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ABSTRACT

Seismically induced lateral earth pressures arerhigrg an important factor in the design of retagnin
structures and basement walls in seismically aareas. Methods currently in use for evaluating the
seismically induced lateral earth pressures gragualolved from the seminal Japanese work
performed in the 1920’s. These methods are basedammbination of small scale laboratory model
testing and analytical solutions, and usually esukignificant seismic design loads. The ecormomi
impact of such designs for long retaining structuséong rail and road corridors can be substantial
and there is a strong incentive to develop effecamd economical designs. Therefore, a series of
dynamic centrifuge tests aimed at evaluating thgnitade and distribution of seismically induced
lateral earth pressures on retaining structurestmasgment walls is currently underway. Here we
present the results of a series of experimentsvorrétaining structures with dry medium dense sand
backfill. Preliminary results indicate that seisalig induced lateral earth pressures measured glurin
the experiment are significantly less than thosienased using the most current design methods.
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INTRODUCTION

The problem of seismically induced lateral eartksgures on retaining structures and basement walls
has received significant attention from researchever the years. The pioneering work was
performed in Japan following the great Kanto Eautiigg of 1923 by Okabe (1926) and Mononobe
and Matsuo (1929). The method proposed by thedeeuand currently known as the Mononobe-
Okabe (M-O) method is based on Coulomb’s theorgtafic soil pressures. The M-O method was
originally developed for gravity walls retaininghmsionless backfill materials and is today, with it
derivatives, the most common approach to detersgismmically induced lateral earth pressures. Later
studies provided design methods mostly based olytar@éd solutions assuming ideal cohesionless
backfill or experimental data from relatively smaltale shaking table experiments. Whereas
controversy remains on the position of the poiremplication of the resultant dynamic earth pressur
many researchers have agreed that the M-O metked gidequate results (e.g. Prakash & Basavanna,
1969, Seed & Whitman, 1970, Clough & Fragaszy, 1®alton & Steedman, 1982, Sherif et al.,
1982, Ortiz et al., 1983). Recently, however, tHeee been claims that the M-O method may lead to
unconservative estimates of the dynamic earth press(e.g. Richards & Elms, 1979, Morrison &
Ebeling, 1995, Green et al., 2003, Ostadan & WHi®98, Ostadan, 2004).
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While these recent opinions suggest a significanteiase in lateral earth pressures under seismic
loading, a review of case history data shows noudmnted failures of basement walls or
underground structures in non-liquefiable depositany of the recent major earthquakes such as
Northridge and Kobe (Sitar, 1995). In order to &idrthis apparent difference between theory and
practice, the authors have embarked on an expetainstody aimed at improving our understanding
of seismically induced lateral earth pressures waréety of natural deposits. The preliminary résul

of the first series of centrifuge experiment aresgnted herein.

EXPERIMENTAL SETUP

Dynamic Geotechnical Centrifuge Testing

The major advantage of dynamic centrifuge modebnitpat scaling is relatively straight forward and
correct strength and stiffness can be readily iyced for a variety of soils. Thus, in granuladsoi
for a reduced scale model with dimensions 1/N @& pinototype and a gravitational acceleration
during spinning that is N times the accelerationgrdvity, the soil in the model will have same
strength, stiffness, stress, and strain as theofymg. Based on the centrifuge scaling laws, the ti
period of shaking and displacements are scaled factar of 1/N during centrifuge testing while
accelerations are scaled by a factor of N (Kutt885). Thorough discussions of centrifuge scaling
laws are given by Scott (1988) and Kutter (1995).

The centrifuge experiment described in this papes performed on the 400g-ton dynamic centrifuge
at the Center for Geotechnical Modeling at the ©rsity of California, Davis. The centrifuge has a
radius of 9.1m, a maximum payload of 4,500Kg, anchwailable bucket area of 4nThe shaking
table has a maximum payload mass of 2,700Kg andvanmam centrifugal acceleration of 80g.
Additional technical specifications for the cenigké and the shaking table are available in the
literature (Kutter et al., 1994, Kutter, 1995). Tdentrifugal acceleration used in this experimeas w
36g. All test results are presented in terms ofgtype units unless otherwise stated.

Model Configuration
The model configuration is shown in Figure 1 in mlodnits. The model was constructed in a
rectangular flexible shear beam container withrimdedimensions of 1.65m long by 0.79m wide by
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Figure 1. Model configuration, profile view

approximately 0.58m deep. The bottom of the coetais coated with grains of coarse sand and is
uneven. The container consists of a series of sthekuminum rings separated by neoprene rubber.



