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ABSTRACT

Recent changes in codes and improved understanding of strong ground motions have led to
increased demands in the seismic design of retaining structures. Correspondingly, the dynamic
loads computed using currently available design procedures significantly exceed loads used in
the design of most of the existing retaining structures, suggesting that they may have been
significantly underdesigned. Field evidence from recent major earthquakes fails to show any
significant problems with the performance of retaining structures designed for static earth
pressures only. In view of this, an experimental and analytical study of seismic earth pressures
on cantilever retaining structures was performed to address the apparent discrepancy between
theory and actual performance.

Two sets of dynamic centrifuge model experiments were performed to evaluate the
magnitude and distribution of seismically induced lateral earth pressures on retaining structures
and to study the seismic response of retaining wall-backfill systems. Two U-shaped cantilever
retaining structures, one flexible and one stiff, were used in each experiment to model prototype
structures representative of retaining-wall designs currently under consideration by the Bay Area
Rapid Transit (BART) and the Valley Transportation Authority (VTA). Dry medium-dense sand
at 61% and 72% relative density was used as backfill. The results obtained from the centrifuge
experiments were used to develop and calibrate a two-dimensional (2-D) nonlinear finite element
(FE) model built on the OpenSees platform. The finite element model was used to further study
the seismic response of retaining wall-backfill systems and to evaluate the ability of numerical
modeling in capturing the essential features of the seismic response observed in the centrifuge
experiments.

In general, the magnitude of the observed seismic earth pressures depends on the
magnitude and intensity of shaking, the density of the backfill soil, and the flexibility of the
retaining walls. Specifically, the results of the centrifuge experiments 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 pressures. Hence the current practice
and assumption that the resultant of the dynamic earth pressures acts at 0.6-0.7H is not
consistent with the experimental results. A similar conclusion was reached by Nakamura (2006)
based on centrifuge experiments on gravity walls. An important contribution to the overall

dynamic moment acting on the wall is the mass of the wall itself. The data from the centrifuge
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experiments suggest that this contribution can be substantial. Moreover, the dynamic earth
pressures and inertial forces do not act simultaneously. The experimental results show that when
the inertial force is at its local maximum, the overall dynamic moment acting on the wall reaches
its local maximum as well, while the dynamic earth pressure increment is at its local minimum or
is around zero. This observation contradicts the Mononobe-Okabe hypothetical assumptions and
suggests that designing retaining walls for maximum dynamic earth pressure increment and
maximum wall inertia is overly conservative. The relationship between the seismic earth
pressure increment coefficient (AKag) at the time of maximum overall wall moment and peak
ground acceleration obtained from the centrifuge experiments suggests that seismic earth
pressures can be neglected at accelerations below 0.4 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 be expected
to resist seismic loads at accelerations up to 0.5 g. The finite element model results using
nonlinear soil model parameters are in good agreement with centrifuge results and are consistent
with the observed trends. The results of finite element modeling with denser soil parameters
showed that the seismic earth pressures decreased on the order of 23-30%, suggesting that
seismic earth pressures may not be a significant issue in good soil conditions. This aspect of the

problem requires further experimental and analytical evaluation.
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1 Introduction

The problem of retaining soil is one of the oldest in geotechnical engineering, and some of the
earliest and most fundamental principles of soil mechanics were developed to allow for rational
design of earth retaining structures. Earth retaining structures take many different forms
supporting slopes, bridge abutments, quay walls, and excavations. As such, they are frequently
key elements of ports and harbors, transportation systems, lifelines, and other constructed
facilities. Therefore, their design for static and seismic loading has always been an important
subject in geotechnical engineering.

Lateral earth pressures are those imparted by soils onto vertical or near-vertical
supporting structures. The solution of lateral static earth pressure problems was among the first
applications of the scientific method to the design of structures. Two of the pioneers in this effort
were Coulomb and Rankine. Although many others have since made significant contributions to
our knowledge of static earth pressures, the work of these two scientists was so fundamental that
it still forms the basis for earth pressure calculations today. The magnitude of earth pressures is
largely related to the allowed movement of the retaining structure. Minimum (active) and
maximum (passive) earth pressures occur when the retaining structure is allowed to move away
from and into the soil, respectively. At-rest earth pressures fall in between these two extremes
and occur when the retaining system is not allowed to move.

Coulomb (1776) first studied the problem of lateral static earth pressures on retaining
structures. He used force equilibrium to determine the magnitude of the soil thrust acting on the
wall for the minimum active and maximum passive conditions. Since the problem is
indeterminate, a number of potential failure surfaces must be analyzed to identify the critical
failure surface. Rankine (1857) developed a much simpler procedure for computing minimum
active and maximum passive static earth pressures. By making assumptions about the stress
conditions and the strength envelope of the soil behind the wall, Rankine was able to render the

lateral earth pressure problem determinate and directly compute the static earth pressures acting



on retaining structures. The work of Rankine and Coulomb forms the basis of static earth
pressure analyses, and their design procedures for static lateral loading on retaining structures are
well developed and accepted.

The evaluation of seismically induced lateral earth pressures on retaining structures,
however, represents a much more challenging problem. Permanent deformations of retaining
structures occurred in many historical earthquakes. In some cases, these deformations were
negligibly small, while in others they caused significant damage. With the occurrence of large-
magnitude earthquakes that caused significant damage to different types of engineering
structures, designing earth retaining systems for seismic loading became a necessity, and
understanding the seismic behavior of the backfill-retaining structure system became essential.

The dynamic response of even the simplest type of retaining wall is a complex soil-
structure-interaction problem. Wall movements and dynamic earth pressures depend on the
response of the soil underlying the wall, the response of the backfill, the inertial and flexural
response of the wall itself, and the nature of the input motions. 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 Kwanto 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 earth pressures. The M-O method
was originally developed for gravity walls retaining cohesionless backfill materials and is today,
with its derivatives, the most commonly used approach to determine seismically induced lateral
earth pressures. Later studies provided design methods mostly based on analytical solutions or
experimental programs.

While many theoretical, experimental and analytical studies have been conducted on the
subject of seismic earth pressures in the last eighty years, to date, there seems to be no general
agreement on a seismic design method for retaining structures or whether seismic provisions
should be applied at all (see Chapter 2). Given the importance of the seismically induced lateral
earth pressures problem in the design of retaining structures in seismically active areas, an
experimental and analytical study was undertaken aimed at improving our understanding of
seismically induced lateral earth pressures on U-shaped cantilever walls retaining medium-dense
sand deposits. This study started with an extensive literature review of previous analytical,
numerical, and experimental work related to dynamic earth pressures. The results of this
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literature review and a review of the available case histories of retaining structures under seismic
loading are presented in Chapter 2 of this report.

The experimental phase of this study consisted of performing a series of two dynamic
centrifuge experiments to measure the magnitude and distribution of seismic earth pressures on
U-shaped cantilever retaining structures. The centrifuge models were extensively instrumented
with accelerometers, air hammers, bender elements, strain gages, force-sensing bolts, pressure
sensors, and displacement transducers in order to study the behavior of walls and backfills under
earthquake loading. A detailed description of the experimental design and setup is presented in
Chapter 3. The results of the two centrifuge experiments are presented in terms of acceleration,
displacement, moment, and pressure responses in Chapter 4.

After performing the dynamic centrifuge experiments and analyzing the experimental
results and observations, a two-dimensional (2-D) nonlinear finite element (FE) model was
developed on the OpenSees platform to study the behavior of retaining walls and backfill under
seismic loading. The 2-D FE model was calibrated against the recorded data and observations
from the two centrifuge experiments. Through comparison between the computed and
centrifuge-recorded responses, the FE model was evaluated for its ability to capture the essential
features and soil-structure interaction of the retaining wall-backfill system during earthquakes. A
detailed description of the development and calibration of the FE model is presented in Chapter
5. The calibrated finite element was used to predict earth pressures for retaining wall-backfill
scenarios of interest. The results of these predictions are also presented in Chapter 5.

Conclusions and design recommendations are presented in Chapter 6.



2 Literature Review

Since the pioneering work of Mononobe and Matsuo (1929) and analytical work of Okabe
(1926), researchers have developed a variety of analytical and numerical models to predict the
dynamic behavior of retaining walls, and have 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. While a vast amount of literature exists on the
topic of seismically induced lateral earth pressures, this chapter summarizes previous research

performed highlighting selected works of relevance to this study.

2.1 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 methods. Relatively
large wall deflections are usually assumed for rigid-plastic methods, while very small deflections
are assumed for elastic methods. Elasto-plastic methods, appropriate for moderate wall
deflections, are usually developed using finite element analysis and are therefore presented under
the numerical methods section of this chapter. It is important to note that analytical seismic earth
pressures methods are usually based on idealized assumptions and simplifications that do not
necessarily represent the real retaining structures—backfill seismic behavior. Therefore, such

methods often result in overconservative estimates of dynamic earth pressures.



2.1.1 Rigid-Plastic Methods

Rigid-plastic methods, which generally assume large wall deflections, 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 Mononobe-Okabe Method and Its Derivatives

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 force
diagram is presented in Figure 2.1.

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):

1. The wall yields sufficiently to produce minimum active pressure;

2. The soil is assumed to satisfy the Mohr-Coulomb failure criterion;

3. 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;

4. Failure in the backfill occurs along a plane surface inclined at some angle with respect to
the horizontal backfill passing through the toe of the wall,

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

6. Equivalent static horizontal and vertical forces, W.k, and W k,, are applied at the center
of gravity of the wedge represent the earthquake forces. Parameters Ky and K, represent

gravitational accelerations in the soil wedge.
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Fig. 2.1 Forces considered in Mononobe-Okabe analysis (Wood 1973).

Based on the M-O method, the active lateral thrust can be determined by the static
equilibrium of the soil wedge shown in Figure 2.1. The maximum dynamic active thrust per unit
width of the wall, Pag, is determined by optimizing the angle of the failure plane to the
horizontal plane, and is given by:

1
P, :E'y-HZ-(l—kv)-KAE (2.1)

cos’(p—6- ) 22)

cos6.cos” B.cos(d + [+ 0){1 +\/ sin(g+ 0).sin(p— 9 i)
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where, K . =

Par= Maximum dynamic active force per unit width of the wall;
K sg = Total lateral earth pressure coefficient;

v = unit weight of the soil;

H = height of the wall;

@ = angle of internal friction of the soil;

d = angle of wall friction;



1 = slope of ground surface behind the wall;

B = slope of the wall relative to the vertical;

k
0 =tan ' (—"—
an (l—k)

ki, = horizontal wedge acceleration divided by g; and

k, = vertical wedge acceleration divided by g.

The M-O method gives the total active thrust acting on the wall but does not explicitly
give the point of application of the thrust or the dynamic earth pressure distribution. The point of
application of the M-O active thrust is assumed to be at H/3 above the base of the wall.

Seed and Whitman (1970) performed a parametric study to evaluate 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
maximum total earth 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. Seed and Whitman
(1970) suggested that the static, dynamic increment, and total lateral earth pressure coefficients
can be related as: Kag = Kao + AKag, where the dynamic earth pressure increment coefficient
AK g = %4 ky, for the case of a vertical wall, the horizontal backfill slope, and a friction angle of
35°. After reviewing the results of experimental work based on small, 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.
Moreover, the authors observed that the peak ground acceleration occurs for an instant and does
not have sufficient duration to cause significant wall movements. Therefore, they recommended
using a reduced ground acceleration of about 85% of the peak value in the seismic design of
retaining walls. Finally, Seed and Whitman (1970) concluded that “many walls adequately
designed for static earth pressures will automatically have the capacity to withstand earthquake
ground motions of substantial magnitudes and in many cases, special seismic earth pressure
provisions may not be needed.”

Displacement-based methods are generally developed for gravity retaining walls and are
mostly based on the Newmark (1965) and modified Newmark sliding block model. The concept
of displacement-based methods involves calculating an acceleration coefficient value based on
the amount of permissible displacement of the wall. This reduced acceleration coefficient is then

used with the M-O method to determine the dynamic thrust. Wall inertial effects are usually
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accounted for in displacement-based methods. Richards and Elms (1979) observed that inertial
forces on gravity retaining walls can be significant and concluded that the M-O method provides
adequate estimates of seismic earth pressures provided that wall inertial effects are properly

accounted for. Other examples of such methods are Zarrabi (1979), and Jacobson (1980).

2.1.2 Elastic Methods

Elastic methods are generally applied in the design of basement walls that usually experience
very small displacements and can be considered as “truely” rigid walls. The underlying
assumption is that the relative soil-structure movement generates soil stresses in the elastic range.
Elastic methods are usually based on elastic wave solutions and result in the upper-bound
dynamic earth pressures estimates. The Wood (1973) method is the most widely used 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 YH2A
acting at 0.58H above the base of the wall. Figure 2.2 presents Wood’s formulation for the case

of a uniform horizontal body force.
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Fig. 2.2 Wood (1973) rigid problem.

2.2 NUMERICAL METHODS

Numerical modeling efforts have been applied to verify the seismic design methods in practice
and to provide new insights into 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 and constitutive models 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 finite elements methods for studying the static behavior of retaining walls
that included the interface effects between the structure and the surrounding soil. Wood (1973)
modeled a rigid retaining wall—soil system using linear plane-strain conditions and compared the

results with analytical calculations for rigid walls and found good agreement. Aggour and Brown
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(1973) conducted 2-D plane-strain analyses on a 20-ft-tall cantilever retaining wall to study the
effects of wall flexibility and backfill length and shape on the dynamic earth pressure
distribution. They concluded that greater wall flexibility reduces the total dynamic moments
acting on the retaining structure and that the shape of the backfill has a considerable effect on the
frequencies of the system.

Siddharthan and Maragakis (1989) conducted finite element analyses to model the
dynamic behavior of a flexible retaining wall supporting dry cohesionless soil. They used an
incrementally elastic approach to model soil nonlinear hysteretic behavior and validated their
model by comparing its results to recorded responses from a dynamic centrifuge experiment.
Siddharthan and Maragakis (1989) concluded that higher bending moments and lower wall
deflections occur for stiffer retaining walls supporting looser sandy backfills. Steedman and
Zeng (1990) proposed a pseudo-dynamic model for seismic earth pressures taking into account
dynamic amplification and phase shifting, and validated their model with results from a
centrifuge experiment. They concluded that the dynamic active thrust acts at a point above one
third the height of the wall above its base. Veletsos and Younan (1997) modeled flexible
retaining walls supporting a uniform linear viscoelastic soil medium and observed that forces
acting on flexible walls are much lower than those acting on rigid ones.

Green et al. (2003) performed a series of nonlinear dynamic response analyses of a
cantilever retaining wall—soil system using the FLAC modeling tool, and concluded that at very
low levels of acceleration, the seismic earth pressures were in agreement with the M-O
predictions. As accelerations increased, seismic earth pressures were larger than those predicted
by the M-O method. Gazetas et al. (2004) performed a series of finite element analyses on
several types of flexible retaining systems subject to short-duration, moderately strong
excitations. They observed that “as the degree of realism in the analysis increases, we can
explain the frequently observed satisfactory performance of retaining systems during strong
seismic shaking.”

To investigate the characteristics of the lateral seismic soil pressure on building walls,
Ostadan (2005) performed a series of soil-structure-interaction analyses using SASSI. Using the
concept of a single degree-of-freedom, Ostadan (2005) proposed a simplified method to predict
maximum seismic soil pressures for building walls resting on firm foundation material. This
proposed method resulted in dynamic earth pressure profiles comparable to or larger than the
Wood (1973) solution, with the maximum earth pressure occurring at the top of the wall.
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2.3 EXPERIMENTAL METHODS

Experimental studies of seismically induced lateral earth pressures on retaining structures started
in 1929 by Mononobe and Matsuo after the Great Kwanto Earthquake of 1923. To verify the
analytical method of calculation of dynamic earth pressures developed by Okabe (1926),
Mononobe and Matsuo (1929) carried out experiments on dry relatively loose sand in a rigid 1-g
shaking table container in order to measure dynamic earth pressures on retaining walls. The
Mononobe and Matsuo (1929) experimental configuration is presented in Figure 2.3. The
experiments consisted of river bed sand boxes with two vertical doors hinged at their base and
hydraulic pressure gages at their top to measure the horizontal pressure exerted on the walls. The
modeled walls were of 4 and 6 ft height. The sand boxes were set on rollers and horizontal

simple harmonic motion was imparted by means of a winch driven by an electric motor.

££¢' ﬁﬂf."oﬂ: <

Sﬂ”ar Bax- Pressure
) L N .
Door B ,"‘
7 23
/');nge e (i
‘ [ e
2
|1
- I . _‘,- /I,C(‘JINCG/ If_‘-—rj —l
» = Drum, % f:ﬂa
_ . fa/fer" , _ ’ [ T
Perbibion” Pl L . ]

Wall ~n i T U S L

Ll Door A Lecentoie Disk.

b
S\f'/"h’?j‘ Cushon.
Fig. 6.

Fig. 2.3 Setup of Mononobe and Matsuo (1929) experiments.
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Mononobe and Mastuo (1929) obtained experimental results consistent with the Okabe
(1926) principle and their proposed seismic earth pressure theory, presented in Section 2.1.1
became known as the M-O method. 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 the properties of
the sand. In that sense, Mononobe and Matsuo’s results are correct for the given geometry and
material, and are directly applicable to walls up to 6 ft in height with relatively loose granular
backfill but are limited to such scenarios.

The results from various later experimental programs aimed at determining dynamic
earth pressures on retaining walls have been reported in the literature. The majority of these
experimental studies were performed on 1-g shaking tables. Similarly to the Mononobe and
Matsuo (1929) experiments, the accuracy and usefulness of these 1-g shaking table experiments
are limited due to the inability to replicate in-situ soil stress conditions especially for granular
backfills. The results from the 1-g shaking table experiments were published in the literature by
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). As expected, the results of such experiments generally 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 one third the height of the wall above its
base.

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 one third the height of the
wall above its base. 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
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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 midheight of the wall. Based on the Zeng (1990) dynamic
centrifuge experiments, Steedman and Zeng (1990) suggested that the dynamic amplification or
attenuation of input motion through the soil and that 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 dry medium-dense 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.

Nakamura (2006) performed a series of dynamic centrifuge experiments to study the
seismic behavior of gravity retaining walls and investigate the accuracy of the M-O assumptions.
His study presented invaluable insights into the seismic behavior of the gravity wall-backfill

system. The configuration of the Nakamura (2006) centrifuge model is presented in Figure 2.4.
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Fig. 2.4 Nakamura (2006) centrifuge model, horizontal shaking direction (in mm).
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Nakamura (2006) studied the displacement, acceleration, and earth pressures responses in
order to understand the seismic behavior of the wall/backfill system. His conclusions can be
summarized as follows:

1. Contrary to the M-O rigid wedge assumption, the part of the backfill that follows the
displacement of the retaining wall deforms plastically while sliding down;

2. While the M-O theory assumes that no phase difference occurs between the motion of the
retaining wall and backfill, Nakamura (2006) experimentally observed that the
acceleration is transmitted instantaneously through the retaining wall and then transmitted
into the backfill; and

3. The M-O theory assumes that seismic earth pressures increase when the inertial force acts
in the active direction on the wall/backfill system. In reality, dynamic earth pressures and
inertial forces are not in phase. The dynamic earth pressure increment is around zero

when the inertial force is at its maximum.

2.4  FIELD PERFORMANCE

Limited information is available on the field performance of retaining structures in recent major
earthquakes due to the lack of well-documented retaining structures failures in non-liquefiable
backfills. As discussed in Gazetas et al. (2004), the performance of retaining structures and
basement walls during earthquakes greatly depends on the presence of liquefaction-prone loose
cohensionless backfills. Case histories from recent major earthquakes (such as San Fernando
(1971), Loma Prieta (1989), Northridge (1994), Kobe (1995), Chi-Chi (1999), Kocaeli (1999)
and Athens (1999)) show that retaining structures supporting loose saturated liquefiable
cohesionless soils are quite vulnerable to strong seismic shaking. On the other hand, flexible
retaining walls supporting dry cohesionless sands or saturated clayey soils have performed
particularly well during earthquakes. It is important to note that some of these retaining walls
were not designed for seismic loading and that others were designed for base accelerations not
more than 20% of the peak accelerations that they actually experienced during the earthquake.
Selected case histories describing the behavior of retaining structures with non-liquefiable
backfills are presented in this section.

Clough and Fragaszy (1977) investigated the seismic performance of open channel

floodway structures in the Greater Los Angeles area during the 1971 San Fernando earthquake.
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The floodway structures studied consisted of open U-shaped channels with wall tops set flush to
the ground surface as shown in Figure 2.5. 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.
The cantilever walls were damaged during the earthquake, with the typical mode of failure as
shown in Figure 2.5.

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 Fragaszy (1977) is shown in Figure 2.6.
After performing M-O analyses and while applying the resulting dynamic force at two thirds the
height of the wall above its base, they observed that M-O type analysis used with an effective
acceleration of 0.7 g adequately predicted the failure loads. 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. 2.3 Section through open channel floodway and typical mode of failure due to
earthquake shaking (from Clough and Fragaszy 1977).

16



]
] Range of
O 3 Possible -
s O Accelerations
<
3 = 2L No Chonnel Domogeri -
o3 '
E T || -
e o
=

0 ] | | | il | | |

o 2 3 4 5 6 7 B8

ESTIMATED PEAK ACCELERATIONS g

Fig. 2.4 Relationship between channel damage and peak accelerations (from Clough and
Fragaszy 1977).

Successful field measurements of seismic lateral earth pressures on the embedded walls
of the Lotung, Taiwan, quarter-scale reactor containment structure during several moderate
earthquakes were reported by Chang et al. (1990). The authors reported that measured seismic
earth pressures were similar to or lower than estimates calculated by the M-O method.

During the 1994 magnitude 6.7 Northridge earthquake, numerous “temporary” anchored
walls were subjected to acceleration levels in excess of 0.2 g and in some cases as large as 0.6 g.
Lew et al. (1995) described four such prestressed-anchored piled walls in the Greater Los
Angeles area with excavation depths of 15-25 m and supporting relatively stiff soils. The authors
reported that the measured deflections of these walls did not exceed 1 cm and that no significant
damage was observed.

During the 1995 magnitude 7 Kobe, Japan, earthquake, a wide variety of retaining
structures, mostly located along railway lines, were put to the test. Gravity-type retaining walls
such as masonry, unreinforced concrete and leaning type were heavily damaged. On the other
hand, reinforced concrete walls experienced only limited damage. Koseki et al. (1998) presented
preliminary evaluations of the internal and external stability of several damaged retaining walls
during the Kobe earthquake. The aim of their study was to improve the current design procedures
that are mostly based on the M-O theory. Koseki et al. (1998) concluded that a horizontal
acceleration coefficient based on a reduced value of the measured peak horizontal acceleration

(60—100% of peak ground acceleration) is appropriate for use with the M-O method.
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During the 1999 magnitude 7.6 Chi-Chi, Taiwan, earthquake, flexible reinforced-
concrete walls and reinforced-soil retaining walls performed relatively well. Ling et al. (2001)
studied cases of modular-block geosynthetic-reinforced soil retaining walls and reinforced slopes
failures during the Chi-Chi earthquake. They attributed part of these failures to the topography
and geotechnical conditions in Taiwan, whereby many walls are located along slopes and
mountains and are constructed with obvious lack of professional design.

Gazetas et al. (2004) reported that during the 1999 magnitude 5.9 Athens earthquake
several metro stations were being constructed. Although the retaining structure of the
Kerameikos metro station was not designed for seismic shaking, it was able to withstand nearly
0.5 g of peak ground acceleration during the earthquake with no visible damage. Maximum wall
displacements were estimated to have been on the order of a few centimeters. Overall, these case
histories show that retaining structures perform quite well under seismic loading even if they

were not specifically designed to handle dynamic loads.
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3 Experimental Method

3.1 OVERVIEW OF DYNAMIC GEOTECHNICAL TESTING

Soil behavior is governed to a large extent by the existing stress state. In order for a centrifuge
test model to represent actual prototype conditions, the stresses at homologous points in the
model and the prototype should be the same. Thus, the basic principle behind centrifuge testing
in geotechnical engineering is to create a stress field in the model that simulates prototype
conditions. This allows the investigation of phenomena that otherwise would be possible only on
full-scale prototypes.

