a strong case for the
consideration of the inertial forces due to the mass of the retaining structure in the design of
gravity walls, cantilever walls have not received similar attention (Vallenas, personal
communication). The data from the centrifuge experiments suggest that the contribution of the
wall inertia toward the maximum dynamic moment acting on the wall may be as much as 25%.
Given that the conventional analyses methods tend to give adequately conservative results
without the separate consideration of the wall inertial effects, the contribution of seismic earth
pressures to the overall moment acting on the retaining structures is apparently routinely

overestimated. At this point, the data and analyses presented herein require further review in
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order to better define the contributions of soil pressure and wall inertia to the maximum seismic

moment acting on the walls.

4.2.4 Effective Duration of Loading

One of the important aspects of seismic loading is its transient nature that is evident from the
time histories of dynamic moments, which show that the transient nature of the loads on the
walls. However, the currently available methods of analysis treat the dynamic loading in terms
of an envelope containing the maximum response at any given height independent of time.
While most walls are not tall enough to experience full incoherence of motion, this fact should
not be neglected in the design of very tall retaining structures. More importantly, depending on
the phase lag between the soil and the wall, the maximum moment on the wall may not occur at
the same time as the maximum soil pressure and maximum shear. Similarly, the fact that the
maximum loading occurs only for a very brief period needs to be carefully considered, especially
if performance-based design methodology is considered. As it is, the current design methods do

not consider the effective duration of loading and are consequently quite conservative.

4.3 LIMITATIONS AND RECOMMENDATIONS FOR FUTURE WORK

The results of the centrifuge experiments presented herein are limited to cantilever retaining
structures in level ground. The medium-dense dry sand used in the experiments has a
pronounced tendency to compact during shaking and it provides a more severe loading than
would be encountered in denser, cemented or well-consolidated deposits. Hence, the results of
the experiments are likely quite conservative and significant savings could be realized by further
experimental work with the other types of materials.

Since many retaining structures are built in sloping ground and have sloping backfill, this
remains an important area of further study. Experience in recent earthquakes shows that
structures on sloping ground and retaining sloping backfill are at significant risk of failure due to
a variety of factors that deserve careful scrutiny and experimental work.

The point of application of the dynamic force in the computation of the seismic moment
acting on retaining structures is also an open topic. Although the existing design methods, which

assume the point of application at 0.67 H, seem to give adequately conservative values, these
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appear to be simply a fortuitous accident. The data presented in this study clearly show a
triangular distribution of seismic earth pressures increasing with depth, and it would appear
reasonable to consider the point of application at 1/3 H. The full impact of this choice on the
resulting choice of design parameters, specifically effective maximum acceleration, has not been
analyzed as yet and requires careful consideration.

Finally, much more remains to be done on the effect of wall inertia on the overall
dynamic moment acting on the wall and the duration of loading. Given the magnitude of the
effect (up to 25%), more refined analyses of the data are needed in order to arrive at specific
recommendation for a design approach. The phase relationship between the soil and the wall(s)

also needs to be explored in order to identify the critical shears and moments on the wall(s).
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Appendix: Tables



Table A.1 Maximum total dynamic moments measured and estimated at bases of south

stiff and north flexible walls during Loma Prieta-1, 2, and 3, and Kobe shaking
events for LAAO1.

Maximum Total Dynamic Moments at the Base (Ib-in)