To minimize boundary effects, the container is giesd such that its natural frequency is less than t
initial natural frequency of the soil (Kutter, 1995

In prototype scale, the model consists of two rémg wall structures, rigid and flexible, of
approximately 6m height spanning the width of tbatainer. The structures have the stiffness, mass
and natural frequency of typical reinforced conerstructures. They sit on approximately 12.5m of
dry medium dense sand (Dr = 73%) and the bacldill @nsists of dry medium dense sand (Dr =
619%). The “rigid” structure was designed to have@deflection of less than 0.004 the height of the
wall during loading. Both structures have rigid rfmindations.

Soil Properties

Nevada sand, a fine, uniform, angular sand, wad use¢his experiment. Nevada sand has a mean
grain size of 0.14 to 0.17mm, a uniformity coeffici of 1.67, and a specific gravity of 2.67
(Kammerer et al., 2000). The minimum and maximum dknsities determined at the University of
California, Davis using the Japanese standard rdeyfelded 14.50 and 17.49KN/m3 respectively.
The initial friction angle value for the Nevada daat 61% relative density is 35° (Arulmoli et al.,
1992).

Model Preparation

The sand was placed using dry pluviation in fivgela underneath the structures and in five layers
behind the structures. The height of each layeresponds to a horizontal array of instruments, as
shown in Figure 1. The different soil densities ev@roduced by changing the drop height, mesh
opening and speed of drop for the pluviator. Afdacement of each layer, the sand surface was
smoothed with a vacuum and instruments were platespecific positions. Industrial grease was

placed between the structures’ walls and the coetdb provide a frictionless boundary and prevent
sand from passing through.

Instrumentation

The models were densely instrumented in order teacoaccurate and reliable measurements of
accelerations, displacements, shear wave velocsiesins, bending moments and earth pressures.
Horizontal and vertical accelerations in the soidl @n the structures were measured using miniature
ICP and MEMs accelerometers. Soil settlement amdctsires’ deflection and settlement were
measured at different locations using a combinadifonVDTs and linear potentiometers. Shear wave
velocities in the soil underneath and behind thectires were measured using bender elements. The
locations of accelerometers, bender elements apdiadiement transducers are shown in Figure 1.

Accurate measurement of lateral earth pressureldiibn was the major goal of this study. Stress
distribution measurements in laboratory experimemés traditionally achieved using pressure cells.
Such measurements are generally inaccurate andepeatable due to problems such as cell/soil
reaction function of the relative stiffness of el with respect to the soil, and inclusion orhang
effects caused by the disturbance of the stre$s liig the presence of the cell (Dewoolkar et al.,
2001). In order to avoid these problems, lateraihepressures were measured using flexible tactile
pressure Flexiforce sensors. The Flexiforce sensoamufactured by Tekscan, are approximately
0.2mm thick. Their sensing area consists of condeighaterial separated by semi-conductive ink.
Lateral earth pressures were also calculated Wgrdiitiating the bending strains measured by the
strain gages. Direct measurements of the total ibgnohoments at the bases of the walls were
measured using force sensing bolts at the wallation joints. The locations of the strain gages,
Flexiforce sensors and force sensing bolts on tlethsrigid and north flexible walls are shown in
Figure 2.
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Figure 2. Flexifor ce, strain gages and force sensing bolts layout on south rigid and north flexible
walls
Shaking Events

Five shaking events were applied to this modelighf at 36g centrifugal acceleration. The shaking
was applied parallel to the long sides of the madsitainer. The shaking events consisted of a step
wave, a ground motion recorded at the Santa Crtostduring the Loma Prieta earthquake and
applied three times to the model, and a groundanaecorded at 80m depth at Port Island during the
1995 Kobe earthquake. The shaking events along Widir prototype maximum base peak
accelerations are shown in Table 1.

Table 1. Shaking sequence

Shaking Event Prototype Base Peak Acceleration (g)
Step Wave 0.06
Loma Prieta 0.29
Loma Prieta 0.42
Kobe 0.75
Loma Prieta 0.41

EXPERIMENTAL RESULTS

Acceleration TimeHistories

Acceleration time histories were collected at tleeederometer locations shown in Figure 1. The
acceleration time histories were used in evaluatiegamplification and deamplification of the input
ground motions, and in evaluating the magnitudses$mically-induced forces. Figure 2 shows the
peak accelerations measured at the base of thaigentersus those measured at the top of the soil,
south rigid wall, and north flexible wall duringetidifferent shaking events. A 45° line is displayed
for reference.