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 arm with its long dimension,
which is parallel to the direction of shaking, horizontal until the arm starts to spin. 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.

3.1.1 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 relevant to centrifuge model testing is presented in

Table 3.1.

Table 3.1 Centrifuge scaling relationships.

Model
Parameter Dimension/Prototype
Dimension

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

Particle size effects are important in centrifuge modeling and should be properly
accounted for. Particle size cannot simply be scaled according to the scaling relationship for
volume. According to Kutter (1995), interparticle contact forces and particle deformations
depend on stress and absolute particle size. For models involving foundation elements, a
significant number of contacts between the soil and the structure’s foundation is required to
minimize particle effects. For the 0.14-mm-diameter sand particles used in the centrifuge
experiments described herein, a minimum foundation width of 4.2 mm is required. This
requirement is easily satisfied with the use of 327.7-mm-diameter mat foundations used in the

experiments.

3.1.2 Advantages of Centrifuge Modeling

Dynamic centrifuge testing has become an invaluable tool to understanding geotechnical

earthquake engineering problems that otherwise would have been very hard to study. Advantages
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of dynamic centrifuge modeling have been discussed by many researchers such as Kutter (1995)

and Dobry and Liu (1994). These advantages are summarized as:

3.1.3

Use of small-scale models to accurately simulate prototypes with realistic soil stress
states and depths;

Repeatability of results for like models;

Direct observation of modes of failures and deformations;

Efficient and cost-effective solution compared to full-scale testing;

Ability to apply earthquake motions with a wide range of magnitudes and frequency
contents; and

Evaluation of empirical methods and validation of numerical modeling techniques.

Limitations of Centrifuge Modeling

While centrifuge model experiments have many advantages over other experimental approaches,

there are also inherent limitations (Hausler 2002):

3.2

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;

Container side-wall interacts with the neighboring soil. This effect was minimized in the
performed centrifuge experiments by using a flexible shear beam container. This type of
container is designed such that its natural frequency is much less than the initial natural
frequency of the soil (Kutter 1995);

The container bottom, which is the source of input motion imparted to the soil, represents
a rather unnatural and very rigid geologic transition; and

Experimental errors that can be exacerbated through adherence to the scaling

relationships.

UC DAVIS CENTRIFUGE, SHAKING TABLE, AND MODEL CONTAINER

Two centrifuge experiments were performed on the dynamic centrifuge at the Center for

Geotechnical Modeling (CGM) 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
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centrifuge capacity in terms of the maximum acceleration multiplied by the maximum payload is
240 g-ton. The shaking table has a maximum payload mass of 2,700 kg and a maximum
centrifugal acceleration of 75 g. Additional technical specifications for the centrifuge and
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 known
as FSB2 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
3.1. The flexible model container is mounted on a servo-hydraulic shaking table. The shaker
actuators are controlled by a conventional closed-loop feedback control system and have the
capacity of producing between 14 and 30 g shaking accelerations at frequencies up to 200 Hz.

The maximum absolute shaking velocity is about 1 m/sec and the stroke is 2.5 cm peak to peak.

Fig. 3.1 Model container FSB2.
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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 the two experiments was 36 g. All results are presented in terms of prototype units unless

otherwise stated.

3.3 MODEL TEST CONFIGURATIONS

The first centrifuge experiment, LAAO1, was performed on a two-layer sand model. The model
configuration is shown in Figures 3.2 and 3.3 in model scale units in profile and plan views,
respectively. 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
were designed to 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.

The second centrifuge experiment, LAAO2, was performed on a uniform-density sand
model. The model configuration is shown in Figures 3.4 and 3.5 in model scale units in profile
and plan views, respectively. The LAA0O2 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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34 SOIL PROPERTIES

The sand used in the two centrifuge models was fine uniform angular Nevada sand. It has a mean
grain size of 0.14-0.17 mm, a uniformity coefficient of 1.67, a specific gravity of 2.67, and less
than 5% fines (Kammerer et al. 2000). Mechanical grain size analyses of Nevada sand are shown
in Figure 3.6. Minimum and maximum dry density tests have been performed on several batches
of Nevada sand and have been reported in the literature as summarized in Table 3.2. Slight
variations in the results can be attributed to the inherent changes in the different sand batches
delivered to the CGM facility and to the different testing methods used (ASTM versus Japanese
standards). The minimum and maximum dry densities determined at the University of California,
Davis, in January 2007 using the Japanese standard methods, yielded 14.50 and 17.49 kN/m3,
respectively. These minimum and maximum dry density values were used in this study. 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).

Table 3.2 Nevada sand properties.

Source Gs €min €max (I?l’\l“/‘;%) (}(é’l’vﬂ/};‘%)
Arulmoli et al. (1991) 2.67 | 0.511 | 0.887 13.87 17.33
Woodward Clyde (1997) - - - 13.97 16.75
Kammerer et al. (2000) 2.67 | 0.533 | 0.8875 13.87 17.09
UC Davis - Seiji Kano (2007) | 2.65 | 0.486 | 0.793 14.50 17.49
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35 STRUCTURES' PROPERTIES

The model stiff and flexible U-shaped cantilever retaining 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 using five
force-sensing bolts on the south and north walls of the stiff and flexible structures, respectively,
and five regular 5/16-in. aluminum bolts on the rest of the walls. Washers were placed between
the bolts and the walls. The stiff and flexible structures spanned the width of the container.

Both stiff and flexible aluminum structures were designed to represent typical reinforced
concrete U-shaped cantilever retaining structures. The 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
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b-h’
concrete sections rather than the gross moment of inertia (Ig " 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 structures are
shown in Figure 3.7 and 3.8, respectively, in model scale. The dimensions of the prototype

aluminum structures and their properties are presented in Table 3.3.

Table 3.3 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) | 5.92E+10 | 1.04E+10
Base Width (ft) 35.64 36.96
Base Thickness (ft) 2.7 2.7
Base Stiffness (Ib-in.” per ft width) | 3.45E+11 | 3.45E+11
Estimated Natural Period (sec) 0.11 0.24
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3.6 MODEL CONSTRUCTION

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 3.2 and 3.4. The soil density was produced by calibrating the drop height, mesh opening,
and speed of drop for the pluviator. The optimal settings were determined prior to model
construction through several successive pluviation trials using a constant volume container. After
placement of each layer, the sand surface was smoothed with a vacuum and instruments were
placed at their specific positions.

The sequence of the model construction consisted of first placing the sand underneath the
structures in several lifts. The stiff and flexible structures were then placed at their appropriate
locations. Finally, the backfill sand was placed behind the walls in several layers. 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. and 2 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

3.9-3.12.
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Fig. 3.9 Pluviation of sand inside model container.

Fig. 3.10 Leveling sand surface with a vacuum.
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Fig. 3.12 Model on centrifuge arm.
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3.7 INSTRUMENTATION AND MEASUREMENTS

The LAAO1 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 accelerometers manufactured by PCB
Piezotronics with 50-100 g maximum outputs and MEMS (Micro-Electro-Mechanical Systems)
wireless accelerometers with 100 and 200 g maximum outputs. Soil settlement and the
structures’ deflections and settlement were measured at different locations using a combination
of spring-loaded LVDTs with 1 and 2 in. range, manufactured by Omega Engineering, and
Duncan 600 series linear potentiometers with 1, 2, and 4 in. range. Shear-wave velocities in the
soil underneath and behind the structures were measured using piezo-ceramic bender elements
and mini-shear air hammers. The locations of accelerometers, bender elements, air hammers, and
displacement transducers are shown in Figures 3.2-3.5.

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 because 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
in the two centrifuge experiments using flexible tactile pressure type A201-1 Flexiforce sensors,
manufactured by Tekscan. The sensors consist of an ultra-thin (about 0.008 in. thick) and
flexible printed circuit with a circular active sensing area of 0.375 in. diameter at the end of the
sensor. These sensors can be used to measure static and dynamic forces and are thin enough to
enable non-intrusive measurement. As shown in Figure 3.13, the sensing area consists of silver
conductive material separated by semi-conductive ink, wherein the resistance is inversely
proportional to the applied force. The Flexiforce sensors were spray-glued to the aluminum walls
and then connected to the excitation circuit board recommended by Tekscan and assembled at
the CGM facility at UC Davis. More specifications and performance characteristics of the

Flexiforce sensors can be found in the Flexiforce sensors user manual (Tekscan 2007).
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FlexiForce A201 Sensor

Fig. 3.13 Flexiforce A201-1 sensor.

Lateral earth pressures were also back-calculated based on the bending moments
measured by the Wheatstone full bridge strain gages mounted on the model walls. The strain
gages used in the experiments were of type J2A-13-S181H-350, manufactured by the Vishay
Measurements Group, and directly measure the strain on the walls. Finally, direct measurements
of the total bending moments at the bases of the walls were made using 5/16 by 2 in. long
aluminum force-sensing bolts at the wall-foundation joints manufactured by Strainsert. The
locations of the strain gages, Flexiforce sensors, and force-sensing bolts on the stiff and flexible

walls for experiments LAAO1 and LAAO2 are shown in Figures 3.14-3.22.

Fig. 3.14 Flexiforce, strain gages, and force-sensing bolts on south stiff wall during LAAO02.
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Fig. 3.15 Flexiforce layout on north stiff wall for LAAO1 (mm, model scale).
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Fig. 3.16 Flexiforce, strain gages, and force-sensing bolts layout on south stiff wall for
LAAO1 (mm, model scale).
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for LAAO1 (mm, model scale).
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39



780.7 =

10 Flexiforce
r2-11[Q lga.qp  Sensors

r25 2]
¥ | R2g
180.7 5/16x2" Aluminum Bolts R2.7 ||
- 5 pieces |0 F2-6
Rz3|¢Y
o|R2a
L N

L i

1 O ; F2-1|cy ;
East | 68 le 160.3 — e 1539 — el 156.8 — e 156.8 — ] 76.8 Y

Fig. 3.19 Flexiforce layout on north stiff wall for LAA02 (mm, model scale).

/30,7 —

10 Flexiforce
asiie R1-11[2] 440_ Sensors

2 Btrain Gage = HGT
¢ = 56 R15 ]

&,

RI-E
1807 R |0 5/16x2" Force-Sensing Bolts
) - 5 pieces

_ {

LI . 8] - RL-1|D
a Wes
East | 768 L— 160.3 S 153.2 ——L— 156.8 ——L— 156.8 — = 76.8 e
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(mm, model scale).
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Fig. 3.22 Flexiforce layout on south flexible wall for LAA02 (mm, model scale).

3.8 CALIBRATION

Calibration factors are used to convert the recorded voltage output of the instruments into
engineering data units. 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
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calibration techniques had to be developed for the force-sensing bolts and Flexiforce sensors,
used for the first time at the CGM facility at UC Davis. Figure 3.23 shows the calibration of the
force-sensing bolts and strain gages. A known uniform load was applied at the top of the wall,
the response from the load sensing bolts and strain gages was recorded and calibration factors
were obtained.

The Flexiforce sensors, being very sensitive to testing conditions, were calibrated under
conditions similar to those expected during the experiment. Four sensors were mounted to the
base plate of a small container filled with Nevada sand. A known pressure was applied to the
container, and the Flexiforce responses were recorded. Calibration factors were thus obtained for

individual sensors.

Fig. 3.23 Calibration of force-sensing bolts and strain gages.
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3.9 DATA ACQUISITION

The data acquisition infrastructure at the CGM facility consists of several parallel systems that
can be operated in combination or independently, and allows researchers to record data during all
stages of model construction and testing. ICP accelerometers, displacement transducers, strain
gages, force-sensing bolts, and Flexiforce sensors were routed through different amplifiers for
signal conditioning to the main data acquisition system (RESDAQ-Main). Appropriate gain
levels were set at the different amplifier channels to ensure good signal quality for the various
sensors. RESDAQ-Main allows fast data sampling at a model scale rate of 4096 Hz during
simulated seismic events. Slow data sampling at a rate of 1 Hz in model scale is used during spin
up, spin down and between shaking events. Very fast data sampling at a frequency of 50,000 Hz
is used when measuring shear-wave velocities. A wireless sensor manager data acquisition
system (WIDAQ) is used to sample data from the MEMS accelerometers at a model scale
sampling frequency of 2048 Hz during seismic events. RESDAQ-AUX is used to acquire data
from the bender elements for shear-wave-velocity measurements.

The raw data in voltage obtained from the two experiments was converted to prototype
scale engineering units by multiplying by the appropriate instrument calibration factors and
adjusting for instruments gains. Details of the data acquisition systems are available at the CGM

website (http://nees.ucdavis.edu).

3.10 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 1989 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.
Step waves are usually applied at the beginning of a shaking series in order to test the
instruments and the data acquisition system. The shaking events for LAAO1 along with their

prototype base peak accelerations are shown in Table 3.4.
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Table 3.4 Shaking sequence for LAAO1.

. Input Peak
Shaking Event Accell)eration (2)
Step Wave 0.06
Loma Prieta 1 -

Loma Prieta 2 043
Kobe 0.90
Loma Prieta 3 0.43

Fifteen shaking events were applied to the LAA0O2 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 the 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.

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 centrifuge 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 3.5. 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. This is especially true for the Kobe-TAK, Loma Prieta-WVC, and Kocaeli-YPT
shaking events that were applied for the first time at the CGM facility at UC Davis. Comparison
examples of four recorded earthquake motions and their response spectra to the corresponding

input motions applied to the models are shown in Figures 3.24-3.27.
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Table 3.5 Shaking sequence for LAAO02.

. Input Peak
Shaking Event Accell)eration (2)
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
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3.11

KNOWN LIMITATIONS AND PROBLEMS

3.11.1 Overview

The main problems and limitations encountered during centrifuge experiment LAAO1 are the

following:

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 event. 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.

One force-sensing bolt on the north flexible wall failed at the beginning of the
experiment. The moment carried by this bolt was estimated based on observations of the
load distribution at the base of this wall using the calibration data.

Data obtained from the bender elements located behind the retaining wall structures were
very noisy, and shear-wave velocities of the backfill soil could not be interpreted for

LAAOI.

The main problems and limitations encountered during centrifuge experiment LAAO2 are

the following:

A power supply failure was encountered during Kobe-PI-1 and as a result, the
corresponding displacement, strain gage, and force-sensing bolt time series were very
noisy. 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 CGM facility at UC Davis, the original records had to be filtered
before being applied to the shaking table. Unfortunately, the filtered input motions
generally had significantly 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.
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
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events. The moment carried by this bolt during these shaking events was estimated based
on the calibration data.

e One force-sensing bolt on the south stiff wall gave noisy moment time series during all
events. The moment carried by this bolt was estimated based on the calibration data.

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

e 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.

During both centrifuge experiments, the dynamic displacements of the structures and the
soil could not be measured accurately by the displacement transducers due to excessive vibration
of the displacement transducers rack during dynamic shaking. Data recorded by the displacement
transducers were mainly used to obtain the net soil settlement and wall movements after shaking.

The dynamic displacements were interpreted by double integrating the acceleration time series.

3.11.2 Flexiforce Sensor Performance

Based on Tekscan (2005), the Flexiforce sensors are sensitive to loading conditions and their
general performance characteristics are presented in Table 3.6. The sensors are sensitive to
increases in temperature combined with high loads and are susceptible to linearity, repeatability,
hysteresis, and drift errors. Exercising or conditioning the sensors before calibration and testing
is highly recommended by Tekscan in order to achieve accurate results and lessen the effects of
drift and hysteresis. During both centrifuge experiments LAAO1 and LAAO2, the Flexiforce
sensors experienced static drift, and the original calibration factors developed for these sensors
during LAAO1 could not be applied to the results due to insufficient sensor conditioning. In order
to interpret the Flexiforce voltage records, the static earth pressures recorded before each shaking
event were matched to the corresponding static earth pressures interpreted from the strain gages
for both experiments. New calibration factors were back-calculated for LAAO1 based on the
static pressures interpreted from strain gage readings. These new calibration factors were applied
to interpret the total dynamic earth pressures recorded by the Flexiforce sensors for LAAO1.
While the Flexiforce sensors used in experiment LAA(O2 were carefully conditioned and
calibrated to lessen performance errors, testing did not happen immediately after conditioning
and calibration, as recommended by Tekscan (2005), due to technical problems. Rather, it took
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place more than a week after sensors calibration and conditioning, and sensor performance was
possibly affected. While static drift experienced by the sensors was corrected for as mentioned
previously, the performance of the Flexiforce sensors in experiment LAA02 was investigated by
comparing their recorded static earth pressures profiles after shaking to the ones interpreted from
the strain gage data. Figure 3.28 presents a comparison of the static earth pressures recorded by
the Flexiforce sensors and interpreted from the strain gage measurement after the Kobe-PI-2 and
Kocaeli-YPTO060-2 shaking events. Static earth pressure comparison figures done after the rest of

the shaking events of experiment LAAO2 are presented in Figures A1-AS.

Table 3.6 Flexiforce sensor performance characteristics (source: Tekscan 2005).

Sensor Properties Model A201
Operating Range 15°F (-9°C) to 140°F (60°C)
Linearity (Error) <+/- 5%

<+/- 2.5% of full scale
Repeatability (conditioned sensor, 80% force
applied)
Hysteresis <4.5% of full scale (copditioned
sensor, 80% force applied)

. <3% per logarithmic time scale

Drift (constant load of 90% sensor

rating)

Output variance up to 0.2% per
degree F (approximately 0.36%
Temperature Sensitivity | per degree C). For loads>10
Ibs., operating temperature can
be increased to 165°F (74°C)
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Fig. 3.28 Comparison of static earth pressure profiles recorded by Flexiforce sensors and
interpreted from strain gage measurements on south stiff and north flexible walls

after Kobe-PI-2 and Kocaeli-YPT060-2.
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Figures 3.28 and A.1-A.5 show that static earth pressure profiles measured by the
Flexiforce sensors and interpreted from the strain gage data are generally in agreement on the
stiff wall after most of the shaking events. Differences are observed for some shaking events,
especially Kobe, on the flexible wall. The procedure presented in this section helped finding and
eliminating the individual sensors that consistently showed disagreement with the static earth
pressures after shaking interpreted from the strain gage data. Overall, the performance of the

Flexiforce sensors is considered acceptable though not highly accurate.
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4 Experimental Results

4.1 DATA REDUCTION METHODOLOGY

The initial step in processing the instrument data recorded using the high-speed data acquisition
system involved filtering to reduce noise and conversion to engineering units. The data were then
further processed to interpret various responses of interest. This section describes the
methodology used in analyzing the recorded data and in interpreting the different wall and soil

backfill responses.

4.1.1 Acceleration

Acceleration time series were collected during both series of centrifuge experiments at the
accelerometer locations shown in Figures 3.2-3.3 and Figures 3.4-3.5 for LAAO1 and LAAO2,
respectively. All recorded acceleration time series were corrected such that horizontal
accelerations are positive toward the north end of the model container and vertical accelerations
are positive upward regardless of the orientation of the instruments themselves. Acceleration
time series were filtered using 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. Acceleration time series recorded at the northeast and northwest ends of the load frame

were averaged to obtain the input ground motion.



4.1.2 Displacement

Displacement time series measured by the linear potentiometers and the LVDTs were zeroed
before shaking by removing the average of the first 50 data points from the records. They were
also filtered with a first-order Butterworth low pass filter with a prototype scale corner frequency

of 10 Hz for noise reduction.

4.1.3 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 structures at the locations
shown in Figure 3.2. Measured peak arrival times at the receiver bender elements were used to
calculate shear-wave velocity. In experiment LAAO02, shear-wave velocities in the soil
underneath the retaining structures 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 3.5. Signals detected at accelerometers
A24, A26, and A27 were sampled at a model scale sampling frequency of 50,000 Hz. Shear-

wave velocity was computed based on the peak arrivals in the time domain.

4.1.4 Bending Moment

Force-sensing bolts and strain gages were used in both series of centrifuge experiments to
measure the moments on the south stiff and north flexible walls. Data recorded by the force-
sensing bolts located at the wall-base connection of each wall were summed and converted into
moments using calibration factors derived from direct load tests (see Section 3.8). These moment
time series were filtered using a third-order low-pass Butterworth filter with a prototype scale
corner frequency of 25 Hz for noise reduction. Data recorded by the strain gages on the walls
were converted into strains using the strain gage calibration factors. Strain time series at each
strain gage location were converted into stress and then into moment time series using the elastic
bending theory for beams. The strain time series were filtered using a first-order low-pass
Butterworth filter with a prototype scale corner frequency of 25 Hz for noise reduction.

The moments recorded by the force-sensing bolts and interpreted from strain gage

measurements include contributions from static earth pressures, dynamic earth pressures, and
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wall inertial moments. In order to evaluate the contribution of these different components to the
moment, the following terminology is adapted throughout this report:
o Total wall moment refers to moment on the wall due to static earth pressure, the dynamic
earth pressure increment, and wall inertial force;
o Total earth pressure moment refers to the moment due to static earth pressure and the
dynamic earth pressure increment;
e Dynamic wall moment refers to moment due to the dynamic earth pressure increment and
wall inertial force; and
o Dynamic earth pressure moment refers to moment due to dynamic earth pressure

increment.

The dynamic wall moments (due to dynamic earth pressure increment and wall inertia)
were interpreted by applying a moving average filter to the total wall moment time series. The
moving average filter determines the static trend for each moment time series; deducing this
trend from the corresponding total wall moment time series results in a dynamic wall moment
time series.

Five force-sensing bolts and six strain gages were used to instrument the south stiff and
north flexible walls in experiment LAAOI1, as shown in Figures 3.16 and 3.17, respectively. The
total wall moment distributions along the height of the walls were interpreted from the strain
gage measurements. For the stiff wall, six total dynamic wall moment profiles were computed
for each shaking event; each moment profile corresponding to the time at which the maximum
moment occurred at one of the strain gage locations and plotting the moments recorded at the
other strain gages at the 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 SGI
was damaged. The moment profiles for the same shaking event on each wall were very similar,
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 wall moment
profiles and all maximum dynamic wall moment profiles for experiment LAAO1 presented in
this chapter correspond to the times at which the maximum moments occurred at SG1 and SG2
for the stiff and the flexible walls, respectively.

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 Figures 3.20 and 3.21,

respectively. The same procedure outlined above for experiment LAAO1 was used to obtain the
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maximum total wall moment and dynamic wall moment profiles. Therefore, all maximum total
wall moment profiles and all maximum dynamic wall moment profiles for LAA0O2 correspond to
the times at which the maximum moments occurred at SG1 for the stiff and flexible walls,
respectively. The moment time series obtained during the Kocaeli-YPT060-1 and Kocaeli-
YPT330-1 of centrifuge experiment LAAO2 are not presented in this chapter due to the
insignificant magnitude of shaking. It should also be noted that the moment time series obtained
from SG1 on the stiff wall during LAAO2 were consistently less than those obtained from other

strain gages on the same wall, which suggests that SG1 results might not be accurate.

4.1.5 Wall Inertia

Strain gages and force-sensing bolts used in both series of centrifuge experiments recorded total
wall moments resulting from wall inertia and earth pressures acting on the walls. The Flexiforce
sensors measured only total earth pressures. In centrifuge experiment LAA02, accelerometers
were placed at the top and the bases of the south stiff and north flexible walls. Records obtained
from these accelerometers were used to estimate wall inertial forces and moments.
The inertial force at each time instant t and at any location on the wall can be estimated
by:
fi(z,0)=-m(2)- A'(z,t) 4.1)
where z = depth from the top of the wall, z =L corresponds to the base of the wall,
fi(z, t) = inertial force at instant t and location z on the wall,
m(z) = mass of the wall per unit height,
A'(z, t) = total acceleration at depth z and time t on the wall.