Loma Prieta-1 Loma Prieta-2 Kobe Loma Prieta-3

. Stiff 9 11E+07 9.69E+07 | 1.51E+08 | 9.93E+07
Strain Gages -

Flexible | _ 5.99E+07 6ATE+07 | B.27E+07 | 6.46E+07

. Stiff 9.00E+07 9.73E+07 | 1.70E+08 | 9.48E+07
Force-Sensing Bolts -

Flexible | 9.89E+07 1.04E+08 | 147E+08 | 1.05E+08

CART-Etimatos Stiff 1.183E+08 T.182E+08 | 1.70E+08 | 1.27E+08

Flexible | 7.30E+07 7.28E+07 | 1.07E+08 | 7.84E+07

M-O Method with a,,,, 9.33E+07 9.28E+07 INDET. 1.06E+08

M-O Method with 65% a,,. 6.13E+07 6.12E+07 | 918E+07 | 6.57E+07

geed and Whitman (1970) Method with | 4 4or g 116E+08 | 1.60E+08 | 1.24E+08

max
gg;daa"d Whitman (1970) Method with | ¢ o5 47 8.61E+07 | 1.15E+08 | 9.16E+07
max

Table A.2 Maximum total dynamic moments measured and estimated at bases of south
stiff and north flexible walls during Loma Prieta-SC-1, Kobe-PI-1, Kobe-PI-2,
and Loma Prieta-SC-2 shaking events for LAAO2.

Maximum Total Dynamic Moments at the Base (Ib-in)
Loma Prieta-SC-1 | Kobe-PI-1 | Kobe-PI-2 | Loma Prieta-SC-2
. Stiff 7.78E+07 1.51E+08 | 1.48E+08 8.73E+07
Strain Gages -
Flexible 6.58E+07 1.15E+08 | 1.16E+08 7.50E+07
, Stiff 7.07E+07 1.64E+08 | 1.68E+08 8.45E+07
Force-Sensing Bolts -
Flexible 4.38E+07 1.02E+08 | 9.88E+07 6.11E+07
BART Estimates Stlff. 1.07E+08 1.50E+08 | 1.69E+08 1.20E+08
Flexible 6.52E+07 9.37E+07 | 1.06E+08 7.37E+07
M-O Method with ap.yx 7.84E+07 1.72E+08 INDET. 9.63E+07
M-O Method with 65% a,ax 5.47E+07 7.84E+07 | 9.01E+07 6.13E+07
Seed and Whitman (1970) Method 1.08E+08 1.51E+08 | 1.67E+08 1.23E+08
with a,.x
Seed and Whitman (1970) Method 8.05E+07 1.08E+08 | 1.19E+08 9.05E+07
with 65% ap,ax
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Table A.3 Maximum total dynamic moments measured and estimated at bases of south
stiff and north flexible walls during Kocaeli-YPT060-2, Kocaeli-YPT060-3,
Kocaeli-YPT330-2, and Kobe-TAK090-1 shaking events for LAA02.

Maximum Total Dynamic Moments at the Base (lb-in)

Kocaeli- Kocaeli- Kocaeli- Kobe-
YPT060-2 YPT060-3 YPT330-2 TAK090-1
, Stiff 4 27E+07 6.44E+07 5.59E+07 1.61E+08
Strain Gages
Flexible 3.51E+07 4.01E+07 4 20E+07 1.14E+08
Force-Sensing Stiff 3.89E+07 5.48E+07 4.73E+07 1.57E+08
Bolts Flexible 2.07E+07 2.75E+07 2.65E+07 1.02E+08
BART Stiff 8.42E+07 1.00E+08 9.90E+07 1.94E+08
Estimates Flexible 5.00E+07 6.06E+07 6.00E+07 1.23E+08
M-0O Method with a,;.x 5.38E+07 7.03E+07 6.90E+07 INDET.
M-O Method with 65% a,.x 4 34E+07 5.12E+07 5.06E+07 1.07E+08
Seed and Whitman (1970) 8.00E+07 1.01E+08 9.97E+07 1.85E+08
Method with a,;.x
Seed and Whitman (1970)
Method with 65% a,,,, 6.23E+07 7.60E+07 7.50E+07 1.30E+08

Table A.4 Maximum total dynamic moments measured and estimated at bases of south
stiff and north flexible walls during Kobe-TAK090-2, Loma Prieta-WVC270,
and Loma Kocaeli-YPT330-3 shaking events for LAA02.