The total acceleration at any point on the wall can be estimated by:
t = . —
A (Za t) - W(Z) [Amp (t) Abase (t)] + Abase (t) (42)

where y(z) = acceleration shape function,
Aop(t) = acceleration recorded at the top of the wall,
Avpase(t) = acceleration recorded at the base of the wall.
A cantilever beam can deflect in an infinite variety of shapes, and for exact analysis, it
must be treated as an infinite-degree-of-freedom system possessing an infinite number of natural

modes of vibration (Chopra 2007). In this study, it is assumed that the stiff and flexible retaining
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walls deflect at all times according to the first vibration mode (also known as the fundamental
vibration mode) and a single shape function y(z) was therefore used to approximate this
vibration mode. The shape function y(z) must satisfy the displacement boundary conditions for
the cantilever wall. Having only three boundary conditions (A'(0, t) = Asp(t), A'(L, t) = Apase(t),
y’(L) = 0), the following quadratic function was used to approximate the fundamental wall
vibration mode:
1 2

y/(z)zﬁ-zz—z-z+l 43)

The wall inertial force time series were estimated at any depth of the wall using
Equations 4.1-4.3. The wall inertial moment time series were approximated by double
integrating the inertial force profiles at all times. The wall inertial forces and moments were not
estimated for LAAO1, since only one accelerometer was placed at the tops of the south stiff and
north flexible walls. One acceleration boundary condition on the wall is not sufficient to provide

a reasonable estimate of the wall acceleration profile.

4.1.6 Lateral Earth Pressure

Ten Flexiforce sensors were mounted on all four walls to directly measure the seismically
induced lateral earth pressures at the locations shown in Figures 3.15-3.18 for experiment
LAAOI1 and Figures 3.19-3.22 for experiment LAAO2. 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 problems encountered with the Flexiforce sensors along
with an evaluation of their performance were discussed in Section 3.11.2.

Total lateral earth pressure profiles (due to static and dynamic earth pressures) 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. Total lateral earth pressure profiles were also interpreted from the total earth
pressure moment profiles recorded by the strain gages and corrected to remove the wall inertial

effects as discussed in Section 4.1.5.
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4.2 ACCELERATION RESPONSE AND GROUND MOTION PARAMETERS

Tables 4.1 and 4.2 present the ground motion parameters for the different input shaking events
for centrifuge experiments LAAO1 and LAAO2, respectively. These ground motion parameters
include the peak ground acceleration (PGA), the Arias intensity (I,), the predominant period (Tp),
the mean period (Ty,), and the bracketed duration (D). As shown in Table 4.1, the input PGA
could not be measured for Loma Prieta-1 during experiment LAAO1 because accelerometers
were set at a large gain. 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

>l

equation?, = =—=——, where C; are the Fourier amplitudes, and f; represent the discrete

>C
Fourier transform frequencies between 0.25-20 Hz (Rathje et al. 1998). The horizontal
acceleration, the integrated velocity, the integrated displacement, the Arias intensity time series,

and the acceleration response spectra at 5% damping are presented in Figures A.6—A.22 for the

input ground motions applied during both experiments LAAO1 and LAAO2.

Table 4.1 Input ground motion parameters for different shaking events during LAAO1.

Shaking Event | PGA (g) 1, (m/sec) T, (sec) T, (sec) 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

The acceleration time series obtained from the two sets of experiments, LAAO1 and
LAAO02, were used to evaluate the amplification and de-amplification of the input ground
motions, and to evaluate the magnitude of seismically induced forces. Tables 4.3 and 4.4 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.
Figure 4.1 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.
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Based on Tables 4.3 and 4.4 and Figure 4.1, the ground 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.

Table 4.2 Input ground motion parameters for different shaking events during LAAO02.

Shaking Event PGA (g) 1,(m/sec) T, (sec) T, (sec) 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

Table 4.3 Peak accelerations measured at base of container, top of soil in free field, and
tops of south stiff and north flexible walls during LAAO1 shaking events.

Peak Accelerations (g)
Input Top of  Top of South  Top of North
soil Stiff Wall Flexible 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
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Table 4.4 Peak accelerations measured at base of container, top of soil in free field, and
tops of south stiff and north flexible walls during LAAO02 shaking events.

Peak Accelerations (g)
Top Top of Top of North
Input ¢ eoil 0N prexible Wall
Stiff 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 0.11 0.11
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-WVC270-1 | 0.23 0.31 0.38 0.43
Kocaeli-YPT330-3 0.22 0.36 0.40 0.40
1.8 A /|
o  Soil Free Field
1.5 A o South Stiff Wall
%o | A North Flexible Wall
@ 1.2 1 A Soil Free Field Trendline
! 7 O 45degree line
S 2, .o . .
< 0.9 P Z o0 = = = . South Stiff Wall Trendline
% /( . o o | — = North Flexible Wall Trendling
= 06 ,
/é@ o
0.3 + O
0 T T T T T
0 0.3 0.6 0.9 1.2 1.5 1.8

Input Base Acc. (g)

Fig. 4.1 Base motion amplification/de-amplification for soil, stiff, and flexible structures.
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4.3 SOIL SETTLEMENT AND DENSIFICATION

Vertical soil deformation measurements were recorded at the soil surface and at the foundation
level of each structure by linear potentiometers and LVDTs at the locations shown in Figures
3.2-3.3 and Figures 3.4-3.5 for LAAO1 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. Tables 4.5 and 4.6 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, LAAO1 and LAAO2, due to the large magnitude of shaking

and the relatively low initial density of the sand.

Table 4.5 Soil settlement and relative density after different shaking events for LAAO1.

Base Soil Backfill
Settlement Settlement
Shaking Event Increment Dr (%) Increment Dr (%)
(mm) (mm)
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
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Table 4.6 Soil settlement and relative density after different shaking events for LAA02.

Shaking Event Settleme(l:; ;Zcrement Dr (%)
Step Wave-1 0.36 72.1
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

4.4 SHEAR-WAVE VELOCITY

Table 4.7 presents the shear-wave velocities measured between the different shaking events of
experiment LAAO]1 in the base soil along with the corresponding estimated fundamental natural
periods. The fundamental natural period of the soil was estimated wusing the
relationship: 7’ :4V—H, where H is the height of the soil deposit and Vs is the corresponding
shear-wave velocity. The data obtained from the bender elements located behind the retaining
wall structures in experiment LAAO1 were very noisy; hence shear-wave velocities for the
backfill soil could not be measured directly. Shear-wave velocities were instead estimated by
measuring the first 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 initial back-
calculated backfill shear-wave velocity for LAAO1 is 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 is in agreement with the back-calculated
value. Therefore, the initial natural period of the backfill soil in experiment LAAOI 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.
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Table 4.7 Shear-wave velocities and natural periods of base soil after different shaking

events for LAAOI1.
Vs (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

The shear-wave velocities measured between the different shaking events of experiment
LAAO2 and the corresponding natural periods in the base and the backfill soil are presented in
Table 4.8. 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.

Table 4.8 Shear-wave velocities and natural periods of base and backfill soils after
different shaking events for LAAQ2.

Base Soil Backfill Soil
Vs (m/sec) | T (sec) | Vs (m/sec) | T (sec)
Before Step Wave-1 260.74 0.19 - -
After Step Wave-1 261.29 0.19 176.91 0.15
After Loma Prieta-SC-1 - - 177.43 0.15
After Kobe-PI-1 - - - -
After Step Wave-2 - - - -
After Kobe-PI-2 261.68 0.19 188.61 0.14
After Loma Prieta-SC-2 264.03 0.19 202.16 0.13
After Kocaeli-YPT060-1 261.45 0.19 238.94 0.11
After Kocaeli-YPT060-2 265.55 0.19 - -
After Kocaeli-YPT060-3 25541 0.20 - -
After Kocaeli-YPT330-1 256.75 0.19 188.61 0.14
After Kocaeli-YPT330-2 256.21 0.20 - -
After Kobe-TAK090-1 267.12 0.19 191.78 0.14
After Kobe-TAK090-2 266.67 0.19 196.66 0.13
After Loma Prieta-WVC270-1 266.91 0.19 196.66 0.13
After Kocaeli-YPT330-3 267.12 0.19 233.30 0.11
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Recall that the estimated natural periods of the stiff and flexible structures are 0.11 and
0.24 sec, respectively (Table 3.3). Thus the measured site periods of the backfill are close to the
natural period of the stiff structure in experiment LAAO2 and of the flexible structure in
experiment LAAOI. Similarly, the input motions have dominant periods ranging from 0.14 to
0.62 sec and mean periods ranging from 0.39 to 0.79 sec (Tables 4.1 and 4.2), which effectively
span the range of periods expected to produce maximum response in the soil deposit and

structures.

4.5 SEISMIC BEHAVIOR OF RETAINING WALL-BACKFILL SYSTEM

In this section, the seismic behavior of the backfill and retaining walls observed in the centrifuge
experiments is analyzed through an evaluation of the acceleration and inertial responses of the

backfill and the retaining walls.

4.5.1 Acceleration Response

Figure 4.2 presents the first few cycles of motion as recorded at the base of the model container
(input acceleration), at the top of the soil in the free field, and at the tops of the south stiff and
north flexible walls for the Kobe-PI-2 shaking event of experiment LAAO2. Looking at the travel
times for the first cycle of motion in the different acceleration records in Figure 4.2, it is noted
that the first input peak arrival occurs at 7.831 sec, while the first peak arrivals at the top of soil
and the tops of the stiff and flexible walls are 8.147, 8.112, and 8.112 sec, respectively.
Therefore, the inertial force does not occur simultaneously in the backfill and the wall, and a
phase difference is observed between the acceleration at the top of the soil and that at the top of
the stiff or the flexible walls. It is clear that the retaining walls start to experience the inertial
force and then the soil backfill follows. Moreover, the recorded accelerations in the soil backfill
(A29, A27, A26, and A24) and at the bases and the tops of the walls show that the acceleration is

not uniform in the backfill or on the walls.
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Fig. 4.2 First few acceleration cycles recorded at base of model container, top of soil in free
field, and tops of south stiff and north flexible wall for Kobe-PI-2 of experiment

LAAOQ2.

4.5.2 Wall and Backfill Inertia

Figure 4.3 presents the sign convention for the positive accelerations, the moments measured by
the strain gages, the force-sensing bolts, and the displacements for the south stiff and north
flexible walls. The inertial force on the wall and the backfill is proportional to the negative

recorded acceleration. Figure 4.3 shows that when the south stiff or the north flexible retaining
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walls undergo negative accelerations, the inertial forces occur in the active direction for both
walls. Pressure measurements recorded by the Flexiforce sensors are not polarized; readings
increase in the positive direction for an increase in pressure regardless of the direction in which

the pressure is applied.

u ~eattll - 1
TVE ACC. +VE ACC,
+VvE DIsP. +VE DISP,
+VE 36 +VE 3G
+vE LB +VE LB
e e | CZCCLT ﬁ:::] E::E.]J::
STIFF FLEXIBLE

Fig. 4.3 Sign convention for positive accelerations, and moments and displacements, for
south stiff and north flexible walls.

Figures 4.4 and 4.5 present the dynamic wall moments recorded by the force-sensing
bolts and interpreted from SG1 measurements, the dynamic earth pressure increment recorded by
one Flexiforce sensor, and the inertial force for the south stiff and north flexible walls,
respectively, during the Loma Prieta-SC-1 shaking event of experiment LAA02. The dynamic
wall moment time series include the dynamic earth pressure increment and wall inertial effects.
For comparison purposes, the inertial force is computed by multiplying the negative value of the
mass of each retaining wall by the acceleration recorded at its base. In Figures 4.4 and 4.5 the
same ID is assigned to the dynamic wall moment, the dynamic earth pressure increment, and the
inertial force corresponding to the same time. This helps in understanding the relation between
the moment, the pressure, and the inertial force in time. Figure 4.5 presents a close-up of a few
cycles of the dynamic wall moment and earth pressure increment time series recorded by one
strain gage and one Flexiforce sensors on the stiff and flexible walls during Loma Prieta-SC-1.
As shown in Figures 4.4—4.6, when the inertial force is at its local maximum, the dynamic wall
moments reach their local maxima as well, but the dynamic earth pressure increments are at their
local minima or around zero. On the other hand, when the dynamic earth pressure increment is at
its local maximum, the inertial force and the dynamic wall moments reach their local minimum

values or zero. The interpretation of this observation is that when the inertial force acts in the
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active direction, the total earth pressure is equal to or less than the static earth pressure. The
dynamic earth pressure increment is at its maximum when the inertial force is close to zero
(static case) or when the inertial force acts in the passive direction.

These results show that when the retaining wall and the backfill are loaded in the active
direction, the dynamic earth pressure increment is around its minimum or around zero. The likely
explanation for such behavior is that the retaining wall and the backfill are not loaded by the
inertial force simultaneously. As discussed in Section 4.5.1, a phase difference is generally
observed in the acceleration response of the wall and that of the backfill which would reduce to a
significant extent the earth pressure acting on the retaining wall. It should be noted that the
maximum observed dynamic pressure and moment increments due to earth pressures generally
occur in the passive direction. Finally, Figures 4.4—4.5 show that the dynamic wall moments,
including wall inertial effects, behave in accordance with the inertial force acting on the wall and
the backfill; they are at their maximum when the inertial force is maximum, and reach minimum

at minimum inertial force.
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Fig. 4.4 Dynamic wall moments interpreted from SG1 and force-sensing bolt data,
dynamic earth pressure increment interpreted from R1-2, and computed inertial
force on south stiff wall during Loma Prieta-SC-1 in experiment LAA02.
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Fig. 4.5 Dynamic wall moments interpreted from SG1 and force-sensing bolt data,
dynamic earth pressure increment interpreted from F1-2, and computed inertial
force on north flexible wall during Loma Prieta-SC-1 in experiment LAAO02.
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Fig. 4.6 Close-up view of dynamic wall moments and dynamic earth pressure increments
interpreted from SG1 and R1-2 on south stiff wall, and SG1 and F1-2 on north
flexible wall during Loma Prieta-SC-1 in experiment LAAO02.
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4.6 TOTAL LATERAL EARTH PRESSURES

Figure 4.7 presents an example of the maximum total lateral earth pressure profiles directly
measured by the Flexiforce sensors on all stiff and flexible walls for Loma Prieta-1 and Loma
Prieta-2 shaking events for LAAO1. The maximum measured total lateral earth pressure profiles
for the rest of the shaking events during centrifuge experiments LAAOl1 and LAAO2 are
presented in Figures A.23—A.29 and show similar characteristics to those observed in Figure 4.7.
This figure shows that maximum total earth pressure profiles (static plus dynamic increment)
monotonically increase with depth and can be approximated by linear trend lines. A consistent
agreement between the total earth pressure profiles measured at the north and south walls of each
structure is generally observed for experiments LAAO1 and LAAO2. This is an important
observation in that it confirms that the models were not significantly influenced by the proximity
to the container walls and that the motions of the container were reasonably symmetrical.

Figures 4.8-4.10 present the maximum total pressure distributions recorded by the
Flexiforce sensors and interpreted from the strain gage measurements on the south stiff and north
flexible walls during the different shaking events for experiments LAAO1 and LAAO2. In order
to determine the maximum pressure profiles from the strain gage measurements, the maximum
strain gage moment data were best fitted with cubic polynomials, as described in Section 4.1.4.
The maximum total moments at the bases of the walls were extrapolated using the cubic
polynomial fits, and the corresponding linear pressure profiles that generated these moments
were back-calculated. The maximum total pressure profiles interpreted from the strain gage data
were corrected to remove wall inertial effects for the shaking events in experiment LAA02, and
therefore represent maximum total earth pressure profiles. For LAAO1, the maximum total
pressure distributions obtained from the strain gage measurements reflect the combined effects of
total earth pressures and wall inertia. Data recorded by the Flexiforce sensors and interpreted
from the strain gage measurements presented in Figures 4.8—4.10 were not necessarily recorded
at the same time but present the maximum recorded profiles. The estimated static active
pressures are also displayed in Figures 4.8—4.10 for reference.

As shown in Figure 4.8, the maximum pressure profiles measured by the Flexiforce
sensors were not consistent with those interpreted from the strain gage measurements for
centrifuge experiment LAAO1. The Flexiforce sensors measured lower pressures than obtained

from the strain gage measurements. This difference is mainly attributed to the fact that the
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moments on the walls for the LAAO1 shaking events include the wall inertial effects, while the
direct earth pressure measurements include only the soil-wall interaction effects.

Figures 4.8-4.10 show a general agreement between the total earth pressure profiles
measured by the Flexiforce sensors and those interpreted from the corrected strain gage
measurements for all the shaking events in experiment LAAO2 except for Kobe. The Flexiforce
sensors generally measured lower pressures than those interpreted from the strain gage data for
all Kobe shaking events. This observed difference can be attributed to the performance
characteristics of the Flexiforce sensors discussed in Section 3.11.2 and to the fact that these
sensors are sensitive to increase in temperature combined with high loads. While the Flexiforce
sensors were carefully calibrated and conditioned for experiment LAAO02 to lessen the
performance errors, the large magnitude of shaking for Kobe induced high loads that possibly
affected the performance of the sensors for these shaking events. Despite the problems
encountered with the Flexiforce sensors, the maximum total earth pressure profiles measured by
these sensors and presented in Figures 4.8—4.10 are generally considered acceptable except for
large shaking events such as Kobe.

It should also be noted that other factors may have introduced slight errors to the total
earth pressure profile plots interpreted from the strain gage measurements presented in Figures
4.8-4.10. Such factors include the assumed quadratic shape function for the wall inertial force
profiles on the walls and the availability of only two acceleration records on each wall to
estimate wall inertial effects. Inevitable numerical errors caused by curve-fitting the moment
data and back-calculating the pressure profiles based on the resulting polynomial fits are also
present in the pressure distributions interpreted from the strain gage measurements. Finally, it is
important to note that total earth pressure profiles consistently increase 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.
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Fig. 4.7 Maximum total lateral earth pressure profiles measured by Flexiforce sensors on
stiff and flexible walls during Loma Prieta-1 and 2 shaking events for LAAO1.
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Fig. 4.8 Maximum total pressure distributions directly measured and interpreted from
Flexiforce sensors and strain gage data, and estimated static active pressure
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shaking events for LAAO1 and for Loma Prieta-SC-1 and Kobe-PI-1 for LAA(2.
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Fig. 4.9 Maximum total earth pressure distributions directly measured and interpreted
from Flexiforce sensors and strain gage data, and estimated static active pressure
profiles on south stiff and north flexible walls for Kobe-PI-2, Loma Prieta-SC-2,
Kocaeli-YPT060-2 and 3, Kocaeli-YPT330-2 and Kobe-TAK090-1 for LAAO2.
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Fig. 4.10 Maximum total earth pressure distributions directly measured and interpreted
from Flexiforce sensors and strain gage data, and estimated static active pressure
profiles on south stiff and north flexible walls for Kobe-TAK090-2, Loma Prieta-
WVC270, and Kocaeli-YPT330-3 for LAAO2.

4.7 BENDING MOMENTS

4.7.1 Static Moments

Figures 4.11-4.15 present the static moment profiles measured by the strain gages on the south
stiff and north flexible walls before shaking in both centrifuge experiments and between the
successive shaking events. The static moments measured by the force-sensing bolts at the bases
of the walls, as well as the static at-rest and static active moment estimates, are included in
Figures 4.11-4.15 for comparison. The static at-rest and static active moments were estimated

using a backfill initial friction angle of 33° in experiment LAAO1 and 35° in experiment LAAOQ2.
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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.

As shown in Figures 4.11-4.15, the moments measured by the force-sensing bolts at the
bases of the stiff and flexible walls in experiment LAAO1 are 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 LAAO2 are consistently lower than those interpreted
from the strain gage measurements. Overall, the results show that the initial moments measured
on the stiff and flexible walls were 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 fell between the static at-rest and static active

moment estimates reflecting the progressive compaction of the sand during the shaking events.

4.7.2 Total and Dynamic Moments

Figures 4.16—4.19 present the maximum total wall moment profiles interpreted from the strain
gage measurements and directly measured by the force-sensing bolts on the south stiff and north
flexible walls for the different shaking events in centrifuge experiments LAAO1 and LAAO2.
Static active and static at-rest moment estimates at the bases of the walls are also included in the
figures for reference. Recall that total wall moments are induced by static earth pressures,
dynamic earth pressure increments and wall inertial forces. The magnitude of the contribution of
the wall inertial forces to the total moment acting on the walls is discussed later in Section 4.7.3.
Cubic polynomial curves generally provided the best least-squares fits for the moment data in

Figures 4.16—4.19 with R-square generally greater than 0.98.
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Fig. 4.11 Static moment profiles measured by strain gages and force-sensing bolts, and
estimated using static at-rest and static active pressure distributions before

shaking and after Loma Prieta-1, Loma Prieta-2, and Kobe for LAAO1.
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Fig. 4.12 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 before shaking, after Loma Prieta-SC-1, and Kobe-PI-1
for LAAO2.
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Fig. 4.13 Static moment profiles measured by strain gages and force-sensing bolts, and
estimated using static at-rest and static active pressure distributions after Kobe-
PI-2, Loma Prieta-SC-2, Kocaeli-YPT060-2, and Kocaeli-YPT060-3 for LAAO2.
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Fig. 4.14 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, Kobe-TAK090-2, and Loma Prieta-
WVC270 for LAAO2.
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Fig. 4.15 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.

Figures 4.16—4.19 show that the moments measured by the force-sensing bolts at the base
of the flexible wall in experiment LAAO1 are consistently higher than those interpreted from the
strain gage measurements. In experiment LAAO2, the opposite trend is noted. The maximum
total wall moments in both series of experiments, LAAO1 and LAAO2, occurs during the Kobe
motions due to the large magnitude of shaking. Moment profiles measured on the stiff wall are
generally larger than those recorded on the flexible wall. Moment profiles on both stiff and

flexible walls are well represented by cubic polynomial fits.
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Fig. 4.16 Maximum total wall moment profiles measured by strain gages and force-sensing

bolts, and static active and at-rest moment estimates on south stiff and north
flexible walls for Loma Prieta-1, 2, and 3, and Kobe for LAAO1.
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Fig. 4.17 Maximum total wall moment profiles measured by strain gages and force-sensing
bolts, and static active and at-rest moment estimates on south stiff and north
flexible walls for Loma Prieta-SC-1and 2 and Kobe-PI-1 and 2 for LAAO02.
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Fig. 4.18 Maximum total wall moment profiles measured by strain gages and force-sensing
bolts, and static active and at-rest moment estimates on south stiff and north
flexible walls for Kocaeli-YPT060-2 and 3, Kocaeli-YPT330-2 and Kobe-
TAKO090-1 for LAAO2.
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Fig. 4.19 Maximum total wall moment profiles measured by strain gages and force-sensing
bolts, and static active and at-rest moment estimates on south stiff and north
flexible walls for Kobe-TAK090-2, Loma Prieta-WV(C270, and Kocaeli-YPT330-
3 for LAAO2.
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Fig. 4.20 Maximum dynamic wall moment profiles measured by strain gages and force-
sensing bolts on south stiff and north flexible walls for Loma Prieta-SC-1 and 2
and Kobe-PI-1 and 2 for LAAO02.
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The maximum dynamic wall moment distributions interpreted from the strain gage and
force-sensing bolt measurements for the south stiff and north flexible walls are presented in
Figures A.30—A32 for the different shaking events in experiments LAAO1 and LAAO2. Figure
4.20 presents an example of the maximum dynamic moment profile figures for the Loma Prieta-
SC-1 and 2 and Kobe-PI-1 and 2 shaking events. The dynamic wall moments still contain the
moments due to the wall inertial forces; however they eliminate the increment in the static
moment on the walls as a result of compaction of the backfill. Thus, they provide a more
representative measure of the actual dynamic loading on the walls. Cubic polynomial curves
usually provided the best least-squares fits for the dynamic wall moment increment profiles data

with R-square generally greater than 0.98.

4.7.3 Wall Inertial Moments

In the pseudostatic method of analysis, the effect of earthquake loading is modeled by an
additional set of static forces representing the inertial forces acting on the retaining wall-backfill
system. As mentioned in Chapter 2 (Literature Review), inertial forces acting on retaining
structures are generally ignored in most seismic earth pressures theories, especially for cantilever
retaining walls. Moreover, the literature review revealed several studies wherein the total
dynamic moments or forces acting on the cantilever retaining walls were reported as being
induced by dynamic earth pressures without any attempt to evaluate the contribution of the wall
inertial effects to the total wall forces and moments. It is important to note that the M-O and
Seed and Whitman (1970) methods do not account for wall inertial effects in their dynamic earth
pressure estimates. Richards and Elms (1979) observed that wall inertia for gravity retaining
walls can be of the same order as that of the dynamic soil pressure computed by the M-O method
and should be properly accounted for. In an attempt to provide a better understanding of the
seismic behavior of cantilever retaining walls and an accurate estimate of seismically induced
lateral earth pressures, wall inertial effects were evaluated in this study. Their contribution to the
dynamic response of the wall was investigated based on data recorded in the dynamic centrifuge
experiments.