Maximum Total Dynamic Moments at the Base (Ib-in)
Kobe-TAK090-2 | Loma Prieta-WVC270 | Kocaeli-YPT330-3
) Stiff 1.22E+08 4.87E+07 5.32E+07
Strain Gages

Flexible 8.08E+07 4.65E+07 4.76E+07

Force-Sensing Stiff 1.19E+08 4 50E+07 5.22E+07

Bolts Flexible 6.03E+07 3.25E+07 3.38E+07

BART Stiff 1.40E+08 8.64E+07 8.97E+07

Estimates Flexible 8.73E+07 5.15E+07 5.39E+07

M-0O Method with a,., 1.37E+08 5.62E+07 6.35E+07

M-O Method with 65% ap,.x 7.26E+07 4.43E+07 4.78E+07
Seed and Whitman (1970)

Method with a,,,, 1.44E+08 8.43E+07 9.40E+07
Seed and Whitman (1970)

Method with 65% a,,,, 1.04E+08 6.49E+07 7.12E+07
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Table A.S Maximum total dynamic shear values interpreted and computed at bases of

south stiff and north flexible walls during Loma Prieta-1, 2, and 3, and Kobe

shaking events for LAAO1.

Maximum Total Dynamic Shear at the Base (Ib)

Loma Prieta-1 | Loma Prieta-2 Kobe Loma Prieta-3

, Stiff 7.52E+05 8.22E+05 1.53E+06 8.55E+05
Strain Gages -

Flexible 4 .81E+05 4 97E+05 6.80E+05 5.09E+05

BART Estimates Stiff 1.17E+06 1.17E+06 1.52E+06 1.23E+06

Flexible 7.00E+05 7.00E+05 9.32E+05 7.39E+05

M-O Method with a,,.x 1.25E+06 1.25E+06 INDET. 1.43E+06

M-O Method with 65% a,ax 8.23E+05 8.22E+05 1.23E+06 8.83E+05

Seed and Whitman (1970) Method with | 9 gge-+05 0.88E+05 | 1.29E+06 | 1.05E+06

Seed and Whitman (1970) Method with | 5 aqp 5 7.90E+05 | 9.83E+05 | 8.28E+05

65% amax

Table A.6 Maximum total dynamic shear values interpreted and computed at bases of
south stiff and north flexible walls during Loma Prieta-SC-1, Kobe-PI-1, Kobe-

PI-2, and Loma Prieta-SC-2 shaking events for LAAOQ2.

Maximum Total Dynamic Shear at the Base (Ib)

Loma Prieta-SC-1 | Kobe-PI-1 | Kobe-PI-2 | Loma Prieta-SC-2
. Stiff 8 19E+05 1.65E+06 | 1.52E+06 8.22E+05
Strain Gages -
Flexible 7 86E+05 1.42E+06 | 1.32E+06 7 78E+05
CART Estimatos Stiff T.08E+06 1.36E+06 | 1.49E+06 1.16E+06
Flexible 6.36E+05 8.28E+05 | 9.12E+05 6.92E+05
M-O Method with a,,, 1.05E+06 2.30E+06 | INDET. 1.20E+06
M-O Method with 65% a,,,, 7.35E+05 1.05E+06 | 1.21E+06 8.24E+05
Seed and Whitman (1970) Method 9.24E+05 1.21E+06 | 1.32E+06 1.03E+06
with agax
Seed and Whitman (1970) Method 7.39E+05 9.25E+05 | 9.94E+05 8.04E+05

with 65% amayx
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Table A.7 Maximum total dynamic shear values interpreted and computed at bases of
south stiff and north flexible walls during Kocaeli-YPT060-2, Kocaeli-YPT060-
3, Kocaeli-YPT330-2, and Kobe-TAK090-1 shaking events for LAAQ2.