The wall inertial moments at different locations on the stiff and the flexible walls were
estimated for LAAO2 according to the method outlined in Section 4.1.5. The wall inertial

moments were compared to dynamic wall moments interpreted from the strain gage and force-
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sensing bolt measurements and including the combined effects of both dynamic earth pressures
and wall inertia. Figure 4.2 presents an example of the wall inertial contribution to the dynamic
wall moment time series interpreted at the bases of the south stiff and north flexible walls and at
the SG1 location for the Loma Prieta-SC-1 shaking event in LAA02. Comparison figures of the
wall inertial moments and dynamic wall moment time series for all the LAAO2 shaking events
are included in Figures A.33—A.43. Table 4.9 presents the contribution in percentage of the
estimated wall inertial moments to the dynamic wall moments interpreted from the strain gage
data at the bases of the south stiff and north flexible walls for LAAO2. Values presented in Table

4.9 correspond to the time at which the maximum dynamic wall moment occurred on the walls.

Table 4.9 Ratio of wall inertial moment estimates to dynamic wall moments interpreted
from strain gage data at bases of south stiff and north flexible walls for LAAQ2.

Wall Inertial Moment Estimate/Measured
Dynamic Wall Moment
Stiff Flexible
Loma Prieta-SC-1 50% 99%
Kobe-PI-1 23% 77%
Kobe-PI-2 31% 53%
Loma Prieta-SC-2 47% 75%
Kocaeli-YPT060-2 95% 174%
Kocaeli-YPT060-3 87% 150%
Kocaeli-YPY330-2 88% 186%
Kobe-TAK090-1 34% 10%
Kobe-TAK090-2 44% 96%
Loma Prieta-WVC270 90% 194%
Kocaeli-YPT330-3 102% 209%
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Fig. 4.21 Dynamic wall moment time series interpreted from SG1 and force-sensing bolt

data and corresponding wall inertial moment estimates on south stiff and north
flexible walls for Loma Prieta-SC-1 for LAAO02.
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As shown in Figure 4.21, the contribution of the wall inertial moments to the dynamic
wall moments is substantial. The periods of the wall inertial moment time series are close to
those of the dynamic wall moment time series. Table 4.9 shows that a large percentage of the
maximum dynamic wall moment interpreted from the strain gage data at the bases of the stiff and
flexible walls is generally induced by wall inertia. Wall inertia is therefore important and should
be accounted for appropriately in the seismic design of retaining structures. Moreover, moment
time series recorded by the strain gages and force-sensing bolts cannot be used directly to infer

dynamic earth pressures.

4.7.4 Total and Dynamic Earth Pressure Moments

Moment time series interpreted from the strain gage measurements and directly measured by the
force-sensing bolts on the south stiff and north flexible walls were corrected to reflect only static
and dynamic earth pressures by subtracting the corresponding estimated wall inertial moment
time series. The maximum total earth pressure moment profiles interpreted from the strain gage
and force-sensing bolt data for the different shaking events in experiment LAAOQ2 are presented
in Figures A.44-A.45. Figure 4.22 presents an example of the maximum total earth pressure
profile figures for the Loma Prieta-SC-1 and 2, and Kobe-PI-1 and 2 shaking events. Static
active and at-rest moment estimates at the bases of the walls are included in Figure 4.22 for
reference. It is important to note that the maximum moment profiles presented in this section do
not correspond to the same maximum total wall moment profiles presented in Sections 4.7.2.
Cubic polynomial curves usually provided good least-squares fits for the maximum total earth

pressure moment profiles data with R-square generally greater than 0.98.
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Fig. 4.22 Maximum total earth pressure moment profiles interpreted from strain gage and
force-sensing bolt measurements and static active and at-rest moment estimates
on south stiff and north flexible walls for Loma Prieta-SC-1 and 2, and Kobe-PI-
1 and 2 for LAAO2.
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The maximum dynamic earth pressure moment profiles interpreted from the strain gage
and force-sensing bolts data and induced by dynamic earth pressure increments on the south stiff
and north flexible walls are presented in Figures A.46—A.48 for all the LAAO2 shaking events.
Figure 4.23 presents an example of these figures for Loma Prieta-SC-1 and Kobe-PI-1 shaking
events. Cubic polynomial curves provided good least-squares fits for the corrected dynamic

moment increment profiles.
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Fig. 4.23 Maximum dynamic earth pressure moment profiles interpreted from strain gage
and force-sensing bolt measurements on south stiff and north flexible walls for
Loma Prieta-SC-1 and Kobe-PI-1 for LAAO2.

4.8 WALL DEFLECTIONS

Horizontal displacement transducers located at the tops of the stiff and flexible walls in both
centrifuge experiments were used to measure deflections at the tops of the walls during shaking,
as well as static offsets. The instrument rack to which displacement transducers were attached
experienced vibration during spinning and shaking. This vibration resulted in large apparent

deflections and its effect is obvious in the recorded displacement time series, as shown in Figure
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4.24. As a result, dynamic displacement data recorded by the linear potentiometers and the
LVDTs were considered inaccurate and were not used in this study. Data recorded by the

displacement transducers were used only to determine static offsets.
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Fig. 4.24 Displacement time series recorded at top of south stiff wall by instrument L9
during Loma Prieta-1 in experiment LAAO1.

Acceleration time series recorded at the tops of the walls were double-integrated to obtain
displacement time series that were used to determine the transient deflections at the tops of the
walls. Static offsets cannot be obtained from the double integration of the acceleration time
series due to the high-pass filtering of the records. Table 4.10 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 (H = 18.6 ft). It
should be noted that the displacement time series for the Kobe-PI-1 shaking event in experiment
LAAO2 were very noisy due to the power supply problem mentioned in Chapter 3, 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 wall were damaged in experiment LAA02 and

static offset measurements at this location are not available.
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Table 4.10 Normalized static offset increments measured at tops of stiff and flexible walls
after different shaking events in experiment LAA0O1 and LAAO2.

Normalized Static Offset at Tops of
Walls
South | North | North South
Stiff Stiff | Flexible | Flexible
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, LAA02 0.003 | 0.000 - 0.000
Kobe-PI-1, LAA02 - - - -
Kobe-PI-2, LAA(2 0.002 | 0.003 - 0.029
Loma Prieta-SC-2, LAA(2 0.000 | 0.000 - 0.000
Kocaeli-YPT060-2, LAA02 0.000 | 0.001 - 0.001
Kocaeli-YPT060-3, LAA02 0.000 | 0.000 - 0.000
Kocaeli-YPT330-2, LAA02 0.000 | 0.000 - 0.002
Kobe-TAK090-1, LAA02 0.001 | 0.000 - 0.001
Kobe-TAK090-2, LAA02 0.000 | 0.000 - 0.000
Loma Prieta-WVC270, LAA02 | 0.000 | 0.000 - 0.000
Kocaeli-YPT330-3, LAA02 0.000 | 0.000 - 0.000

Table 4.11 contains the maximum transient deflections during loading obtained by double
integrating the acceleration time series and normalized by the height of the walls (H = 18.6 ft).
Table 4.11 shows that the maximum normalized transient deflections at the tops of the stiff walls
exceeded 0.004H only for the LAAO1 shaking events and for the Kobe motions during LAAO2,
while the maximum normalized transient deflections at the tops of the flexible walls generally

exceeded 0.004H for most shaking events.
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Table 4.11 Maximum transient deflections at tops of stiff and flexible walls during
different shaking events in experiment LAAO1 and LAAO2.

Normalized Transient Deflection
North | South | North South

Stiff Stiff | Flexible | Flexible
Loma Prieta-1, LAAO1 0.0111 | 0.0050 | 0.0096 0.0024
Loma Prieta-2, LAAO1 0.0125 | 0.0034 | 0.0097 0.0033
Kobe, LAAO1 0.0149 | 0.0057 1 0.0104 0.0052
Loma Prieta-3, LAAO1 0.0140 | 0.0046 | 0.0125 0.0038
Loma Prieta-SC-1, LAA02 0.0024 | 0.0035 1 0.0036 0.0022
Kobe-PI-1, LAA(2 0.0041 | 0.0041 | 0.0099 0.0032
Kobe-PI-2, LAA02 0.0042 | 0.0041 1 0.0084 0.0056
Loma Prieta-SC-2, LAA02 0.0016 | 0.0024 | 0.0043 0.0031
Kocaeli-YPT060-2, LAA02 0.0007 | 0.0013 1 0.0019 0.0006
Kocaeli-YPT060-3, LAA02 0.0013 | 0.0019 1 0.0032 0.0013
Kocaeli-YPT330-2, LAAO02 0.0032 | 0.0033 | 0.0039 0.0031
Kobe-TAK090-1, LAA02 0.0062 | 0.0080 | 0.0155 0.0069
Kobe-TAK090-2, LAAO2 0.0146 | 0.0201 | 0.0194 0.0230
Loma Prieta-WVC270, LAA02 | 0.0008 | 0.0014 | 0.0032 0.0008
Kocaeli-YPT330-3, LAA02 0.0009 | 0.0016 | 0.0023 0.0007

4.9 SUMMARY

Recorded data from the series of centrifuge experiments in this study show that ground motions
are consistently amplified at the tops of the walls and that acceleration at the top of the soil
crosses over the 45° line, indicating attenuation of the large-magnitude input shaking events.
Moreover, soil settlement and densification occurred as a result of shaking, especially after large
shaking events such as Kobe. The dynamic wall moments recorded by the strain gages and the
force-sensing bolts include the combined effects of earth pressures and wall inertia. Estimates of
wall inertial moments were used to back out the contribution of dynamic earth pressures to the
overall dynamic moments. The data show that the contribution of wall inertial moments to the
dynamic wall moments is significant and should be properly accounted for in the design of
retaining walls. Recorded dynamic moment profiles have a cubic distribution with depth. Earth
pressures measured using the Flexiforce sensors were compared to those interpreted from the
strain gage measurements. The results show that the total earth pressures consistently increase

monotonically downward, in a manner that is typically observed and assumed under static
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conditions. This observation runs counter to the typical assumptions made in the current design
methods and requires careful consideration in any future design methodologies.

Most importantly, comparisons of recorded accelerations, bending moments, and earth
pressures show that inertial forces do not act simultaneously on the retaining wall and the
backfill. When the inertial force is at its maximum, the dynamic wall moment is at its maximum
as well, but the dynamic earth pressure increment is at its minimum at or around zero. The
interpretation of this observation is that when the retaining wall is moving in the active direction,
total earth pressure is equal to or less than the static earth pressure. Total earth pressure is at its
maximum when the wall is at rest or moving in the passive direction. These observations are
important in that they provide a better understanding of the seismic behavior of the retaining
wall-backfill system and should serve as a basis for the seismic design criteria of cantilever

retaining walls.
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5 Nonlinear Dynamic Finite Element Model

Numerical models offer a very efficient and cost-effective alternative to experiments and can be
used to extend the range of existing data. However, they need to be calibrated against well-
documented case histories or experiments. Centrifuge test results provide an excellent database
that can be used in calibrating and evaluating dynamic numerical tools, which then can be used
for parametric studies and evaluation of various design alternatives.

Therefore a 2-D nonlinear FE model was built to simulate dynamic centrifuge experiment
LAAO2 and to study the seismic behavior of retaining wall-backfill systems. The model consists
of a dry, elasto-plastic 2-D plane-strain quadratic soil mesh with elastic beam-column models of
U-shaped cantilever retaining structures attached to the soil mesh with nonlinear springs. The
main objective of this effort was to explore how well a numerical model could match observed
and recorded data and to develop a predictive capability. Specifically, the FE model was
evaluated for its capacity to capture the essential features of the seismic behavior of the retaining
wall-backfill systems by comparing the computed responses to those measured in the centrifuge
experiments. The sensitivity and the limitations of the FE model were evaluated as well, and are
discussed in this chapter. The calibrated FE model was then used for a preliminary evaluation of
the scenario of U-shaped retaining structures with dry dense sand backfill which is of interest in

future applications.

5.1 OVERVIEW OF OPENSEES

The Open System for Earthquake Engineering Simulations (OpenSees) is an open-source, object-
oriented software framework developed by the Pacific Earthquake Engineering Research (PEER)
Center. OpenSees allows users to create finite element applications to simulate the response of

structural and geotechnical systems subjected to earthquakes (http://opensees.berkeley.edu). It

consists of a set of modules to perform the creation of the FE model, specification of an analysis



procedure, selection of responses to be monitored during the analysis, and the output of the
results. OpenSees has the additional benefit of containing a large library of linear and nonlinear
geotechnical and structural materials that facilitate the realistic simulation of earthquake
engineering problems.

Matlab was used to develop the OpenSees mesh and to create soil and structures nodes,
and elements. Tcl scripts were written to input the nodes and the elements created by Matlab, and
to assign boundary conditions, record different responses, create static and dynamic loading
patterns, specify analysis procedure, and perform finite element analysis. The results obtained
from OpenSees were processed using Matlab codes to plot different computed responses and

compare them to recorded ones.

5.2 DEVELOPMENT AND CALIBRATION OF FINITE ELEMENT MODEL

The 2-D plane-strain FE model of the U-shaped cantilever retaining structures and the backfill
and base soil for experiment LAAO2 are presented in Figure 5.1. The centrifuge model
configuration for experiment LAAO2 was presented in profile view and model scale in Figure
3.4. The finite element mesh consisted of a total of 1120 soil nodes, 1020 soil elements, 70 wall
nodes, 68 wall elements, and 70 spring elements. The FE model has the same prototype

configuration as that of experiment LAAO2.

Fig. 5.1 Two-dimensional plane-strain finite element mesh developed for OpenSees.

The U-shaped retaining structures were modeled as linear elastic elements. A 2-D plane-
strain, pressure-dependent, elasto-plastic material was used to model the nonlinear response of

the dry Nevada sand. Nonlinear springs were used to simulate soil-structure interaction. Detailed
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properties of the different components of the FE model and calibration procedures of the various

input parameters are described in the following sections.

5.2.1 Properties of Retaining Structures

The properties of the stiff and flexible U-shaped cantilever retaining structures used in both
centrifuge experiments are given in Chapter 3. The walls and the bases of these retaining
structures were modeled in OpenSees using elastic BeamColumn elements. Each wall consisted
of 15 nodes and 14 elements, while each base consisted of 7 nodes and 6 elements. The retaining
structures used in the FE model had the same prototype dimensions, mass, and properties as the
aluminum structures used in the centrifuge experiments. The FE model parameters of the stiff
and flexible retaining structures are given in Tables 5.1 and 5.2, respectively. The connections
between the wall and the base of each structure were modeled as rigid moment connections in

OpenSees, which means that no rotational flexibility was allowed at the connections.

Table 5.1 FE model properties for stiff retaining structure.

North Stiff | South Stiff Base
Height (m) 5.67 5.67 -
Width (m) - - 10.86
Thickness (m) 0.30 0.30 0.30
Mass (kg) 3334.34 3452.11 12044.31
Area (m) 0.14 0.14 0.25
E (KPa) 7.0E+07 7.0E+07 7.0E+07
I (m") 2.43E-03 2.43E-03 [ 1.42E-02

5.2.2 Soil Constitutive Model and Parameter Calibration

The uniform-density dry sand of experiment LAAO2 was modeled by single-phase
FourNodeQuad elements to simulate dry soil response. A total of 1120 soil nodes and 1020 soil
elements were used in the soil mesh as shown in Figure 5.1. PressureDependMultiYield (PDMY)
nDMaterial was used to simulate the nonlinear response of sand under general loading conditions

(http://opensees.berkeley.edu/OpenSees/manuals/usermanual/).
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Table 5.2 FE model properties for flexible retaining structure.

North Flexible | South Flexible Base
Height (m) 5.67 5.67 -
Width (m) - - 11.32
Thickness (m) 0.30 0.30 0.30
Mass (kg) 2890.39 2937.50 12353.95
Area (m?) 0.08 0.08 0.25
E (KPa) 7.0E+07 7.0E+07 7.0E+07
I (m®) 4.26E-04 4.26E-04 1.42E-02

The PDMY soil material is an elasto-plastic material that simulates the essential response
characteristics of pressure-sensitive soils subjected to loading. This constitutive soil model is
based on the framework of multi-yield surface plasticity, in which a number of conical yield
surfaces with different tangent moduli are employed to represent shear stress-strain nonlinearity
and confinement dependence of shear strength. The yield surfaces are of the Drucker-Prager
type. The model assumes that material elasticity is linear and isotropic, while nonlinearity and
anisotropy result from plasticity (Yang 2000). This plasticity-based constitutive soil model is
capable of capturing response characteristics such as non-flow liquefaction (cyclic mobility),
dilatancy (shear-induced volume contraction or dilation), and the associated shear strain
accumulation. The PDMY soil model can be employed to simulate dry, drained, or fully
undrained soil responses. During the application of gravity and static loads, the material behavior
is linear elastic. In the subsequent dynamic loading phases, the material response is elastic-
plastic. A schematic of the PDMY constitutive model response is presented in Figure 5.2. A
detailed description of the soil material and the model parameters are given in Yang (2000),
Yang et al. (2002, 2003, 2008) and Elgamal et al. (2002, 2003).

The parameters associated with the PDMY constitutive soil model can be grouped into
three categories: (1) multi-yield parameters describing the nonlinear shear stress-strain relations
and volumetric stress-strain relations, (2) non-associativity parameters describing the coupling of
shear-volumetric deformations (contraction and dilation), and (3) liquefaction parameters
describing the evolution of liquefaction slip strains. Overall, fifteen major parameters are needed
to define the PDMY material. The recommended ranges of PDMY parameter values for sand

with different relative densities given by Yang et al. (2008) are presented in Table 5.3.
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Stage:
0-1:
1-2:
2-3:
3-4:
4-5:
5-6:

6-9: Logic

of 0-3

Contractive phase (stress space)
Perfectly plastic phase (strain space)
Dilative phase (stress space)

Unloading phase (stress space)
Contractive phase in opposite direction
Neutral strain phase in opposite direction

Fig. 5.2 Schematic of PressureDependMultiYield soil model (source: Yang 2000).

Table 5.3 Recommended parameters for PDMY material by Yang et al. (2008).

Model Parameters Loose Sand | Medium Sand Dl\e/ﬁ:llg:: d Dense Sand
0/ _1K&O 0/ _ (RO o/ _ 0

(15% -35%) | (35% - 65%) (65% - 85%) (85% -100%)

Mass Density (ton/m’) 1.7 1.9 2 2.1

Ref. Confining Pressure,

P'r (KPa) 80 80 80 80

Ref. Shear Modulus, Grat | = 5 505 04 7.50E-+04 1.00E+05 1.30E+05

P'r (KPa)

Ref. Bulk Modulus, Brat | 555,45 2.00E+05 3.00E+05 3.90E+05

P'r (KPa)

Peak Shear Strain 0.1 0.1 0.1 0.1

Pressure Dependent

Cocfficient 0.5 0.5 0.5 0.5

Friction Angle (deg.) 29 33 37 40

Phase Transformation

Angle (deg.) 29 27 27 27

Contraction Constant 0.21 0.07 0.05 0.03

Dilation Constants d1=0, d2=0 d1=04,d2=2 | d1=0.6,d2=3 | d1=0.8, d2=5

Liquefaction-Induced 1 9 1_21 0, 1 a4 1_: 10, . 11q_l =, lig1=0,

Strain Constants 1iq2=0.02, iq2=0.01, 1192=0.003, | 1 »-0, 1iq3=0

lig3=1 lig3=1 lig3=1 475,19
Void Ratio 0.85 0.7 0.55 0.45
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The PDMY material was used with FourNodeQuad elements, and the input parameter
values were based mainly on the centrifuge measurements. The recommendations by Yang et al.
(2008), presented in Table 5.3, and Arulmoli et al. (1992) for dry medium-dense Nevada sand,
were also considered in the parameter selection and calibration. The initial PDMY parameter
values for the medium-dense Nevada sand used in centrifuge experiment LAAO2 are presented

in Table 5.4. Calibration and selection of the material parameters were performed as follows:

Table 5.4 Initial input parameters for PDMY soil properties in FE model.

Model Parameters Ne?;gah;[:ﬂ;ug)-?:l;ze% )
Initial Mass Density (kg/m’) 1692
Reference Shear Modulus, G, (kPa) 5.30E+04
Poisson's Ratio 0.3
Reference Bulk Modulus, B, (kPa) 1.15E+05
Reference Confining Stress, P'; (kPa) 54

Peak Shear Strain 0.1
Pressure Dependent Coefficient 0.5

Shear Strain and G/Gmax pairs Based on Figure 5.4
Friction Angle 35°

Phase Transformation Angle 27°
Contraction Constant 0.05
Dilation Constants d;=0.6, d,=3.0
Liquefaction Induced Strain Constants 0

Number of Yield Surfaces 11

Void Ratio 0.566

1. The dry soil mass density for the medium-dense Nevada sand was measured during
experiment LAAO2. The initial (before shaking) relative density of the sand was
measured to be about 72% with a dry mass density of about 1692 kg/m’.

d
2. The low strain shear modulus of soil is defined by G =G, (Pi'j , where Gr, P, P'. and

d represent the reference shear modulus, the effective confining pressure, the reference
mean effective confining pressure, and the pressure-dependent coefficient, respectively.
The pressure-dependent coefficient, d, which defines the variation of G and B as a

function of depth or effective confinement P’, is usually assumed to be equal to 0.5. P’;
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was taken as 54 KPa corresponding to the middle of the backfill. G, was calculated based
on the shear-wave velocity (Vs) measurements from experiment LAAO2 using G, = p *
Vs?, where p is the soil mass density. The measured value of Vs in the backfill before
shaking was about 177 m/sec, and the corresponding G, was calculated to be around
0.53E+05 KPa.

The low strain bulk modulus B, was defined according to the elastic

20+p G, , where 1 1s Poisson’s ratio taken as u =
30-24) 1+ Ko

relation B, = . Ko represents

the coefficient of the lateral earth pressure at rest, which can be approximated by

Ko =1-sin¢ for normally consolidated sand (Jaky 1948).
The initial friction angle for the PDMY material was set to 35° based on calibration
against the centrifuge results and on values presented in Arulmoli et al. (1992). Once the
low strain shear modulus and the modulus reduction curve are specified in OpenSees, the
3.0, /P,

friction angle is automatically computed assing =
6++/3-0,/P,

, where o, is the

product of the last modulus and strain pair in the modulus reduction curve and P'r is the
reference mean confining pressure. The phase transformation angle defining the
boundary between contraction and dilation was set to 27°.

The peak octahedral shear strain, yr, at which the maximum shear strength is mobilized at
the reference mean effective confining pressure P'r, was set to 0.1 as recommended by
Yang et al. (2008).

The contraction parameter defining the rate of shear-induced volume decrease for the dry
sand model was set to 0.05. The dilation parameters defining the rate of shear-induced
volume increase were set to 0.6 and 3.

The liquefaction-induced strain constants were set to zero in order to deactivate the
liquefaction mechanism.

The void ratio was calculated based on the minimum and maximum Nevada sand void
ratios and the measured relative density of the sand in experiment LAAO2.