Maximum Total Dynamic Shear at the Base (Ib)
Kocaeli- Kocaeli- Kocaeli- Kobe-
YPT060-2 YPT060-3 YPT330-2 TAK090-1
, Stiff 4.70E+05 7.32E+05 6.40E+05 1.56E+06
Strain Gages
Flexible 4.21E+05 4.87E+05 4.87E+05 1.22E+06
BART Stiff 9.22E+05 1.03E+06 1.02E+06 1.66E+06
Estimates Flexible 5.32E+05 6.04E+05 5.99E+05 1.02E+06
M-O Method with a,.x 7.24E+05 9.45E+05 9.28E+05 INDET.
M-O Method with 65% a,;.x 5.83E+05 6.88E+05 6.81E+05 1.44E+06
Seed and Whitman (1970) 7.34E+05 8.76E+05 8.66E+05 1.44E+06
Method with a,.x
Seed and Whitman (1970)
Method with 65% ap,,, 6.15E+05 7.07E+05 7.01E+05 1.07E+06

Table A.8§ Maximum total dynamic shear values interpreted and computed at bases of
south stiff and north flexible walls during Kobe-TAK090-2, Loma Prieta-
WVC270, and Loma Kocaeli-YPT330-3 shaking events for LAAO02.

Maximum Total Dynamic Shear at the Base (Ib)
Kobe-TAK090-2 | Loma Prieta-WVC270 | Kocaeli-YPT330-3
, Stiff 1.23E+06 5.80E+05 5.50E+05
Strain Gages
Flexible 8.80E+05 5.37E+05 5.59E+05
BART Stiff 1.30E+06 9.33E+05 9.81E+05
Estimates Flexible 7.81E+05 5.39E+05 5.71E+05
M-0O Method with a,y 1.84E+06 7.55E+05 8.53E+05
M-0 Method with 65% a,ayx 9.75E+05 5.96E+05 6.43E+05
Seed and Whitman (1970)
Method with a,,,, 1.17E+06 7.60E+05 8.25E+05
Seed and Whitman (1970)
Method with 65% ap,q, 8.93E+05 6.29E+05 6.71E+05
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Table A.9 Maximum dynamic moment increments measured and estimated at bases of

south stiff and north flexible walls during Loma Prieta-1, 2, and 3, and Kobe

shaking events for LAAO1.

Maximum Dynamic Moment Increments at the Base (Ib-in)
Loma Prieta-1 | Loma Prieta-2 Kobe Loma Prieta-3

. Stiff 5.98E+07 6.38E+07 1.28E+08 6.45E+07
Strain Gages -

Flexible 3.30E+07 3.29E+07 5.64E+07 3.27E+07

. Stiff 4. 45E+07 4.89E+07 1.21E+08 4 48E+07
Force-Sensing Bolts -

Flexible 6.08E+07 5.99E+07 9.74E+07 5.61E+07

BART Estimates St:ff. 6.25E+07 6.22E+07 1.14E+08 7.02E+07

Flexible 417E+07 4.14E+07 7.59E+07 4.68E+07

M-O Method with ap,.x 6.20E+07 6.14E+07 INDET. 7.45E+07

M-O Method with 65% a,ax 3.00E+07 2.98E+07 6.04E+07 3.41E+07

geed and Whitman (1970) Method with | ¢ /-7 8.42E+07 | 1.28E+08 | 9.23E+07

gg;daa"d Whitman (1970) Method with | 5 4o, 7 5.47E+07 | 8.35E+07 | 6.00E+07

max

Table A.10 Maximum dynamic moment increments measured and estimated at bases of
south stiff and north flexible walls during Loma Prieta-SC-1, Kobe-PI-1, Kobe-
PI-2, and Loma Prieta-SC-2 shaking events for LAAOQ2.

Maximum Dynamic Moment Increments at the Base (lb-in)
Loma Prieta-SC-1 | Kobe-PI-1 | Kobe-PI-2 | Loma Prieta-SC-2
, Stiff 4.62E+07 1.08E+08 | 1.19E+08 6.47E+07
Strain Gages -
Flexible 2.46E+07 5.52E+07 | 8.11E+07 4.21E+07
, Stiff 3.65E+07 1.20E+08 | 1.36E+08 5.09E+07
Force-Sensing Bolts -
Flexible 2.35E+07 6.88E+07 | 7.84E+07 4.00E+07
BART Estimates Stlff. 5.35E+07 9.64E+07 | 1.15E+08 6.67E+07
Flexible 3.57E+07 6.43E+07 | 7.70E+07 4 45E+07
M-O Method with apn.x 4.90E+07 1.42E+08 INDET. 6.70E+07
M-O Method with 65% a,.x 2.52E+07 4.89E+07 | 6.07E+07 3.21E+07
Seed and Whitman (1970) Method 7.85E+07 121E+08 | 1.37E+08 9.42E+07
with a,.x
Seed and Whitman (1970) Method 5.10E+07 7.88E+07 | 8.92E+07 6.13E+07
with 65% apax
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Table A.11 Maximum dynamic moment increments measured and estimated at bases of
south stiff and north flexible walls during Kocaeli-YPT060-2, Kocaeli-YPT060-
3, Kocaeli-YPT330-2, and Kobe-TAK090-1 shaking events for LAAQ2.

Maximum Dynamic Moment Increments at the Base (lb-in)
Kocaeli- Kocaeli- Kocaeli- Kobe-
YPT060-2 YPT060-3 YPT330-2 TAK090-1
i Stiff 1.61E+07 2.72E+07 2.27E+07 1.24E+08
Strain Gages
Flexible 8.12E+06 1.18E+07 1.18E+07 7.45E+07
Force-Sensing | Stiff 1.25E+07 2.41E+07 1.66E+07 1.15E+08
Bolts Flexible 5.94E+06 1.15E+07 9.90E+06 7.37TE+07
BART Stiff 3.11E+07 4.71E+07 4.60E+07 1.41E+08
Estimates Flexible 2.07E+07 3.14E+07 3.06E+07 9.38E+07
M-O Method with ap,.y 2.46E+07 4 11E+07 3.98E+07 INDET.
M-0O Method with 65% an.x 1.42E+07 2.20E+07 2.14E+07 7.81E+07
Seed and Whitman (1970) 5.08E+07 7.19E+07 7.05E+07 1.56E+08
Method with a,;.x
Seed and Whitman (1970)
Method with 65% a,,,, 3.30E+07 4.67E+07 4.58E+07 1.01E+08

Table A.12 Maximum dynamic moment increments measured and estimated at bases of
south stiff and north flexible walls during Kobe-TAK090-2, Loma Prieta-
WVC270, and Loma Kocaeli-YPT330-3 shaking events for LAAO02.

Maximum Dynamic Moment Increments at the Base (lb-in)
Kobe-TAK090-2 | Loma Prieta-WVC270 | Kocaeli-YPT330-3
) Stiff 8.50E+07 1.50E+07 1.65E+07
Strain Gages
Flexible 4.01E+07 9.49E+06 1.10E+07
Force-Sensing Stiff 7.76E+07 1.29E+07 1.31E+07
Bolts Flexible 3.38E+07 8.23E+06 9.53E+06
BART Stiff 8.75E+07 3.41E+07 4.13E+07
Estimates Flexible 5.84E+07 2.27E+07 2.75E+07
M-0O Method with a,., 1.08E+08 2.75E+07 3.47E+07
M-0O Method with 65% ap,.x 4.36E+07 1.56E+07 1.91E+07
Seed and Whitman (1970)
Method with a,,,., 1.16E+08 5.56E+07 6.53E+07
Seed and Whitman (1970)
Method with 65% a,,,, 7.51E+07 3.61E+07 4.24E+07
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