The number of yield surfaces was set to 11. The yield surfaces were defined in OpenSees
based on the shear modulus reduction curve specified as G/Gmax and shear strain pairs.
According to the procedure outlined in Zeghal et al. (1995) and Elgamal et al. (2005), the

shear stress and shear strain responses at different depths along the centerline of the soil
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were estimated using the recorded lateral downhole accelerations (at A24, A26, A27,
A30, and A31) for the different shaking events during centrifuge experiment LAA02. The

evaluation of the shear stress time series was based on the 1-D shear beam idealization

used to describe the site seismic lateral response as 8_ = p-ii, where z, 1, p, and i are
z

depth, horizontal shear stress, mass density, and absolute horizontal acceleration,
respectively. Applying shear and displacement boundary conditions and utilizing linear
interpolation between the downhole accelerations and the shear stress time series were
estimated as described in Zeghal et al. (1995). The shear strain time series were evaluated
by first double-integrating the acceleration records to obtain absolute displacements, and
then dividing the displacement difference between two adjacent downhole stations by the
vertical distance between them. The shear stress and shear strain estimates are of second-
order accuracy and are representative of the average response midway between the
accelerometer locations. The interpreted shear stress-strain loops at accelerometer
locations A27 and A30 along the centerline of the sand are shown in Figure 5.3 for
shaking events Loma-Prieta-SC-1, Kocaeli-YPT330-1, and Kocaeli-YPT330-2. These
events represent strong (maximum shear strain of about 0.2%), weak (maximum shear
strain of about 0.02%), and moderate (maximum shear strain of about 0.08%) shaking
conditions, respectively. In all three cases, the initial low-strain shear stiffness appears to
increase with depth, indicating confinement dependence. As expected, Figure 5.3 shows
that the level of damping and of soil nonlinearity increases going from the weak to the

moderate and the strong shaking events.

The evaluated shear stress-strain time series were used to estimate the equivalent
(secant) shear modulus (G) and the damping ratio (&). Figure 5.4 presents the modulus
reduction curve G/Gmax evaluated from the selected shear stress-strain loops at location
A27. The employed Gmax was defined based on shear-wave velocity measurements as
described above. Figure 5.5 presents the damping ratio data evaluated from the
corresponding shear stress-strain loops used to estimate G. The Seed and Idriss (1970)
modulus reduction and damping curves are presented for comparison in Figures 5.4 and
5.5, respectively.

As shown in Figure 5.5, considerable scatter exists in the damping ratio data and
the estimated damping ratio is noticeably higher than the Seed and Idriss (1970) curves.
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This observed higher damping can be explained by the fact that the damping ratio data
presented in Figure 5.5 do not reflect the soil material damping alone. The estimated
damping represents the combination of material damping and additional loss of energy
within the centrifuge test system. Moreover, the damping ratio at low shear strain

(0.002%) is observed to be around 2.5-3%.

Loma Prieta-5C-1 EKocaeli-YPT330-1 Kocaeli-YPT330-2
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Fig. 5.3 Shear stress-strain time series interpreted from acceleration time series recorded
at A27 and A30 for Loma Prieta-SC-1, Kocaeli-YPT330-1, and Kocaeli-YPT330-
2 during experiment LAAQ2.

109



0.9

0.8
0.7
0.6
0.5

G/Gmax

0.4

0.3
0.2 A
0.1

0.0001
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Fig. 5.5 Damping ratio estimated based on acceleration data recorded during different
shaking events of centrifuge experiment LAAO02.
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5.2.3 Soil-Structure-Interface Elements

The soil-structure interaction was simulated by zero-length nonlinear springs. Each nonlinear
spring consisted of an elastic-no-tension component in parallel with a viscous component or a
dashpot representing radiation damping. The properties of the nonlinear springs were generally
selected to be proportional to the strength and the damping of the adjacent soil elements.
Horizontal springs were used to connect the backfill soil to the retaining walls while vertical
springs were used to connect the bases of the retaining structures to the base soil as shown in
Figure 5.6. Both stiff and flexible retaining structures had the same springs’ layout for soil-
structure interaction. Figure 5.7 presents a close-up view of the backfill soil-retaining wall

connection mechanism.
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Fig. 5.6 Schematic of retaining structure with soil-structure-spring connections.
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Fig. 5.7 Schematic of backfill soil-retaining wall connections in FE model.

5.2.4 Container and Boundary Conditions

Centrifuge models LAAOI and LAAO2 were tested in a flexible shear-beam model container
(FSB2), which consists of an aluminum base plate and a series of five stacked aluminum rings
separated by soft neoprene rubber providing lateral flexibility. To minimize boundary effects, the
container was designed such that its natural frequency is less than the initial natural frequency of
the soil (Kutter 1995). The behavior of flexible shear-beam model containers was evaluated in
Wilson et al. (1997), Lai et al. (2004), Yang et al. (2004), and Ilankatharan and Kutter (2008).
Although Ilankatharan and Kutter (2008) observed that more accurate 2-D modeling of the
container boundary conditions results in a more accurate numerical simulation of dynamic
centrifuge experiments, researchers agree that flexible model containers do not have a significant
impact on the experimental results. Flexible containers are typically regarded as representative of
field conditions.

The boundary conditions in the 2-D finite element mesh used herein consisted of (1) base
nodes of the soil continuum that were fixed both horizontally and vertically to reproduce the
fixed-base conditions of the model container, (2) displacement degrees of freedom of the lateral

boundary nodes of the soil continuum that were tied together both horizontally and vertically
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using the equalDOF command and penalty method, (3) a traction-free surface, and (4) dynamic

excitation defined as the recorded base acceleration.

5.2.5 System Damping

Energy supplied to the centrifuge models is dissipated in a complex manner. In the 2-D FE
model, energy is mainly dissipated by hysteresis damping and viscous damping. Hysteretic
damping is generally the main energy-dissipation mechanism and is generated in the FE model
by the shear stress-strain loops of the PDMY soil material. However, at very low strains,
hysteretic damping alone is not sufficient, which can cause unrealistic resonance during wave
propagation. Viscous damping becomes the main energy-dissipation mechanism and is modeled
using the Rayleigh command. The Rayleigh damping matrix consists of a combination of

stiffness and mass-proportional damping matrices described by [C]za-[M 1+ B-[K], where

[M] and [K] are the mass and the stiffness matrices and o and B are the mass and stiffness
proportional coefficients, respectively. In the FE model, viscous damping is assumed to be only
stiffness proportional, whereby the stiffness proportional coefficient is obtained using an average
of 3.5% damping ratio at the soil natural frequency. A stiffness proportional damping coefficient

of 0.0044 was used in the FE model.

5.2.6 Input Earthquake Motions

Accelerations recorded during centrifuge testing at the base of the model container were used as
input accelerations to the 2-D FE model using the UniformExcitation command in OpenSees.
The simulated input earthquakes included input acceleration time series recorded during the
Loma Prieta-SC-1, Kobe-PI-2, and Loma Prieta-SC-2 shaking events in experiment LAAOQ2.
Peak accelerations varied from 0.49 to 0.8 g. The input acceleration time series and
characteristics of the different shaking events used for the FE model can be found in Section 4.2

and Figures A.10, A.12, and A.13.
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5.2.7

Finite Element Analysis

The sequence of the finite element analysis included the following steps:

1.

The soil mesh was first generated and the base and lateral boundary conditions were
specified;

Soil behavior was first set to the linear elastic stage;

The stiff and flexible retaining structures' nodes and elements were added to the FE
model, along with the corresponding soil-structures springs;

Structure self-weight was applied as nodal vertical loads and static gravity-loading was
applied to the FE model, now including the soil mesh and the retaining structures;

Soil behavior was updated to the plastic stage;

Based on Yang (2000), it is possible to have a stress point outside the failure surface after
the gravity application to the soil model with elastic properties. Adjustment to the stress
state in the soil model introduces a force imbalance in the finite element equation system.
Yang (2000) recommended including an intermediate plastic phase with high numerical
damping in the finite element analysis in order to rapidly dissipate the force imbalance
effect. Therefore, gravity loading was applied again to the developed FE model with high
numerical damping.

Input ground motion was applied to the FE model, and the transient system responses

were recorded.

Numbering of nodal degrees of freedom was performed using the reverse Cuthill-Mckee

algorithm. Penalty constraints were used to enforce the prescribed displacement boundary

conditions using the transformation method. A norm displacement increment test was used to

determine whether or not convergence had been achieved at the end of an iterative step.

Generally, only several steps were required to converge on a solution for the finite element

analysis. A general sparse system of equations was set up and solved using the

NewtonLineSearch algorithm, which uses the Newton-Raphson method with line search to

advance to the next time step of analysis. A Newmark integrator was used for the transient

analysis with y and B coefficients set to 0.6 and 0.3025, respectively. Rayleigh damping was

included in the analysis as described in Section 5.2.5.
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5.3 COMPARISON BETWEEN COMPUTED AND RECORDED SYSTEM
RESPONSES

One baseline set of parameters (Table 5.4) selected using the calibration procedures described in
Section 5.2 was used to analyze three cases consisting of two retaining structures, stiff and
flexible, and three shaking events. The shaking events consisted of Loma Prieta-SC-1, Kobe-PI-2
and Loma Prieta-SC-2. Soil mass density, low strain shear modulus, and Poisson ratio were
specified for the different cases as measured or interpreted from the corresponding centrifuge
shaking events. While the initial friction angle was set as 35° for the Loma Prieta-SC-1 shaking
event, friction angle values for the subsequent events were computed in OpenSees based on the
specified low strain shear modulus and the modulus reduction curve.

Recorded and computed responses are presented in this section for the three analyzed
scenarios. The comparisons include time series of soil and structure accelerations, bending
moments and earth pressures on the walls, soil shear stresses and strains, as well as acceleration
response spectra. All recorded and computed results are presented in a prototype scale. The
deformed meshes, five times magnified, for each of the three scenarios show the soil settlement
and permanent wall deflection patterns for the stiff and flexible retaining structures, as presented

in Figures 5.8-5.10.

Fig. 5.8 Deformed finite element mesh for Loma Prieta-SC-1 shaking event.
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Fig. 5.9 Deformed finite element mesh for Kobe-PI-2 shaking event.

Fig. 5.10 Deformed finite element mesh for Loma Prieta-SC-2 shaking event.

5.3.1 Acceleration and Response Spectra

Figures 5.11-5.13 present the comparisons of the computed and recorded horizontal acceleration
time series at the top of the soil in the free field, and at the tops of the stiff and flexible retaining
walls. The input acceleration time series for the different shaking events are also presented in
these figures. All acceleration time series were corrected such that the horizontal acceleration is
positive toward the north end of the model container. Figures 5.14-5.16 present the acceleration
response spectra at 5% damping for the recorded and computed acceleration time series at the
tops of the south stiff and north flexible walls, at the top of the ground surface in the free field,

and within the soil deposit.

116



As shown in Figures 5.11-5.13, the computed and recorded acceleration time series at the
tops of the retaining structures and the soil in the free field were in excellent agreement in terms
of the phase and magnitude of accelerations for the three shaking scenarios. Figures 5.14-5.16
show that the computed and recorded acceleration response spectra are in reasonably good
agreement. While the computed acceleration response spectra agree very well with the recorded
ones at long periods, the computed response consistently underestimates the measured response
at shorter periods in Figures 5.14-5.16. This behavior can be explained by the use of an
approximation of the Rayleigh damping in the FE model, which consists of only the stiffness
proportional component obtained using the first natural mode of the soil column. Since the
Rayleigh damping formulation is frequency dependent, the stiffness proportional damping
introduces an artificially high damping that filters high-frequency motion content. The use of the

extended Rayleigh formulation would possibly reduce the overdamping effect at short periods.
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Fig. 5.11 Comparison of recorded and computed accelerations at top of soil in free field
and at tops of south stiff and north flexible walls during Loma Prieta-SC-1.
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Fig. 5.12 Comparison of recorded and computed accelerations at top of soil in free field
and at tops of south stiff and north flexible walls during Kobe-PI-2.
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Fig. 5.13 Comparison of recorded and computed accelerations at top of soil in free field
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Fig. 5.14 Comparison of recorded and computed acceleration response spectra at 5%
damping at top of south stiff and north flexible walls, at top of soil in free field
and within base soil during Loma Prieta-SC-1.
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Fig. 5.15 Comparison of recorded and computed acceleration response spectra at 5%
damping at top of south stiff and north flexible walls, at top of soil in free field
and within base soil during Kobe-PI-2.
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5.3.2 Bending Moments

Figures 5.17-5.19 present recorded and computed total wall moment time series on the south
stiff and north flexible retaining walls during the Loma-Prieta-SC-1, Kobe-PI-2, and Loma
Prieta-SC-2 shaking scenarios. Figures 5.20-5.22 present the recorded and computed static
moment profiles before and after the different shaking events, as well as the maximum total wall
moment profiles on the stiff and the flexible walls. The recorded total wall moment time series
are interpreted from the strain gage measurements and include contributions from wall inertia as
well as static and dynamic earth pressures. The computed total wall moment time series are
obtained in OpenSees by using the wall element recorder, and also include effects from wall
inertia, and from static and dynamic lateral earth pressures. The moments presented in Figures
5.17-5.22 were corrected such that the positive moment corresponds to wall rotation away from
the soil for both stiff and flexible walls.

As shown in Figures 5.17-5.19, the computed and recorded total wall moments agree
reasonably well at various strain gage locations on the stiff and flexible walls for the three
analyzed shaking events. The computed moments well reproduced the phase and magnitude of
the moment responses of the stiff and flexible walls. Moreover, the FE model successfully
simulated the gradual increase in the static moment observed in Figures 5.17 and 5.18, as a result
of shaking and soil densification.

Figures 5.20-5.22 show that the computed and recorded static and maximum total wall
moment profiles agree reasonably well in magnitude and distribution on the stiff and flexible
walls. Computed moments on the stiff wall appear to consistently overestimate the static
recorded moments before and after shaking. The same behavior was not generally observed on
the flexible wall. A possible explanation for this observation is that the wall-base connections
were modeled in OpenSees as perfectly rigid, while in actual structures, connections never
behave in a perfectly rigid or hinged manner. Moreover, in both centrifuge experiments, the
retaining walls were bolted to the bases by applying a measured torque to the force-sensing bolts.
This torque was selected in order to avoid excessive pre-loading of the bolts. This process may
have introduced a certain degree of rotation flexibility in the connections. Since the degree of
flexibility in the wall-base connections was not measured in the centrifuge experiments, it was

difficult to incorporate a certain degree of flexibility in the wall-base connections of the FE
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model. The above conditions could explain the relatively small observed differences between the
computed and recorded moments, especially in the static loading.

Overall, the FE model was able to capture the main features observed in the centrifuge
recorded moments in terms of the magnitude and the phase of the time series, the increase of
static moments after shaking, and the cubic distributions of the static and total moments along

the depth of the walls.

5.3.3 Lateral Earth Pressures on Retaining Walls

Figures 5.23-5.25 present a comparison of the computed and recorded total lateral earth
pressures at various locations on the south stiff and north flexible walls for the three analyzed
shaking scenarios. Earth pressure time series recorded by the Flexiforce sensors during
centrifuge experiment LAAOQ2 are also presented in these figures. Computed earth pressure time
series were obtained from the spring forces by dividing each force by the contributing area to
obtain corresponding lateral earth pressure. Lateral earth pressures, presented in Figures 5.23—
5.25, were corrected such that positive earth pressure corresponds to a force acting on the wall in
the direction away from the backfill.

As shown in these figures, there was a varying degree of agreement between the
computed and recorded total earth pressures on the stiff and the flexible walls for the different
shaking scenarios. Static earth pressures before shaking were not always adequately estimated by
the FE model. Observed differences in the static earth pressures before and after shaking can be
attributed to the fact that the wall-base connections were modeled in OpenSees as rigid
connections, while in reality a small degree of flexibility is likely to have been experienced at the
connections as discussed in Section 5.3.2. Moreover, the computed earth pressure time series
show an increase in static earth pressure after the Loma Prieta-SC-1 and Kobe-PI-2 shaking

scenarios. A similar type of response is observed in the recorded earth pressures.
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Fig. 5.25 Comparison of computed and recorded total earth pressure time series at
different Flexiforce locations on south stiff and north flexible walls during Loma
Prieta-SC-2.

While there was a reasonable phase agreement between the recorded and computed total
earth pressure time series, the computed values usually overestimated the magnitude of the
recorded total earth pressures. It should be noted that the accuracy of the earth pressure
magnitudes measured by the Flexiforce sensors is limited due to the problems encountered with
these sensors, as described in Section 3.11.2. This limitation possibly contributed to the
differences observed between the computed and recorded earth pressure responses. Moreover,
the computed earth pressures in OpenSees were sensitive to small variations in the properties of
the wall-soil springs and the type of soil-structure interaction. While the soil-wall spring
properties were carefully selected to obtain a good overall agreement in the computed and
recorded moment and pressure responses, a more eclaborate modeling of the soil-structure

interaction could possibly produce better results. Overall and despite the mentioned limitations,
134



the main observed characteristics of the static and total earth pressures acting on the stiff and the
flexible retaining walls in the centrifuge experiments were reasonably simulated by the FE

model.

5.3.4 Soil Shear Stress and Strain Responses

Figures 5.26-5.28 present comparisons of interpreted and computed shear stress (t4,) and shear
strain (&y) time series in the middle of the backfill in the free field for the different analyzed
shaking scenarios. The computed shear stresses and strains were obtained using the element
recorder in OpenSees at a particular integration point in the soil element. The interpreted shear
stress and strain time series presented in Figures 5.26-5.28 were estimated using the recorded
lateral downhole accelerations as described in Section 5.2.2. The evaluation of shear stresses was
based on the 1-D shear beam idealization. Shear strain time series were evaluated based on the
displacement time series obtained by double-integrating the acceleration records. This method of
estimating the shear strain time series eliminates any residual static shear strain after shaking
because of the high-pass filtering and double integration of the acceleration records. It should be
noted that shear stress and shear strain estimates based on the centrifuge recorded accelerations
are of second-order accuracy. As shown in Figures 5.26-5.28, the computed and interpreted
shear stress strain time series in the middle of the soil backfill are in very good agreement for the

three analyzed shaking events.
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5.4 SENSITIVITY OF FINITE ELEMENT MODEL

The FE model was tested with a range of input variables and scenarios to evaluate the influence
of various parameters on key responses such as accelerations in the soil and on the structures, as
well as bending moments and earth pressures on the walls. The initial FE model represented the
two retaining structures, stiff and flexible, together as was the case in the centrifuge experiments.
The potential for interaction between the two structures was then evaluated by modeling the stiff
and flexible structures separately. Differences of less than 5% were generally observed in the
acceleration, moment, and earth pressures responses, indicating that having the two structures
together in one centrifuge model does not have a significant effect on the results. However, as
expected, soil properties such as low strain shear modulus, low strain bulk modulus, friction
angle and modulus reduction curve have a significant effect on the computed results. This
emphasizes the importance and necessity of having reliable estimates of the soil properties in
numerical modeling. Moreover, the calibrated FE model was able to reasonably well capture the
influence of frequency content of the different analyzed base ground motions.

Finally, the type and parameters of soil-structure interface elements had a considerable
effect on the bending moments and earth pressures computed on the walls. As discussed in
Section 5.2.3, elastic-no-tension springs in parallel with dashpots were used to model the soil-
structures interaction. Other types of interface elements such as elastic springs, elastic-no-tension
springs, or soil and structure directly attached were evaluated as well. These types of interface
elements tended to overestimate the earth pressures acting on the walls and did not match the
phase of the recorded total earth pressure time series. Moreover, the stiffness and radiation
damping parameters for the soil-structure interface elements had an effect on the computed earth
pressures acting on the walls with high radiation damping coefficients and lower stiffness values
resulting in lower earth pressures on the walls. More elaborate soil-structure interface models,
such as those described in Gomez et al. (2003) and Green et al. (2008), could possibly better
model the retaining wall-soil interaction, but their application was beyond the scope of this
study. It should be noted that the effects of the interface element properties on the computed
bending moments on the walls were not as pronounced as for the earth pressures, since computed
moments on the walls were significantly affected by the inertia of the wall itself. This response is

consistent with observations from the centrifuge experiments presented in Chapter 4.
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5.5 ALTERNATIVE SOIL PROPERTIES STUDY

The calibrated model was used as a baseline for a preliminary evaluation of dynamic earth
pressures and moments for U-shaped cantilever retaining structures with dry dense sand backfill.
The results of this scenario are used to evaluate the effect of higher soil strength on the lateral
loads computed on the walls. Other retaining wall-backfill scenarios such as rigid walls and
basement walls are beyond the scope of the current study and require more elaborate treatment of

soil-structure interface.

5.5.1 U-Shaped Cantilever Retaining Structures with Dense Sand Backfill

Description

For the stiff and flexible U-shaped cantilever retaining structures in a dry dense sand backfill
scenario, a 2-D plane-strain finite element mesh identical to the one used in the development and
the calibration of the FE model, presented in Figure 5.29, was employed. The elasto-plastic
PDMY material with FourNodeQuad elements was used to model the uniform-density dry dense
Nevada sand. Input parameters for the soil model were based on Yang et al. (2008) and Elgamal
et al. (2005) and are presented in Table 5.5. The input ground motion consisted of the input
accelerations recorded during the Loma Prieta-SC-1 shaking event of centrifuge experiment

LAAO2.

Fig. 5.29 Two-dimensional plane-strain finite element mesh for U-shaped cantilever
retaining structures with dry dense sand backfill scenario.
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Table 5.5 Input parameters for PDMY soil properties in FE model.

Model Parameters Dry Dense Nevada Sand
Initial Mass Density (kg/m’) 1767
Reference Shear Modulus, G; (kPa) 6.60E+04
Poisson's Ratio 0.248
Reference Bulk Modulus, B; (kPa) 1.09E+05
Reference Confining Stress, P'; (kPa) 80

Peak Shear Strain 0.1
Pressure Dependent Coefficient 0.5
Friction Angle 42°
Phase Transformation Angle 27°
Contraction Constant 0.03
Dilation Constants d;=0.8, d,=10.0
Liquefaction Induced Strain Constants 0
Number of Yield Surfaces 11

Void Ratio 0.511

Analytical Results and Observations

The deformed mesh, five times magnified, for the Loma Prieta-SC-1 scenario shows soil
settlement and permanent wall deflection patterns for the stiff and the flexible retaining
structures and is presented in Figure 5.30. The computed acceleration time series at the top of the
soil in the free field, and at the tops of the south stiff and north flexible walls are presented in
Figure 5.31.

The computed total wall moments and earth pressure time series on the stiff and flexible
retaining walls supporting dry dense sand backfill were evaluated and compared to the results
obtained for the stiff and flexible U-shaped structures retaining dry medium-dense sand. A
comparison of the total wall moment time series at different locations on the south stiff and north
flexible walls with the dense and the medium-dense sand backfill is shown in Figure 5.22. The
corresponding comparison of total earth pressure time series at different locations on the south
stiff and north flexible walls for the dense and medium-dense dry backfill is presented in Figure
5.33. Figure 5.32 shows that the moments computed for the case with dense sand backfill
decrease by about 25-30 % relative to the corresponding moments for the medium-dense sand

backfill. Similarly, Figure 5.33 shows that the total earth pressures on the stiff and the flexible
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walls exerted by the medium-dense sand backfill significantly exceed those induced by the dense
sand backfill.

Fig. 5.30 Deformed finite element mesh for Loma Prieta-SC-1 shaking event.
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Fig. 5.31 Computed acceleration time series at top of soil in free field and at tops of south
stiff and north flexible walls.
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5.6 SUMMARY

A 2-D plane-strain FE model was developed on the OpenSees platform and was calibrated and
evaluated against a set of centrifuge model results for three shaking events from experiment
LAAO2. The computed and recorded results consisting of acceleration, response spectra, bending
moments, earth pressures, and shear stress and strain time series were compared with the
experimental results. Despite the simplifications and inherent limitations in the FE model as well
as the uncertainties in the input parameters, the computed results show that the finite element
analysis is able to capture reasonably well the essential system responses observed in the
centrifuge experiments. Most importantly, the resulting model was then available to perform a
preliminary analysis of a case with denser soil backfill. The results of the numerical studies show
that increasing the soil density and hence its shear strength does indeed lead to a better
performance and lesser loads on the retaining structures, as would be expected. In all studied
cases, the pressure profiles consistently increase with depth along the height of the walls.

Nevertheless, the FE model had a number of important limitations must be acknowledged

and reconciled before extending these results further, including:

o Inherent uncertainties in the input parameters;

o Simplifications adopted in modeling of the rather complex soil-structure interaction;

o Challenges in accurately capturing the soil stress and strain conditions resulting from
previous shakings. Measured soil properties before a specific shaking event such as mass
density and low strain shear modulus were used as input parameters for the particular
scenario. In this study, the cumulative effects of previous shakings on the other soil
properties could not be accurately modeled, since consideration of previous loading is not
possible in the current sand models in OpenSees;

o The centrifuge model container was simplified;

o The wall-base connections were assumed to be perfectly rigid; and

o Possible 3-D effects were not captured in the 2-D plane-strain analysis.
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6 Implications for Existing Design Methods
and Recommendations

One of the principal objectives of this research was to evaluate the validity of the assumptions
used in the current seismic design methods and to assess the overall quality of the design
methodology. To this end, the lateral earth pressures and moments observed during centrifuge
experiments LAAOI and LAAO2 were compared to estimates obtained using the most commonly
applied dynamic earth pressure theories. Based on these comparisons, and based on the
experimental observations and measurements, recommendations are provided for future seismic

design of cantilever retaining walls.

6.1 EVALUATION OF MONONOBE-OKABE AND SEED AND WHITMAN (1970)
METHODS

As discussed in the literature review of Chapter 2, the M-O theory assumes that the backfill is in
a state of plastic equilibrium under dynamic loading, and treats the seismic forces on the wall as
equivalent static forces. While there is no clear empirical basis for these assumptions, the M-O
theory along with its simplified version presented in Seed and Whitman (1970) has become the
established theory for estimating seismic earth pressures on retaining walls.

Based on the experimental findings presented in Section 4.5, the M-O hypothetical
idealization that seismic response occurs simultaneously and uniformly in the retaining wall and
backfill without any phase difference does not correctly represent the real seismic behavior of the
retaining wall-backfill system. Moreover, the M-O theory assumes that the maximum earth
pressure and the inertial force occur simultaneously, and that a stability analysis of the retaining
wall is usually conducted for this case. In contrast, the experimental data show that the dynamic
earth pressure is at its local maximum when the inertial force and dynamic wall moment reach

their local minimum values or zero. While the M-O theory suggests that a retaining wall is



subjected to the seismic active earth pressure when the wall and the backfill are loaded by the
inertial force in the active direction, experimental data suggest that this hypothesis is clearly
flawed. When the retaining wall and the backfill are loaded in the active direction, the dynamic

earth pressure is around its minimum, or around zero.

6.1.1 Total Moments

Tables 6.1 and 6.2 present total earth pressure moments estimated using the M-O, and Seed and
Whitman (1970) methods as a ratio in percent of the maximum total moments interpreted from
the strain gage data at the bases of the south stiff and north flexible walls, respectively, for the
different shaking events in experiments LAAO1 and LAAO02. While maximum total moments for
centrifuge experiment LAAO1 include contributions from the earth pressure and wall inertial
effects and therefore represent the total wall moments, the total moments for experiment LAA02
were corrected to remove wall inertial effects, and represent total earth pressure moments. In the
M-O method, the resultant force of the estimated total dynamic pressure distribution was applied
at one third the height of the wall from its base. In the Seed and Whitman (1970) method, the M-
O pressure distribution was used with the resultant force of the dynamic increment applied at two
thirds the height of the wall from the base. The M-O and Seed and Whitman (1970) moment
estimates were calculated with peak and 65% of the peak ground accelerations measured at the
top of the soil in the free field. It should be noted that Seed and Whitman (1970) recommend
using 85% rather than the more commonly assumed 65% of the peak ground acceleration. For
some of the shaking events, the total dynamic moments estimated using the M-O method were
indeterminate due to the high peak ground acceleration. Whenever the total earth pressure
moment underestimates the measured maximum total moments, the corresponding values are
presented in bold in Tables 6.1 and 6.2. Tabulated values of the maximum total moments at the
bases of the south stiff and north flexible walls interpreted from the strain gage and force-sensing
bolt measurements during the different shaking events for centrifuge experiments LAAO1 and
LAAO2 are presented in Appendix B (Tables B.1-B.4). These tables also contain the total earth
pressure moments at the bases of the walls estimated using the M-O and Seed and Whitman

(1970) methods with total and 65% peak ground acceleration.

148



For experiment LAAO1, Tables 6.1 and 6.2 show that both the M-O and Seed and
Whitman (1970) methods used with total PGA typically overestimate the maximum measured
total wall moments (including wall inertial moments). For experiment LAAO2, the M-O and
Seed and Whitman (1970) methods overestimate the maximum total earth pressure moments at
the bases of the stiff and flexible walls. Using 65% of the total peak ground acceleration, the M-
O and Seed and Whitman (1970) methods slightly underestimate the observed total earth
pressure moments for the very strong shaking events, such as Kobe and Loma Prieta on the stiff
wall, but overestimate the moments for the rest of the shaking events. The ratio of computed to
observed total earth pressure moments appears to be a function of the flexibility of the wall, the
magnitude of shaking, and the density of the backfill. As expected, this ratio is the lowest for the
stiff wall with a large magnitude of shaking and a looser backfill.

Table 6.1 Ratio of computed total earth pressure moments to maximum total moments
interpreted from strain gage measurements at base of south stiff wall during
different shaking events for LAA(O1 and LAAO02.

Moment Estimate / Measured Moment
M-O M-O Seed & Seed &
Method | Method | Whitman Whitman

with with 65% | Method Method with

Amay Amay with ayay 65% amax
Loma Prieta-1, LAAO1 102% 67% 127% 95%
Loma Prieta-2, LAAO1 96% 63% 120% 89%
Kobe, LAAO1 INDET.* 61% 106% 76%
Loma Prieta-3, LAAO1 107% 66% 125% 92%
Loma Prieta-SC-1, LAAO2 135% 94% 186% 139%
Kobe-PI-1, LAA(Q2 143% 65% 125% 90%
Kobe-PI-2, LAA(Q2 INDET.* 82% 153% 109%
Loma Prieta-SC-2, LAA02 152% 97% 194% 143%
Kocaeli-YPT060-2, LAAQ2 160% 129% 238% 186%
Kocaeli-YPT060-3, LAAQ2 175% 127% 251% 189%
Kocaeli-YPT330-2, LAAO2 161% 118% 233% 175%
Kobe-TAK090-1, LAA02 INDET.* 85% 147% 103%
Kobe-TAK090-2, LAA02 151% 80% 159% 115%
Loma Prieta-WVC270, LAA02 118% 93% 178% 137%
Kocaeli-YPT330-3, LAAO2 148% 112% 219% 166%

* Total earth pressure moment estimate is indeterminate by the M-O method due to the high peak ground

acceleration
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The overall performance of the walls can be further evaluated by inspecting the measured
total moment time series and comparing them to limit values estimated using the M-O and Seed
and Whitman (1970) methods. Figures 6.1-6.2 present the total moment time series measured by
the force-sensing bolts and by SG2 on the south stiff and north flexible walls for the Loma
Prieta-1 and the Loma Prieta-SC-1 shaking events in experiments LAAO1 and LAAO02,
respectively. Total earth pressure moment estimates using the M-O and Seed and Whitman
(1970) methods with total peak ground accelerations are also presented in the figures at the
corresponding locations on the walls. Plots comparing the observed total moment time series to
the M-O and Seed and Whitman (1970) total earth pressure moment estimates for the rest of the
LAAOI and LAAO2 shaking events are included in Figures A.49—-A.61.

Table 6.2 Ratio of computed total earth pressure moments to maximum total moments
interpreted from strain gage measurements at base of north flexible wall during
different shaking events for LAAO1 and LAAO02.

Moment Estimate / Measured Moment
M-O M-O Seed & Seed &
Method | Method Whitman Whitman

with with Method Method with

Amax 65% ap. | with ap,, 65% apax
Loma Prieta-1, LAAO1 107% 70% 133% 99%
Loma Prieta-2, LAAO1 102% 67% 127% 95%
Kobe, LAAO1 INDET.* 73% 128% 92%
Loma Prieta-3, LAAO1 112% 70% 131% 97%
Loma Prieta-SC-1, LAAO2 144% 101% 199% 148%
Kobe-PI-1, LAA02 233% 106% 204% 146%
Kobe-PI-2, LAAQ2 INDET.* 194% 194% 138%
Loma Prieta-SC-2, LAAQ2 166% 106% 212% 156%
Kocaeli-YPT060-2, LAAQ2 142% 114% 211% 164%
Kocaeli-YPT060-3, LAAO2 161% 117% 231% 174%
Kocaeli-YPT330-2, LAAO2 165% 121% 238% 179%
Kobe-TAK090-1, LAA02 INDET.* 75% 130% 91%
Kobe-TAK090-2, LAAO2 192% 102% 202% 146%
Loma Prieta-WVC270, LAA02 124% 98% 186% 143%
Kocaeli-YPT330-3, LAAO2 129% 97% 191% 145%

*Total earth pressure moment estimate is indeterminate by the M-O method due to the high peak

ground acceleration
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For centrifuge experiment LAAO1, the total wall moments measured at the bases of the
stiff and flexible walls and at the SG2 location including wall inertial effects are generally
adequately estimated or slightly underestimated by the M-O method and overestimated by the
Seed and Whitman (1970) method. For centrifuge experiment LAA02, the M-O and Seed and
Whitman methods overestimate the total earth pressure moments at all times and for all shaking
events. In addition, the total moment time series clearly show the effect of soil densification
during shaking as the static moment on the walls increases under seismic loading. This effect is
most pronounced for the strongest shaking events with the largest amount of settlement. Such an
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 series show that the total wall moments
rarely exceed the design criteria in more than one cycle. Overall, the total wall moments tend to

be significantly overestimated by current design methods.

6.1.2 Dynamic Moments

Tables 6.3 and 6.4 present estimates of the dynamic component of the moment due to earth
pressure using the M-O and Seed and Whitman (1970) methods. The results are given as a ratio
(in percent) of the maximum dynamic moments interpreted from the strain gage measurements at
the bases of the south stiff and the north flexible walls for the different shaking events for
experiments LAAOl and LAAO02. While recorded maximum dynamic moments for LAAOI
shaking events include wall inertial effects, recorded moments for the LAAO2 shaking events
were corrected to reflect only the earth pressure effects. The M-O and Seed and Whitman (1970)
dynamic earth pressure moment estimates were calculated with peak and 65% of the peak ground
accelerations measured at the top of the soil in the free field. Whenever the dynamic earth
pressure moment estimates underestimate the measured maximum dynamic moments, the
corresponding values are presented in bold. Tabulated values of the dynamic moments at the
bases of the south stiff and north flexible walls interpreted from the strain gage and force-sensing
bolt measurements during the different shaking events for LAAOI and LAAO2 are presented in
Tables B.5-B.8. These tables also contain the values of dynamic earth pressure moments
estimated using the M-O and Seed and Whitman (1970) methods with total and 65% peak

ground acceleration.
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As previously observed in the total moment comparisons, Tables 6.3 and 6.4 show that
the maximum dynamic wall moments recorded at the bases of the stiff and flexible walls during
the LAAO1 shaking events generally tend to be overestimated by the M-O and Seed and
Whitman methods using PGA values. For experiment LAAO2, the maximum earth pressure
dynamic moments are overestimated by the M-O and Seed and Whitman (1970) methods used
with PGA. The M-O method with 65% PGA tends to underestimate the dynamic earth pressure
moments for the strong shaking events such as Kobe but adequately estimates those for the rest
of the shaking events. The Seed and Whitman (1970) method used with 65% PGA generally

overestimates the dynamic earth pressure moments at the bases of the stiff and flexible walls.

Table 6.3 Ratio of computed dynamic earth pressure moments to maximum dynamic
moments interpreted from strain gage measurements at base of south stiff wall
during different shaking events for LAAO1 and LAAOQ2.

Moment Estimate / Measured Moment
M-O M-O Seed & Seed &
Method Method | Whitman Whitman
with a with Method | Method with
" 65% Amay | With ap,, 65% apay
Loma Prieta-1, LAAO1 104% 50% 141% 92%
Loma Prieta-2, LAAO1 96% 47% 132% 86%
Kobe, LAAO1 INDET.* 47% 100% 65%
Loma Prieta-3, LAAO1 116% 53% 143% 93%
Loma Prieta-SC-1, LAAO02 204% 105% 327% 212%
Kobe-PI-1, LAAO2 210% 72% 179% 116%
Kobe-PI-2, LAA02 INDET.* 88% 198% 129%
Loma Prieta-SC-2, LAAO02 230% 110% 323% 210%
Kocaeli-YPT060-2, LAA0O2 239% 138% 493% 320%
Kocaeli-YPT060-3, LAA02 316% 169% 553% 359%
Kocaeli-YPT330-2, LAAO2 313% 168% 555% 361%
Kobe-TAK090-1, LAAO2 INDET.* 106% 212% 137%
Kobe-TAK090-2, LAA0O2 215% 87% 231% 150%
Loma Prieta-WVC270, LAA02 179% 102% 362% 235%
Kocaeli-YPT330-3, LAA0O2 302% 166% 568% 369%

*The dynamic earth pressure moment estimate is indeterminate by the M-O method due to the high

peak ground acceleration
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Figures 6.3—6.4 present the dynamic moment time series measured by the force-sensing
bolts and by SG2 on the south stiff and north flexible walls for the Loma Prieta-1 and the Loma
Prieta-SC-1 shaking events for LAAO1 and LAAO2, respectively. The dynamic earth pressure
moment estimates using the M-O and Seed and Whitman (1970) methods with total PGA values
are also presented in the figures. Performance figures comparing the observed dynamic moment
time series to the M-O and Seed and Whitman (1970) estimates for the rest of the LAAO1 and
LAAO2 shaking events are included in Figures A.62—A.74. As expected, the dynamic moment
results show a pattern generally consistent with that observed for the maximum total moments

discussed in Section 6.1.1.

Table 6.4 Ratio of computed dynamic earth pressure moments to maximum dynamic
moments interpreted from strain gage measurements at base of north flexible

wall during different shaking events for LAAO1 and LAAOQ2.

Moment Estimate / Measured Moment
M-O M-O Seed & Seed &
Method Method | Whitman Whitman
with a with Method | Method with
" 1 65% apax | With ap,, 65% amax

Loma Prieta-1, LAAOI 137% 67% 187% 122%
Loma Prieta-2, LAAOI 139% 67% 190% 123%
Kobe, LAAO1 INDET.* 73% 155% 101%
Loma Prieta-3, LAAOI 175% 80% 217% 141%
Loma Prieta-SC-1, LAAQ2 308% 159% 494% 321%
Kobe-PI-1, LAAQ2 413% 142% 352% 229%
Kobe-PI-2, LAA0Q2 INDET.* 277% 277% 180%
Loma Prieta-SC-2, LAAO2 295% 141% 415% 270%
Kocaeli-YPT060-2, LAAO2 211% 122% 435% 283%
Kocaeli-YPT060-3, LAAO2 266% 143% 466% 303%
Kocaeli-YPT330-2, LAAQ2 325% 175% 576% 374%
Kobe-TAK090-1, LAA02 INDET.* 82% 163% 106%
Kobe-TAK090-2, LAA(02 329% 133% 354% 229%
Loma Prieta-WVC270, LAA02 243% 138% 491% 318%
Kocaeli-YPT330-3, LAAO2 269% 148% 506% 329%

*The dynamic earth pressure moment estimate is indeterminate by the M-O method due to the high peak

ground acceleration
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Fig. 6.3 Comparison of dynamic wall moment time series recorded at SG2 on south stiff
and north flexible walls and at bases of walls by force-sensing bolts with M-O and
Seed and Whitman (1970) moment estimates for Loma Prieta-1, LAAOI.
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6.1.3 Total Lateral Earth Pressures

Figures 6.5-6.7 present the maximum total pressure distributions recorded by the Flexiforce
sensors and interpreted from the strain gage measurements on the south stiff and north flexible
walls during the different LAAO1 and LAAO2 shaking events. The total pressure profiles
obtained from the strain gage measurements were corrected to remove the wall inertial effects for
the shaking events in experiment LAAO2. The total earth pressure distributions estimated by the
M-O method using peak and 65% peak ground accelerations are displayed in these figures for
comparison.

Figure 6.8 presents comparisons of the maximum total earth pressure distributions
recorded by the Flexiforce sensors and interpreted from the strain gage measurements to those
estimated by the Seed and Whitman (1970) method using peak and 65% peak ground
accelerations for selected shaking events from experiment LAAO2. Seed and Whitman (1970)
suggest that the point of application of the dynamic increment thrust should be between one half
and two thirds the wall height above its base; hence the total earth pressure profile estimates in
Figure 6.8 were calculated using an inverted triangular dynamic increment pressure distribution
with depth. Figure 6.8 shows that the dynamic earth pressure increment distribution suggested by
Seed and Whitman (1970) is not in agreement with the triangular earth pressure profiles
observed in the centrifuge experiments. To evaluate the magnitude of the total earth pressures
estimated by the Seed and Whitman (1970) method, Figures 6.9-6.11 present comparisons of the
maximum recorded and interpreted total pressure distributions to those estimated by the Seed
and Whitman (1970) method using a triangular distribution with depth.

Overall, Figures 6.5-6.11 show that the maximum total pressure distributions measured
on the stiff and flexible walls are generally lower than those estimated by the M-O method using
total PGA. Moreover, the maximum measured total pressure distributions are also lower than
those estimated by the Seed and Whitman (1970) method using total PGA, with the exception of
the pressure distributions observed for the LAAO1 shaking events that include wall inertial
effects. Using a reduced PGA value in the M-O and Seed and Whitman (1970) methods
generally results in better estimates of the maximum observed total earth pressures. Finally, it is
important to note that recorded total earth pressures consistently increase monotonically

downward in a manner that is typically observed and assumed under static conditions.
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Fig. 6.5 Maximum total pressure distributions directly measured and interpreted from
Flexiforce sensors and strain gage data, and estimated using M-O method' on
south stiff and north flexible walls for all Loma Prieta and Kobe shaking events for
LAAO1 and for Loma Prieta-SC-1 and Kobe-PI-1 for LAAO02.

! Total earth pressure profile for Kobe, LAAO1 is indeterminate by the M-O method due to the high peak ground

acceleration.
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Fig. 6.6 Maximum total earth pressure distributions directly measured and interpreted
from Flexiforce sensors and strain gage data, and estimated using M-O method” on
south stiff and north flexible walls for Kobe-PI-2, Loma Prieta-SC-2, Kocaeli-
YPT060-2 and 3, Kocaeli-YPT330-2 and Kobe-TAK090-1 for LAAO2.

"Total earth pressure profiles for Kobe-PI-2, LAA02 and Kobe-TAK090-1, LAAO2 are indeterminate by the M-O
method due to the high peak ground acceleration.
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Fig. 6.7 Maximum total earth pressure distributions directly measured and interpreted
from Flexiforce sensors and strain gage data, and estimated using M-O method on
south stiff and north flexible walls for Kobe-TAK090-2, Loma Prieta-WVC270,

and Kocaeli-YPT330-3 for LAAOQ2.
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Fig. 6.11 Maximum total earth pressure distributions directly measured and interpreted
from Flexiforce sensors and strain gage data, and estimated using Seed and
Whitman (1970) method with triangular pressure profiles on south stiff and
north flexible walls for Kobe-TAK090-2, Loma Prieta-WVC270, and Kocaeli-

YPT330-3 for LAAO2.

6.2 EVALUATION OF TYPICAL SEISMIC DESIGN: PROPOSED BART
STRUCTURES

Based on the results obtained from the centrifuge experiments, the Bay Area Rapid Transit
(BART) designs were evaluated in order to assess their adequacy in estimating the distribution
and magnitude of dynamic earth pressures and moments on retaining structures. The cantilever
U-shaped retaining structures used in both centrifuge experiments are representative of typical
designs currently under consideration by BART and the Valley Transportation Authority (VTA).
U-shaped cantilever retaining walls designed by BART are classified as either “yielding” (also
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called “flexible”) or “rigid.” According to the BART design criteria, a cantilever retaining wall is
considered “yielding” when the top of the wall moves a distance equal to or greater than 0.4%
the height of the wall during seismic loading. The top of a “rigid” U-wall deflects less than 0.4%
the height of the wall during loading. The BART design criteria for “rigid” walls assume at-rest
(Ko) earth pressures for static loads and 1.5 times the M-O inverted triangular dynamic pressure
for seismic loads. For “flexible” walls, BART design criteria assume active earth pressures for
static loads and the M-O inverted triangular dynamic pressure 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 are used for estimates of earth pressures using the BART design criteria.

Based on the maximum transient deflections for the different shaking events presented in
Table 4.11, the stiff retaining structure used in the centrifuge experiments generally classifies as
“rigid” per BART’s criteria for most of the shaking events. The flexible retaining structure
classifies as “yielding.” Table 6.5 presents computed total earth pressure moments based on the
BART design criteria as a ratio in percent of the maximum total moments interpreted from the
strain gage measurements at the bases of the south stiff and the north flexible walls for the
different shaking events in experiments LAAO1 and LAAO2. Table 6.6 presents BART estimates
for dynamic earth pressure moments as a ratio in percent of the maximum dynamic moments
interpreted at the bases of the walls from the strain gage measurements. It should be noted that
moment measurements for LAAO1 in Tables 6.5 and 6.6 include wall inertial effects, while
recorded moments for LAAO2 were corrected to remove wall inertial effects.

As shown in Tables 6.5 and 6.6, BART design criteria generally overestimate the
maximum total earth pressure moments and the maximum dynamic earth pressure moments
interpreted at the bases of the stiff and flexible walls for LAA02 shaking events. The maximum
total moments and dynamic moments measured at the bases of the walls for some shaking events
during experiment LAAO1 are underestimated by BART’s criteria because they contain wall
inertial effects. Figures 6.12 and 6.13 show that BART’s design criteria with triangular pressure
distributions generally overestimate the maximum total earth pressures on the stiff wall but

slightly underestimate those on the flexible wall.
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Table 6.5 Ratio of computed total earth pressure moments using BART design criteria to
maximum total moments interpreted from strain gage measurements at bases of
south stiff and north flexible walls during different shaking events for LAAO1

and LAAO2.
Moment Estimate / Measured
Moment
Stiff Wall Flexible Wall
Loma Prieta-1, LAAO1 130% 83%
Loma Prieta-2, LAAO1 122% 80%
Kobe, LAAO1 113% 86%
Loma Prieta-3, LAAO1 128% 83%
Loma Prieta-SC-1, LAA02 184% 120%
Kobe-PI-1, LAAO2 125% 127%
Kobe-PI-2, LAAO2 154% 123%
Loma Prieta-SC-2, LAA02 190% 127%
Kocaeli-YPT060-2, LAA02 251% 132%
Kocaeli-YPT060-3, LAAO2 248% 139%
Kocaeli-YPT330-2, LAAO2 231% 143%
Kobe-TAK090-1, LAAO2 154% 86%
Kobe-TAK090-2, LAAO2 155% 122%
Loma Prieta-WVC270 182% 114%
Kocaeli-YPT330-3, LAA02 209% 110%

Comparisons of the maximum total earth pressure profiles measured by the Flexiforce
sensors and interpreted from the strain gage measurements on the south stiff and north flexible
walls to those estimated using the BART design criteria are presented in Figure 6.12 for selected
shaking events from experiment LAAO2. Figure 6.12 shows that the inverted triangular dynamic
earth pressure distribution assumed in the BART design criteria is not in agreement with the
trend observed in the recorded total earth pressure profiles. Figures 6.13 and 6.14 present
comparisons of the recorded and interpreted maximum total earth pressure profiles on the south
stiff and north flexible walls to those estimated using the BART design criteria assuming
triangular pressure distribution for some of the LAAO2 shaking events.

While the assumptions in the methodology used to develop the seismic design of U-
shaped stiff and flexible cantilever retaining structures for BART are clearly flawed, they are

overly conservative in estimating the maximum total dynamic moments at the bases of the walls.

167



The experimental results show that dynamic pressure profiles have a triangular distribution with

depth and there is no basis for the inverted triangular distribution assumption.

Table 6.6 Ratio of computed dynamic earth pressure moments using BART design criteria
to maximum dynamic moments interpreted from strain gage measurements at
bases of south stiff and north flexible walls during different shaking events for
LAAO1 and LAAO2.

Moment Estimate / Measured
Moment
Stiff Wall Flexible Wall
Loma Prieta-1, LAAO1 105% 92%
Loma Prieta-2, LAAOI 97% 93%
Kobe, LAAO1 89% 92%
Loma Prieta-3, LAAO1 109% 110%
Loma Prieta-SC-1, LAA02 223% 225%
Kobe-PI-1, LAAO2 142% 187%
Kobe-PI-2, LAAO2 166% 156%
Loma Prieta-SC-2, LAA02 229% 196%
Kocaeli-YPT060-2, LAAO2 302% 177%
Kocaeli-YPT060-3, LAAO2 362% 203%
Kocaeli-YPT330-2, LAAO2 362% 250%
Kobe-TAK090-1, LAA02 192% 98%
Kobe-TAK090-2, LAA02 174% 178%
Loma Prieta-WVC270 222% 200%
Kocaeli-YPT330-3, LAA02 359% 213%
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Fig. 6.12 Maximum total earth pressure distributions directly measured and interpreted
from Flexiforce sensors and strain gage data, and estimated using BART design

criteria on south stiff and north flexible walls for Loma Prieta-SC-1, Loma
Prieta-SC-2, and Kocaeli-YPT060-3 shaking events for LAA02.
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Fig. 6.13 Maximum total earth pressure distributions directly measured and interpreted
from Flexiforce sensors and strain gage data, and estimated using BART design
criteria with triangular pressure profiles on south stiff and north flexible walls
for Loma Prieta-SC-1, Loma Prieta-SC-2, and Kocaeli-YPT060-3 shaking events

for LAAO2.
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Fig. 6.14 Maximum total earth pressure distributions directly measured and interpreted
from Flexiforce sensors and strain gage data, and estimated using BART design
criteria with triangular pressure profiles on south stiff and north flexible walls
for Kobe-TAK090-2, Loma Prieta-WVC270, and Kocaeli-YPT330-3 shaking

events for LAAOQ2.
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6.3 BACK-CALCULATED DYNAMIC EARTH PRESSURE COEFFICIENTS

6.3.1 Design Considerations

As discussed in the literature review of Chapter 2, retaining walls are traditionally designed for
maximum total earth pressures that consist of static and maximum dynamic earth pressures.
However, designing retaining structures for both, the maximum dynamic earth pressures and the
maximum wall inertia is inconsistent with experimental data which show that the earth pressures
and the wall inertial forces are not in phase, as discussed in Section 4.5.2. Since moments are
usually more relevant to the structural design of cantilever retaining walls, a more rational
approach is to design retaining walls for maximum total wall moments reflecting the combined
effects of both earth pressures and wall inertia. Figures 6.15 and 6.16 present an example of
recorded dynamic wall moment time series compared to computed wall inertial moment and
recorded dynamic earth pressure time series acting on the south stiff and north flexible walls
during Loma Prieta-SC-1. As discussed in Section 4.5.2 and shown in these figures, dynamic
wall moments are generally in phase with wall inertial moments but not in phase with dynamic
earth pressures. Therefore, based on the observed performance of the retaining walls under
earthquake loading, it is more appropriate to design cantilever retaining walls for the maximum
dynamic wall moment, which consists of maximum wall inertia and a dynamic earth pressure
contribution that is lower than the maximum dynamic earth pressure acting on the walls. The
appropriate dynamic earth pressure coefficients can be back-calculated based on the earth
pressures interpreted from the maximum wall moments as observed in the centrifuge

experiments.
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Fig. 6.15 Comparison of dynamic wall moment recorded by SG1, estimated wall inertial
moment at SG1 location, and dynamic earth pressure recorded by R1-1 on south
stiff wall during Loma Prieta-SC-1.
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Fig. 6.16 Comparison of dynamic wall moment recorded by SG1, estimated wall inertial
moment at SG1 location, and dynamic earth pressure recorded by F1-1 on north
flexible wall during Loma Prieta-SC-1.

6.3.2 Dynamic Earth Pressure Coefficients

The dynamic earth pressure coefficients (AKag) can be calculated from the strain gage and force-
sensing bolt measurements at the time of the maximum dynamic wall moments. Figure 6.17
presents AKag relationships for the stiff and flexible walls as a function of the peak ground
acceleration measured at the top of the soil in the free field. Maximum AK,g values

corresponding to maximum dynamic earth pressures are also presented in Figure 6.17 for
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comparison. It should be noted that using maximum AKug values for design purposes is overly
conservative when added to the maximum wall inertial response.

Figure 6.17 shows that AKag values increase linearly with increasing peak ground
acceleration measured at the top of the soil in the free field. Moreover, dynamic effects at the
maximum dynamic wall moments do not appear to be significant when the peak ground
acceleration is less than about 0.4 g. This suggests that for peak ground accelerations less than
0.4 g, the maximum dynamic wall moment is mainly due to the inertia of the wall itself. Total
earth pressures acting on the walls at that time are slightly lower than static earth pressures. It is
important to note that the back-calculated AKg values presented in Figure 6.17 do not include
any factor of safety that would normally be incorporated in seismic designs. Such factors of
safety when included in seismic designs would allow retaining walls to resist peak ground
accelerations greater than 0.4 g without significant increase in dynamic earth pressures. Similar
conclusions were stated by Seed and Whitman (1970), who observed that gravity retaining
structures designed to a reasonable static factor of safety should be able to resist seismic loads up

to 0.3 g.

175



Seismic Coefficient versus PGA
Stiff Wall
0.8
y= 1.?822x— 0.3853 O O
06 R’ =0.8497 -
2 04+
N
g
0.2 1
0
0}2 .
.02 - PGA
& SG-Stiff
O LB-Stiff
------- AKae at Max. Dynamic Earth Pressure
AKae Trend Line at Max. Dynamic Wall Moment
(a)
Seismic Coefficient versus PGA
Flexible Wall
0.8 1
y=1.0221x - 0.4548
0.¢ R?=0.8497 .
04 4
S
v
g

0.2 1

-0.2 -

& SGFlexible
O LB-Flexible
------- AKae at Max. Dynamic Earth Pressure
AKae Trend Line at Max. Dynamic Wall Moment

(b)

Fig. 6.17 Back-calculated dynamic earth pressure coefficients at time of maximum
dynamic wall moments and maximum dynamic earth pressures on stiff and
flexible walls as function of peak ground acceleration measured at top of soil in
free field.

176



The relationships between the AKag values at the time of the maximum dynamic wall
moments and backfill relative density, the amplification/attenuation of the ground motions, and
the Arias intensity are presented in Figures 6.18-6.20. As shown in Figure 6.18, the effect of
changing relative density on AKag is somewhat indistinct because of the relatively small range of
relative densities (72—-81%) in experiment LAA02. While it appears that there is a decrease in
AK g with increasing relative density, this trend is not very clear and is probably masked by the
fact that different ground motions of different intensities were used at different stages of the
experiment. Another way to look at the results is to plot AKag as a function of the amplification
of the input ground motion in the free field. The plots in Figure 6.15 show that the seismic earth
pressure coefficient is generally highest when the ground motion is attenuated (stronger
shaking), and decreases as the magnitude of the ground motion amplification increases. This
effect is more clearly evident in Figure 6.16, which shows that the seismic earth pressure
coefficient increases with the intensity of shaking represented by I,.

Finally, the relationships presented in Figure 6.17 can be applied to estimate the dynamic
earth pressures at the time of maximum dynamic wall moments as a function of the PGA at the
top of the soil in the free field. This estimated dynamic earth pressure can be used for the seismic

design of a cantilever retaining wall with dry medium-dense sand backfill.
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Fig. 6.18 Back-calculated dynamic earth pressure coefficient at time of maximum dynamic
wall moments on stiff and flexible walls as function of relative density of soil
backfill.
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7 Summary and Conclusions

71 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
comparable 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-0O) 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 and available experimental data to that date, and proposed a
modified approach that has been extensively adopted since then. Later, Richards and Elms (1979,
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 since, the basic premise of the method, that a Coulomb
wedge adequately represents the mobilized soil mass during seismic loading, has been accepted.
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 proximity
to seismic sources have increasingly faced the challenge of having to consider very large seismic
forces based on the M-O methodology or its variants. Yet, no significant failures of retaining
structures designed for seismic loading and supporting level backfill have occurred in recent
large earthquakes. Case histories show that retaining structures underdesigned with respect to
seismic forces performed quite well under seismic loading with peak ground acceleration up to

0.5g.



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
relatively 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 using natural material such as sand 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, so a
significantly better insight can be obtained into the mechanism of seismic earth pressure
development.

The centrifuge experiments results and observations were later used to develop and
calibrate a 2-D FE model on the OpenSees platform to study the behavior of retaining walls and
backfill under seismic loading. While many analytical studies have been conducted on the
subject of seismic earth pressures in the last eighty years, many have been validated using
oversimplified or very limited experimental or field data. The purpose of the analytical phase of
this study was to evaluate the ability of FE models to capture the essential features and response
characteristics of the retaining wall-backfill system under seismic loading. Once adequately
calibrated, such models can be further used to perform more specific parametric studies and

design evaluations.

7.2 DYNAMIC CENTRIFUGE EXPERIMENTS OBSERVATIONS AND
CONCLUSIONS

The results of the two centrifuge experiments on model U-shaped stiff and flexible cantilever
retaining structures with medium-dense dry Nevada sand backfill with relative density of 61%

and 72%, respectively, provide a number of important observations and conclusions, as follows.
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7.2.1 Seismic Behavior of Retaining Wall-Backfill Systems

While the M-O theory assumes that the seismic response occurs simultaneously and uniformly in
the backfill and the retaining walls, the experimental results show that the inertial forces do not
in fact occur at the same time in the backfill and the walls. Moreover, accelerations are not
uniform in the backfill or on the walls.

The M-O theory further assumes that the maximums of dynamic earth pressures and
inertial forces occur simultaneously, and stability analyses of retaining walls are conducted for
such a case. Comparisons of the dynamic wall moments, dynamic earth pressures, and inertial
forces acting on the walls suggest that when the inertial force is at its local maximum, the
dynamic wall moment (due to dynamic earth pressures and wall inertia) is at its local maximum
as well, but the dynamic earth pressure increment is at its local minimum at or around zero. On
the other hand, when the dynamic earth pressure is at its local maximum, the inertial force and
dynamic wall moment reach their local minimum values near or at zero. This observation is very
important in that it shows that designing retaining walls for maximum dynamic earth pressures
and maximum wall inertia is inherently very conservative and does not reflect the true seismic
performance of retaining structures. Since wall inertial forces and dynamic earth pressures are
not in phase, their cumulative effect is to reduce overall moments acting on the walls. Retaining
walls should therefore be designed for dynamic wall moments that include the combined effects

of the inertial forces on the wall and the backfill.

7.2.2 Dynamic Moments on Retaining Walls

The computation of the dynamic moments acting on the walls is probably the most challenging
aspect of this study in that there are a number of important factors that come into play as follows:
(a) the elevation of the wall at which the dynamic force due to the dynamic earth pressure should
be applied; (b) the magnitude of the dynamic earth pressure; and (c) the moment due to inertia of
the wall itself.

The dynamic moments measured by the strain gages and the force-sensing bolts in the
centrifuge experiments represent the combined effects of both dynamic earth pressures and wall
inertial forces. An important contribution to the overall dynamic wall moments is the mass of the

wall itself. While Richards and Elms (1979 and 1980) make a strong case for the consideration
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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). To
better understand the moment response of the walls, the dynamic earth pressures and wall inertial
effects on the wall moments were separated by estimating the wall inertial moments using the
acceleration records on the walls. The results show that the wall inertial moment contribution to
the overall dynamic wall moments is substantial and should be specifically accounted for.
Moreover, wall inertial moments are generally in phase with dynamic wall moments. This
suggests that dynamic wall moments are largely influenced by the inertia of the wall itself. The
experimental results show that the conventional analysis methods tend to give estimates of
dynamic earth pressure induced moments that are larger than the measured dynamic wall
moments. When these dynamic moment estimates are added to wall inertial moments, the wall
moments are routinely significantly overestimated.

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 early 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 results. Both dynamic wall moments and dynamic earth pressure
moments exhibit cubic distributions with depth. This suggests that the point of application of the
resultant force of the dynamic earth pressure increment is around 0.3H above the base of the
wall. Moreover, the analyses of the moments in the centrifuge tests show that the M-O and Seed
and Whitman (1970) methods of analysis result in very conservative estimates of the maximum

induced dynamic moments when used with full peak ground accelerations.

7.2.3 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 pressures. This result is contrary to the assumption made by Seed and
Whitman (1970), who based their approach on the experimental work of Matsuo (1941) and

other similar types of experiments. Matsuo’s experiments were on dry relatively loose sand in a
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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 are
a direct result of the physical layout of the geometry of the shaking table box and the properties
of the sand. In that sense, Matsuo’s results are correct for the given geometry and material, and
are directly applicable to walls up to 6 ft in height with relatively loose granular backfill that rest

on a rigid foundation.

7.2.4 Seismic Earth Pressure Magnitude

In general, the magnitude of the seismic earth pressures depends on the magnitude and intensity
of shaking, the density of the backfill soil, and the flexibility of the retaining walls. A
comparison of the maximum dynamic earth pressure magnitudes measured in this study to the
pressure estimates based on commonly used design methods shows that designing retaining walls
for maximum dynamic earth pressures is overly conservative when considering the fact that
dynamic earth pressures and inertial forces are not in phase. Designing retaining walls for
dynamic earth pressures corresponding to the maximum dynamic wall moments is more
appropriate. The relationship between the back-calculated seismic earth pressure coefficient
(AKag) at the time of maximum dynamic wall moment and peak ground acceleration (Fig. 6.17)
suggests that seismic earth pressures can be neglected at accelerations below 0.4 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, experimental data suggest that seismic loads higher
than 0.4 g 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 peak ground acceleration 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 6.20
presents the observed relationship between the seismic earth pressure coefficient (AKag) at the

time of maximum dynamic wall moment and Arias intensity. In either case, however, it is
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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, since both flexible and stiff retaining structures studied are relatively
flexible. 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 method, and the Seed and
Whitman (1970) method currently used in practice, provide very, if not overly, conservative

estimates of the maximum induced seismic earth pressures.

7.2.5 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. 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 consequently

introduce an additional level of conservatism.

7.3 RESULTS OF FINITE ELEMENT SIMULATIONS

A 2-D nonlinear FE model was developed on the OpenSees platform and calibrated to simulate
dynamic centrifuge experiment LAA02 and study the seismic behavior of retaining wall-backfill
systems. The FE model assumes a dry, elasto-plastic 2-D plane-strain soil mesh with elastic
beam-column models of U-shaped cantilever retaining structures attached to the soil mesh with
nonlinear springs. The FE model was calibrated and evaluated against a set of centrifuge results

for three shaking events from experiment LAAO02. Computed and centrifuge-recorded results
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consisting of acceleration, response spectra, bending moments, earth pressures, and shear stress
and strain time series were compared. Despite the simplifications and inherent limitations in the
FE model, as well as the uncertainties in the input parameters, the computed results show that the
finite element analysis is able to capture reasonably well the essential system responses observed
in the centrifuge experiments. A preliminary analysis with denser soil backfill shows that the
dynamic earth pressures drop on the order of 25-30 % due to higher strength of the backfill.
Overall, the results of this study shows that well calibrated FE models can be used as a
predictive tool for seismic earth pressures and moments on retaining walls. However, calibrating
the FE model with real data is essential for the validation of the computed results. The results
from the FE model are sensitive to input soil properties and constitutive models used. Therefore,
the reliability of analytical seismic earth pressures and moment results is subject to having
reliable estimates of soil properties, good soil constitutive models that are able to capture the
nonlinear soil response under seismic loading, and a set of experimental or field data for the

calibration of the model.

7.4 DESIGN RECOMMENDATIONS

The results and observations from the centrifuge experiments can be used to provide
performance-based recommendations for better and more efficient seismic design of cantilever
retaining walls with dry medium-dense sand backfill. For the design of retaining walls, the
effects of static earth pressures, the dynamic earth pressure increments, and the wall inertial
forces should be estimated and accounted for as follows. The experimental results show that both
stiff and flexible retaining walls considered in this study experience enough deflection to
generate static active earth pressures. In fact, observed static earth pressures before the various
shaking events generally lie between static active and static at-rest earth pressure estimates.
Static earth pressures on retaining walls increase for relatively loose sand backfill as a result of
shaking.

The centrifuge results show that dynamic earth pressures and inertial forces do not act
simultaneously on the walls and that the overall dynamic wall moments are generally in phase
with the inertial forces acting on the walls. While relations of back-calculated maximum
dynamic earth pressure coefficients (AKsg) with peak ground accelerations are provided in

Section 6.3.2, designing retaining walls for maximum dynamic earth pressures and maximum
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wall inertia is overly conservative and unnecessary. Since moment is usually more relevant for
the design of retaining walls, it is more appropriate to consider the maximum dynamic wall
moment as a design criterion for cantilever retaining walls. Seismic earth pressure corresponding
to the time of the maximum dynamic wall moment can be estimated using the relation in Figure
6.17 and then added to the maximum estimated wall inertial effects. It is important to note that
ground motions with peak ground accelerations less than 0.4 g do not have a significant effect on
the maximum dynamic wall moments and that their resulting seismic earth pressure can be
ignored. In the present study, experimental data suggest that even higher seismic loads could be

resisted by cantilever walls designed to an adequate factor of safety.

7.5  LIMITATIONS AND RECOMMENDATIONS FOR FUTURE WORK

The results of the centrifuge experiments and FE modeling presented herein are limited to
cantilever retaining structures with dry medium-dense sand backfill and level ground surface.
The dry medium-dense 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 denser
or cohesive materials. Moreover, both stiff and flexible retaining structures used in this study are
considered relatively flexible, and conducting further centrifuge experiments on fully rigid type
of retaining walls, such as basement walls, is needed in order to better understand the seismic
behavior of such structures. Such experiments would help in clarifying the effect of the relative
flexibility of the wall and the retained medium on the seismic response of the system.

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 of the resultant seismic force on cantilever retaining walls at 1/3 H above the base of
the wall. Further experimental work is needed in order to verify the point of application of the
resultant seismic force on rigid walls. Since many retaining structures are built in sloping ground
and have sloping backfill, this case 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. In addition, further experimental work is needed to study dynamic earth

186



pressures on retaining walls supporting saturated backfill and to evaluate the effects of near-field
ground motions on the wall-backfill response.

Although computed and recorded results presented in this study are in relatively good
agreement, limitations were encountered in developing and calibrating the FE model. Such
limitations include inherent uncertainties in the input parameters and simplifications adopted in
modeling the rather complex seismic retaining wall-backfill behavior and interaction. Possible
improvements on the FE model would include more elaborate modeling of the centrifuge model
container, studying the possible 3-D effects on the model, more elaborate modeling of the soil-
structure interaction, and including a certain degree of flexibility in the wall-base moment
connections. Despite the mentioned limitations and simplifications, the FE model was able to
capture the main response features of the retaining wall-backfill system. A parametric study can
be conducted to study further the effects of the different parameters on the induced seismic earth

pressures and moments on the walls.
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Appendix A: Additional Figures



Loma Prieta-SC-1 Loma Prieta-SC-1
Stiff Wall Flexible Wall
Pressure (psi) Pressure (psi)
0 2 4 6 8 10 0 2 4 6 8 10
0 0
A
50 - A 50 -
A
A
o) 100 - o) 100 -
N N A
A
150 - 150 -
A A
A
200 200 A
A Recorded SGs-Interpreted A Recorded SGs-Interpreted
Kobe-PI-1 Kobe-PI-1
Stiff Wall Flexible Wall
Pressure (psi) Pressure (psi)
0 2 4 6 8 10 0 2 4 6 8 10
0 0
A
50 1 A 50 A
A
A
~ 1004 A& ~ 100 1
0 A 0)
N N A
A
150 - 150
A A
A
200 - A 200 - A
\ A
A Recorded SGs-Interpreted A Recorded SGs-Interpreted

Fig. A.1 Comparison of static earth pressure profiles recorded by Flexiforce sensors and
interpreted from strain gage measurements on south stiff and north flexible walls

after Loma Prieta-SC-1 and Kobe-PI-1.
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Fig. A.2 Comparison of static earth pressure profiles recorded by Flexiforce sensors and
interpreted from strain gage measurements on south stiff and north flexible walls

after Loma Prieta-SC-2 and Kocaeli-YPT060-3.
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Fig. A.3 Comparison of static earth pressure profiles recorded by Flexiforce sensors and
interpreted from strain gage measurements on south stiff and north flexible walls

after Kocaeli-YPT330-2 and Kobe-TAK090-1.
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Fig. A.4 Comparison of static earth pressure profiles recorded by Flexiforce sensors and
interpreted from strain gage measurements on south stiff and north flexible walls

after Kobe-TAK090-2 and Loma Prieta-WVC270.
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Fig. A.5 Comparison of static earth pressure profiles recorded by Flexiforce sensors and
interpreted from strain gage measurements on south stiff and north flexible walls

after Kocaeli-YPT330-3.
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Fig. A.6 Horizontal acceleration, velocity, displacement, Arias intensity, and response
spectrum of Loma Prieta-1 input ground motion for LAAO1.
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Fig. A.7 Horizontal acceleration, velocity, displacement, Arias intensity, and response
spectrum of Loma Prieta-2 input ground motion for LAAO1.
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Fig. A.8 Horizontal acceleration, velocity, displacement, Arias intensity, and response
spectrum of Kobe input ground motion for LAAO1.
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Fig. A.9 Horizontal acceleration, velocity, displacement, Arias intensity, and response
spectrum of Loma Prieta-3 input ground motion for LAAO1.
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Fig. A.10 Horizontal acceleration, velocity, displacement, Arias intensity, and response
spectrum of Loma Prieta-SC-1 input ground motion during LAAO2.
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Fig. A.11 Horizontal acceleration, velocity, displacement, Arias intensity, and
response spectrum of Kobe-PI-1 input ground motion during LAAO02.
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Fig. A.12 Horizontal acceleration, velocity, displacement, Arias intensity, and response
spectrum of Kobe-PI-2 input ground motion during LAAO02.
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Fig. A.13 Horizontal acceleration, velocity, displacement, Arias intensity, and response
spectrum of Loma Prieta-SC-2 input ground motion during LAAOQ2.

A-14



a. Horizontal Input Acceleration

=) 1
= 0.02
'9 : Rk Rah
I
q) .
3 -0.02-
S 0.04]
< -0.0 & T T T 1 T T T 1 T T T 1 T T T 1 T T T 1 T T T 1 T
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 04

g 02

S

8 0

©

a-0.2

(2]

5 T T T T T T T T T T T T T T L T T T T T T T T T T

0 5 10 15 20 25 30
Time [sec]

d. Arias Intensity

N
o
it

Arias Intensity (%)
[}
<

0 5 10 15 20 25 30
Time [sec]

e. Acceleration Response Spectrum

— Damp. 5.0%

0.14
0.08-
0.06-
0.04-
0.02-

0 I

789

Response Acceleration [g]

N
N -
w -
~ -
o
o

Period [sec]

Fig. A.14 Horizontal acceleration, velocity, displacement, Arias intensity, and response
spectrum of Kocaeli-YPT060-1 input ground motion during LAAOQ2.
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Fig. A.15 Horizontal acceleration, velocity, displacement, Arias intensity, and response
spectrum of Kocaeli-YPT060-2 input ground motion during LAAOQ2.
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Fig. A.16 Horizontal acceleration, velocity, displacement, Arias intensity, and response
spectrum of Kocaeli-YPT060-3 input ground motion during LAAOQ2.
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Fig. A.17 Horizontal acceleration, velocity, displacement, Arias intensity, and response
spectrum of Kocaeli-YPT330-1 input ground motion during LAAQ2.
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Fig. A.18 Horizontal acceleration, velocity, displacement, Arias intensity, and response
spectrum of Kocaeli-YPT330-2 input ground motion during LAAOQ2.
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Fig. A.19 Horizontal acceleration, velocity, displacement, Arias intensity, and response
spectrum of Kobe-TAK090-1 input ground motion during LAA02.
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Fig. A.20 Horizontal acceleration, velocity, displacement, Arias intensity, and response
spectrum of Kobe-TAK090-2 input ground motion during LAAO02.
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Fig. A.21 Horizontal acceleration, velocity, displacement, Arias intensity, and response
spectrum of Loma Prieta-WVC270 input ground motion during LAA02.
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Fig. A.22 Horizontal acceleration, velocity, displacement, Arias intensity, and response
spectrum of Kocaeli-YPT330-3 input ground motion during LAAOQ2.
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Fig. A.23 Maximum total lateral earth pressure profiles measured by Flexiforce sensors on
stiff and flexible walls during Kobe and Loma Prieta-3 shaking events for
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Fig. A.24 Maximum total lateral earth pressure profiles measured by Flexiforce sensors on
stiff and flexible walls during Loma Prieta-SC-1 and Kobe-PI-1 shaking events

for LAAO2.

Z (in)

Loma Prieta-SC-1
LAA02

Pressure (psi)
0 2 4 6 8

50 A

100 -

150 - A

200

O A

A North Flexible

O South Flexible

Z (in)

Kobe-PI-1
LAAO2

Pressure (psi)

0 2 4 6 8 10 12
0
O
O
50
WA
O
100 DA
A
O
150 - A
O
A
200 - A 0
A ]

A North Flexible O South Flexible

A-25




Kobe-PI-2 Kobe-PI-2
LAAO2 LAAO2
Pressure (psi) Pressure (psi)
0 2 4 6 3 10 0 2 4 6 8 10 12
0
0 O
2 O
50 O 30 -
A oé
O
Al ~100 -
o) 100 - g I:A
N A
150 A 0 150 o
. N A
A i
A 0O =
O
200 - A O 200 - A
A A O
A North Stiff O South Stiff A North Flexible O South Flexible
Loma Prieta-SC-2 Loma-Prieta-SC-2
LAAO2 LAAO2
Pressure (psi) Pressure (psi)
0 2 4 6 8
0 2 4 6 8
0
0 O
: Y
50
50 B
A
100 N =
z 1o B & A
NS A N A
O
A O 150 - A
150 - O
A O A
200 e 2001 £
I & o A
vy
A North Stiff O South Stiff A North Flexible O South Flexible ‘

Fig. A.25 Maximum total lateral earth pressure profiles measured by Flexiforce sensors on
stiff and flexible walls during Kobe-PI-2 and Loma Prieta-SC-2 shaking events

for LAAO2.
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Fig. A.26 Maximum total lateral earth pressure profiles measured by Flexiforce sensors on
stiff and flexible walls during Kocaeli-YPT060-2 and 3 shaking events for
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Fig. A.27 Maximum total lateral earth pressure profiles measured by Flexiforce sensors on
stiff and flexible walls during Kocaeli-YPT330-2 and Kobe-TAK090-1 shaking

events for LAAOQ2.
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Fig. A.28 Maximum total lateral earth pressure profiles measured by Flexiforce sensors on
stiff and flexible walls during Kobe-TAK090-2 and Loma Prieta-WVC270
shaking events for LAAO(2.
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Fig. A.29 Maximum total lateral earth pressure profiles measured by Flexiforce sensors on
stiff and flexible walls during Kocaeli-YPT330-3 shaking event for LAAO2.
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Fig. A.30 Maximum dynamic wall moment profiles measured by strain gages and force-
sensing bolts on south stiff and north flexible walls for Loma Prieta-1, 2 and 3
and Kobe for LAAO1.
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Fig. A.31 Maximum dynamic wall moment profiles measured by strain gages and force-
sensing bolts on south stiff and north flexible walls for Kocaeli-YPT060-2 and 3,
Kocaeli-YPT330-2 and Kobe-TAK090-1 for LAAO2.
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Fig. A.32 Maximum dynamic wall moment profiles measured by strain gages and force-
sensing bolts on south stiff and north flexible walls for Kobe-TAK090-2, Loma
Prieta-WVC270, and Kocaeli-YPT330-3 for LAA02.
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Fig. A.33 Dynamic wall moment time series interpreted from SG1 and force-sensing bolt

data and corresponding wall inertial moment estimates on south stiff and north
flexible walls for Loma Prieta-SC-1 for LAAO02.
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Fig. A.34 Dynamic wall moment time series interpreted from SG1 and force-sensing bolt

data and corresponding wall inertial moment estimates on south stiff and north
flexible walls for Kobe-PI-1 for LAAOQ2.
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Fig. A.35 Dynamic wall moment time series interpreted from SG1 and force-sensing bolt

data and corresponding wall inertial moment estimates on south stiff and north
flexible walls for Kobe-PI-2 for LAAOQ2.
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Fig. A.36 Dynamic wall moment time series interpreted from SG1 and force-sensing bolt

data and corresponding wall inertial moment estimates on south stiff and north
flexible walls for Loma Prieta-SC-2 for LAAO02.
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Fig. A.37 Dynamic wall moment time series interpreted from SG1 and force-sensing bolt
data and corresponding wall inertial moment estimates on south stiff and north

flexible walls for Kocaeli-YPT060-2 for LAAO02.
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Fig. A.38 Dynamic wall moment time series interpreted from SG1 and force-sensing bolt

data and corresponding wall inertial moment estimates on south stiff and north
flexible walls for Kocaeli-YPT060-3 for LAAO2.
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Fig. A.39 Dynamic wall moment time series interpreted from SG1 and force-sensing bolt
data and corresponding wall inertial moment estimates on south stiff and north

flexible walls for Kocaeli-YPT330-2 for LAAO02.
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Fig. A.40 Dynamic wall moment time series interpreted from SG1 and force-sensing bolt
data and corresponding wall inertial moment estimates on south stiff and north
flexible walls for Kobe-TAK090-1 for LAAO2.
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Fig. A.41 Dynamic wall moment time series interpreted from SG1 and force-sensing bolt
data and corresponding wall inertial moment estimates on south stiff and north
flexible walls for Kobe-TAK090-2 for LAAO2.
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Fig. A.42 Dynamic wall moment time series interpreted from SG1 and force-sensing bolt

data and corresponding wall inertial moment estimates on south stiff and north
flexible walls for Loma Prieta-WVC270 for LAAO2.
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Fig. A.43 Dynamic wall moment time series interpreted from SG1 and force-sensing bolt

data and corresponding wall inertial moment estimates on south stiff and north
flexible walls for Kocaeli-YPT330-3 for LAAO2.
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Fig. A.44 Maximum total earth pressure moment profiles interpreted from strain gage and
force-sensing bolt measurements and static active and at-rest moment estimates
on south stiff and north flexible walls for Kocaeli-YPT060-2 and 3, Kocaeli-
YPT330-2 and Kobe-TAK090-1 for LAAO2.

A-45



Kobe-TAK090-2 Loma Prieta-WVC270
LAAO2 LAAO2
Moment (Ib-in) <10° Moment (Ib-in) x10°
0 50 100 0 20 40 60
0 | 0
0O Meas. SG-Stiff O Meas. SG-Stiff
4
50 A Meas. SG-Flexible 50 A Meas. SG-Flexible
M Static At Rest M Static At Rest
0 A . .
@ Static Active @ Static Active
= 100 | EIOO -
S O Meas. LB-Stiff S O Meas. LB-Stiff
X Meas. LB-Flexible X M eas. LB-Flexible
150 | 150
200 200
® K—2A—O @—X
Kocaeli-YPT330-3
LAAO02
M oment (lb-in) x10°
0 20 40 60
0 |
I
O Meas. SG-Stiff
50 A A Meas. SG-Flexible
M Static At Rest
@ Static Active
= 100 |
Z O Meas. LB-Stiff
N
X Meas. LB-Flexible
150 | O
200
®—X

Fig. A.45 Maximum total earth pressure moment profiles interpreted from strain gage and
force-sensing bolt measurements and static active and at-rest moment estimates
on south stiff and north flexible walls for Kobe-TAK090-2, Loma Prieta-
WVC270, and Kocaeli-YPT330-3 for LAAO02.
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Fig. A.46 Maximum dynamic earth pressure moment profiles interpreted from strain gage
and force-sensing bolt measurements on south stiff and north flexible walls for
Kobe-PI-2, Loma Prieta-SC-2, and Kocaeli-YPT060-2 and 3 for LAAO.
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Fig. A.47 Maximum dynamic earth pressure moment profiles interpreted from strain gage
and force-sensing bolt measurements on south stiff and north flexible walls for
Kocaeli-YPT330-2, Kobe-TAK090-1 and 2, and Loma Prieta-WVC270 for
LAAOQ2.
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Fig. A.48 Maximum dynamic earth pressure moment profiles interpreted from strain gage
and force-sensing bolt measurements on south stiff and north flexible walls for

Kocaeli-YPT330-3 for LAAO2.
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Fig. A.49 Comparison of total wall moment time series, recorded at SG2 on south stiff and
north flexible walls and by force-sensing bolts, with M-O and Seed and Whitman
(1970) moment estimates for Loma Prieta-2, LAAO1.
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Fig. A.50 Comparison of total wall moment time series, recorded at SG2 on south stiff and

north flexible walls and by force-sensing bolts, with M-O and Seed and Whitman
(1970) moment estimates for Kobe, LAAO1.
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Fig. A.51 Comparison of total wall moment time series, recorded at SG2 on south stiff and

north flexible walls and by force-sensing bolts, with M-O and Seed and Whitman
(1970) moment estimates for Loma Prieta-3, LAAO1.
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Fig. A.52 Comparison of total earth pressure moment time series, recorded at SG2 on

south stiff and north flexible walls and by force-sensing bolts, with M-O and
Seed and Whitman (1970) moment estimates for Kobe-PI-1, LAAO02.

A-53



T T T T T T T T T T
wpLk—-————H—"—H"————"—"F/""—""—"""—"——————-7 Fecorded Moment [
B — — — 5&W Estimate
L
B
5
;
=
|:| 1 1 1 1 1 1 1 1 1 1
0 2 4 3 g 10 12 14 18 18 20
« 10 532, Flexible
T T T T T T T T T T
w- -~ .
:1_5\-\.
L
B
E
[=]
=
1 1 1 1 1 1 1 1 1 1

0 2 4 & 2 10 12 14 1a 12 20
x 1|:|? Force-Sensing Bolts, Staiff

Moment (Th-in]

0 2 4 & 2 10 12 14 18 18 20
x 1|:|? Force-Sensing Bolts, Flexible

15+ -

10+ -

Moment (Th-in]

0 2 4 & s 10 12 14 1& 18 20
Time [sec)

Fig. A.53 Comparison of total earth pressure moment time series, recorded at SG2 on
south stiff and north flexible walls and by force-sensing bolts, with M-O and
Seed and Whitman (1970) moment estimates for Kobe-PI-2, LAAO02.
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Fig. A.54 Comparison of total earth pressure moment time series, recorded at SG2 on

south stiff and north flexible walls and by force-sensing bolts, with M-O and
Seed and Whitman (1970) moment estimates for Loma Prieta-SC-2, LAAO02.
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Fig. A.55 Comparison of total earth pressure moment time series, recorded at SG2 on

south stiff and north flexible walls and by force-sensing bolts, with M-O and
Seed and Whitman (1970) moment estimates for Kocaeli-YPT060-2, LAAO2.
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Fig. A.56 Comparison of total earth pressure moment time series, recorded at SG2 on

south stiff and north flexible walls and by force-sensing bolts, with M-O and
Seed and Whitman (1970) moment estimates for Kocaeli-YPT060-3, LAAO2.
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Fig. A.57 Comparison of total earth pressure moment time series, recorded at SG2 on

south stiff and north flexible walls and by force-sensing bolts, with M-O and
Seed and Whitman (1970) moment estimates for Kocaeli-YPT330-2, LAAO2.
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Fig. A.58 Comparison of total earth pressure moment time series, recorded at SG2 on
south stiff and north flexible walls and by force-sensing bolts, with M-O and
Seed and Whitman (1970) moment estimates for Kobe-TAK090-1, LAAO02.
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Fig. A.59 Comparison of total earth pressure moment time series, recorded at SG2 on
south stiff and north flexible walls and by force-sensing bolts, with M-O and
Seed and Whitman (1970) moment estimates for Kobe-TAK090-2, LAA02.
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Fig. A.60 Comparison of total earth pressure moment time series, recorded at SG2 on

south stiff and north flexible walls and by force-sensing bolts, with M-O and
Seed and Whitman (1970) moment estimates for Loma Prieta-WVC270, LAAO02.
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Fig. A.61 Comparison of total earth pressure moment time series, recorded at SG2 on

south stiff and north flexible walls and by force-sensing bolts, with M-O and
Seed and Whitman (1970) moment estimates for Kocaeli-YPT330-3, LAAO2.
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Fig. A.62 Comparison of dynamic wall moment time series, recorded at SG2 on south stiff

and north flexible walls and by force-sensing bolts, with M-O and Seed and
Whitman (1970) moment estimates for Loma Prieta-2, LAAO1.
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Fig. A.63 Comparison of dynamic wall moment time series, recorded at SG2 on south stiff
and north flexible walls and by force-sensing bolts, with M-O and Seed and
Whitman (1970) moment estimates for Kobe, LAAO1.
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Fig. A.64 Comparison of dynamic wall moment time series, recorded at SG2 on south stiff

and north flexible walls and by force-sensing bolts, with M-O and Seed and
Whitman (1970) moment estimates for Loma Prieta-3, LAAO1.
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Fig. A.65 Comparison of dynamic earth pressure moment time series, recorded at SG2 on
south stiff and north flexible walls and by force-sensing bolts, with M-O and
Seed and Whitman (1970) moment estimates for Kobe-PI-1, LAAO02.
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Fig. A.66 Comparison of dynamic earth pressure moment time series, recorded at SG2 on
south stiff and north flexible walls and by force-sensing bolts, with M-O and
Seed and Whitman (1970) moment estimates for Kobe-PI-2, LAAO02.
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Fig. A.67 Comparison of dynamic earth pressure moment time series, recorded at SG2 on

south stiff and north flexible walls and by force-sensing bolts, with M-O and
Seed and Whitman (1970) moment estimates for Loma Prieta-SC-2, LAAO02.
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Fig. A.68 Comparison of dynamic earth pressure moment time series, recorded at SG2 on
south stiff and north flexible walls and by force-sensing bolts, with M-O and
Seed and Whitman (1970) moment estimates for Kocaeli-YPT060-2, LAAO2.
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Fig. A.69 Comparison of dynamic earth pressure moment time series, recorded at SG2 on
south stiff and north flexible walls and by force-sensing bolts, with M-O and
Seed and Whitman (1970) moment estimates for Kocaeli-YPT060-3, LAAO2.

A-70



] T T T
_____________________ Fecorded Moment |
a4 e -0 Estimate H
= RPN T T T S&W Estimate
B
ol _
E
=3
=
o
1 1 1
] 5 10 15
x 10 352, Flexihle
E T T T
cir S -
=
T L R TRTERTRTES
ol _
E
=3
=
o
1 1
] 5 10 15
x 10 Force-Sensing Bolts, Staiff
E T T T
Can) 6 B .
3
B _
B
E 4T ]
=]
= MMMVL{“WWQWW
2 I I I
] 5 10 15
x 1|:|? Force-Sensing Bolts, Flexible
E T T T
Can) 6 B .
3
B _
B
E 4T ]
=]
=0
2 1 I I
] 5 10 15
Time [sec)

Fig. A.70 Comparison of dynamic earth pressure moment time series, recorded at SG2 on
south stiff and north flexible walls and by force-sensing bolts, with M-O and
Seed and Whitman (1970) moment estimates for Kocaeli-YPT330-2, LAAO2.
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Fig. A.71 Comparison of dynamic earth pressure moment time series, recorded at SG2 on
south stiff and north flexible walls and by force-sensing bolts, with M-O and
Seed and Whitman (1970) moment estimates for Kobe-TAK090-1, LAAO02.
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Fig. A.72 Comparison of dynamic earth pressure moment time series, recorded at SG2 on
south stiff and north flexible walls and by force-sensing bolts, with M-O and
Seed and Whitman (1970) moment estimates for Kobe-TAK090-2, LAA02.
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Fig. A.73 Comparison of dynamic earth pressure moment time series, recorded at SG2 on
south stiff and north flexible walls and by force-sensing bolts, with M-O and
Seed and Whitman (1970) moment estimates for Loma Prieta-WVC270, LAAO02.
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Fig. A.74 Comparison of dynamic earth pressure moment time series, recorded at SG2 on
south stiff and north flexible walls and by force-sensing bolts, with M-O and
Seed and Whitman (1970) moment estimates for Kocaeli-YPT330-3, LAAO2.
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Appendix B: Additional Tables



Table B.1 Maximum total 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 LAAOI.

Moment (Ib-in)
Loma Loma Kobe Loma
Prieta-1 Prieta-2 Prieta-3
. Stiff 9.11E+07 9.69E+07 1.51E+08 | 9.93E+07
Strain Gages -
Flexible 8.75E+07 9.11E+07 1.25E+07 | 9.45E+07
. Stiff 9.00E+07 9.73E+07 1.70E+08 | 9.48E+07
Force-Sensing Bolts -
Flexible 9.89E+07 1.04E+08 1.47E+08 | 1.05E+08
M-0O Method with a,,, 9.33E+07 9.28E+07 INDET. 1.06E+08
M-O Method with 65% a,.x 6.13E+07 | 6.12E+07 | 9.18E+07 | 6.57E+07
Seed and Whitman (1970)
Method with a,,.. 1.16E+08 1.16E+08 1.60E+08 | 1.24E+08
Seed and Whitman (1970)
Method with 65% a,... 8.62E+07 | 8.61E+07 1.15E+08 | 9.16E+07

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

Moment (Ib-in)
Loma Kobe-PI- | Kobe-PI- Loma
Prieta-SC-1 1 2 Prieta-SC-2
. Stiff 5.80E+07 | 1.20E+08 | 1.09E+08 | 6.33E+07
Strain Gages -
Flexible 5.44E+07 | 7.40E+07 | 8.62E+07 | 5.80E+07
Force- Stiff 5.55E+07 1.38E+08 | 1.33E+08 6.20E+07
Sensing Bolts | pjeyible 3.50E+07 7.63E+07 | 6.97E+07 4.69E+07
M-O Method with a,;,y 7.84E+07 1.72E+08 | INDET. 9.63E+07
- 1 0
1;4 O Method with 65% 54TE+07 | 7.84E+07 | 9.01E+07 | 6.13E+07
Seed and Whitman (1970)
Method with a,,.. 1.08E+08 1.51E+08 | 1.67E+08 1.23E+08
Seed and Whitman (1970)
Method with 65% a,... 8.05E+07 1.08E+08 | 1.19E+08 9.05E+07




Table B.3 Maximum total earth pressure moments measured and estimated at bases of
south stiff and north flexible walls during Kocaeli-YPT060-2 and 3, Kocaeli-
YPT330-2 and Kobe-TAK090-1 shaking events for LAAO2.

Moment (Ib-in)

Kocaeli- Kocaeli- Kocaeli- Kobe-
YPT060-2 | YPT060-3 | YPT330-2 | TAK090-1
. Stiff 3.36E+07 | 4.03E+07 4.29E+07 1.26E+08
Strain Gages
Flexible 3.80E+07 | 4.37E+07 4.18E+07 1.42E+08
Force-Sensing Stiff 3.44E+07 4.09E+07 4.17E+07 1.31E+07
Bolts Flexible 2.69E+07 | 3.01E+07 3.14E+07 1.30E+08
M-O Method with a,,, 5.38B+07 | 7.03E+07 6.90E+07 INDET.

M-O Method with 65% an. | 4.34E+07 | 5.12E+07 5.06E+07 1.07E+08

Seed and Whitman (1970)

Method with 2, 8.00E+07 | 1.01E+08 | 9.97E+07 | 1.85E+08

Seed and Whitman (1970)

- - + +
Method with 65% a,... 6.23E+07 | 7.60E+07 7.50E+07 1.30E+08

Table B.4 Maximum total earth pressure 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 LAAOQ2.

Moment (Ib-in)
Kobe- Loma Prieta- .
TAK090-2 WVC270 Kocaeli-YPT330-3
. Stiff 9.05E+07 4.75E+07 4.28E+07
Strain Gages
Flexible 7.13E+07 4.53E+07 4 91E+07
Force-Sensing Stiff 8.54E+07 5.09E+07 5.17E+07
Bolts Flexible 5.48E+07 3.48E+07 3.63E+07
M-O Method with a. 1.37E+08 5.62E+07 6.35E+07
M-O Method with 65% a,.. | 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% ... 1.04E+08 6.49E+07 7.12E+07
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Table B.5S Maximum 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.

Moment (Ib-in)

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

Stiff 5.98E+07 | 6.38E+07 | 1.28E+08 6.45E+07
Flexible | 4.51E+07 | 4.43E+07 | 8.27E+07 4.25E+07

Strain Gages

Force-Sensing | Stiff 4.45E+07 | 4.89E+07 | 1.21E+08 | 4.48E+07
Bolts Flexible | 6.08E+07 | 5.99E+07 | 9.74E+07 | 5.61E+07
M-O Method with a,,, 6.20E+07 | 6.14E+07 | INDET. 7.45E+07

M-O Method with 65%
amax

Seed and Whitman (1970)
Method with ap,

Seed and Whitman (1970)
Method with 65% a,.x

3.00E+07 | 2.98E+07 | 6.04E+07 3.41E+07

8.44E+07 | 8.42E+07 | 1.28E+08 9.23E+07

5.49E+07 | 5.47E+07 | 8.35E+07 6.00E+07

Table B.6 Maximum dynamic earth pressure moments measured and estimated at bases of
south stiff and north flexible walls during Loma Prieta-SC-1 and 2, and Kobe-
PI-1 and 2 shaking events for LAAO2.

Moment (Ib-in)

Loma Loma
Prieta-SC- | KoPe-PI- | Kobe-PI- | o, & a0 sC-
1 2
1 2

) Stiff 2.40E+07 | 6.77E+07 | 6.91E+07 | 2.92E+07
Strain Gages

Flexible | 1.59E+07 | 3.44E+07 | 4.95E+07 | 2.27E+07

Force_Sensing Stiff 226E+07 853E+07 867E+07 296E+07

Bolts Flexible | 1.79E+07 | 4.22E+07 | 4.69E+07 | 2.44E+07

M-O Method with a,,,, 490E+07 | 1.42E+08 | INDET. | 6.70E+07

M-O Method with 65% apay 2.52E+07 | 4.89E+07 | 6.07E+07 | 3.21E+07

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

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

7.85E+07 1.21E+08 | 1.37E+08 | 9.42E+07

5.10E+07 | 7.88E+07 | 8.92E+07 | 6.13E+07




Table B.7 Maximum dynamic earth pressure moments measured and estimated at bases of
south stiff and north flexible walls during Kocaeli-YPT060-2 and 3, Kocaeli-

YPT330-2 and Kobe-TAK090-1 shaking events for LAA02.

Moment (Ib-in)
. Kocaeli- Kobe-
Kocaeli- Kocaeli-
YPT060-2 | YPT060-3 | YT T2330' TAI?’”‘
. Stiff 1.03E+07 1.30E+07 | 1.27E+07 | 7.36E+07
Strain Gages
Flexible | 1.17E+07 1.54E+07 | 1.22E+07 | 9.54E+07
Force-Sensing Stiff 7.86E+06 1.04E+07 | 1.12E+07 | 7.74E+07
Bolts Flexible | 1.10E+07 | 1.45E+07 | 1.47E+07 | 9.75E+07
M-O Method with a,,,, 2.46E+07 4.11E+07 | 3.98E+07 [ INDET.
M-O Method with 65% ap.y 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,,,,
Seed and Whitman (1970)
Method with 65% a,... 3.30E+07 4.67E+07 | 4.58E+07 | 1.01E+08

Table B.8

Maximum dynamic earth pressure 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 LAAO02.

Moment (Ib-in)

Loma

Kobe- Pricta- Kocaeli-
TAK090-2 WVC270 YPT330-3
. Stiff 5.02E+07 | 1.54E+07 1.15E+07
Strain Gages
Flexible | 3.28E+07 | 1.13E+07 1.29E+07
. Stiff 4.02E+07 | 1.00E+07 1.16E+07
Force-Sensing Bolts
Flexible | 2.81E+07 | 1.16E+07 1.33E+07
M-O Method with a,,, 1.08E+08 | 2.75E+07 347E+07
M-0O Method with 65% apay 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) 751E407 | 3.61E+07 |  4.24E+07

Method with 65% a,,,,
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