It is apparent that the amplification during inligents is consistently higher than during latesrgs.
While the motions are consistently amplified at tbe of the walls, the acceleration at the tophaf t
soil crosses over the 45° line indicating atteraratiue to the large magnitude of the shaking event.
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Figure 3. Base motion amplification/deamplification for the soil, rigid and flexible structures

Soil Settlements

Vertical soil deformation measurements were takéntha soil surface and at the structures’
foundations as shown in Figure 1. The static oéfseeéasured by the displacement transducers were
used to determine the total settlement of the lihskiil as well as the soil underneath the struesu
(base soail) after the different shaking events.l&@ & shows these settlement values along with the
relative density of the soil after each shakes Bpparent that the maximum total settlement haggpen
after the Kobe event due to larger magnitude oKisiga hence greater soil densification.

Table 2. Total soil settlement after different shaking events

Settlement (mm) Relative Density (Dr %)
Shaking Event Base Soil | Backfill | Base Soil Backfill
Step Wave 0.32 0.52 74.37 61.75
Loma Prieta 1 31.55 22.46 75.65 63.54
Loma Prieta 2 18.17 2.14 76.38 63.70
Kobe 37.56 37.3 77.91 66.70
Loma Prieta 3 4.47 5.49 78.08 67.08
Total 92.06 67.91

Moment Distributions

The south rigid and north flexible walls were instented with five force sensing bolts and six strai
gages each, as shown in Figure 2. The momenthlitishs along the heights of the walls were
calculated based on the strain values measurechdystrain gages. The total dynamic moment
distributions on the south rigid and north flexillells are shown in Figure 3 for the different shgk
events. It is apparent that the total dynamic mdmen the flexible wall are consistently about half
those on the rigid wall. Moreover, the total dynamioments decreased for the second and third
Loma Prieta motion due to the soil’'s densificatidihe maximum total dynamic moments occurred
during the Kobe motion due to the large magnitudghaking.

The moment distributions along the bases of thdswaére directly measured by the force sensing
bolts and interpreted from the strain gages dahl€r3 shows the total dynamic moments at the bases
of the south rigid and north flexible walls inteeped from the strain gage data and measured by the
force sensing bolts during the different shakingres. The total dynamic moments estimated using



the M-O pressure distribution with the total reanttforce applied at one third the height of thdl wa
from its base are presented for comparison in Tablehe total dynamic moments estimated using the
Seed & Whitman (1970) method with the resultantdéoof the dynamic increment applied at two
thirds the height of the wall from its base areoaisesented in Table 3. The M-O and Seed &
Whitman (1970) total dynamic moments were estimatadg the peak ground acceleration as well as
85% and 65% of the peak ground acceleration meddyreccelerometer A22, shown in Figure 1, at
the soil surface in the free field.
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Figure 4. Total dynamic moment distributions measured on (a) rigid and (b) flexible walls by
strain gages

Table 3. Total dynamic moments at the bases of the south rigid and north flexible walls

Total Dynamic Moments at the Base (Ib-in)
Loma Prietal | Loma Prieta 2 Kobe Loma Prieta 3

Strain Gages ngl(_j 9.26E+07 7.87E+07 1.60E+08 8.07E+07

Flexible 6.74E+07 5.90E+07 9.49E+07 6.07E+07
Force Sensing Rigid 9.51E+07 1.03E+08 1.77E+08 1.00E+08
Bolts Flexible 3.12E+07 3.41E+07 6.19E+07 3.56E+07
M-O Method with anay 1.23E+08 1.11E+08 2.41E+08 1.17E+08
M-O Method with 85% anax 9.76E+07 9.03E+07 1.48E+08 9.75E+07
Seed and Whitman (1970) 1.49E+08 1.42E+08 | 1.82E+08 |  1.48E+08
Method with anay
Seed and Whitman (1970)
Method with 65% a,, . 1.11E+08 1.07E+08 1.33E+08 1.10E+08




The data in Table 3 show that the M-O and Seed &Mmén (1970) methods using the peak ground
acceleration values consistently overestimate ¢h& tlynamic moment values. The total dynamic
moments observed for the rigid and flexible walls approximately 65 to 75% and 40 to 55% of the
values estimated by the M-O method, respectiveiye tal dynamic moments observed for the rigid
and flexible walls are approximately 50 to 60% d@dto 50% of the values estimated by the Seed &
Whitman (1970) method, respectively. Using 85% &5% of the peak ground acceleration in the M-
O and Seed & Whitman methods respectively seentsetmore reasonable in estimating the total
dynamic moments applied at the base of the rigitl tmat still overestimates the total dynamic
moments applied at the base of the flexible wall.

Lateral Earth Pressures

Ten Flexiforce sensors were mounted on all foulsnaa the locations shown in Figure 2 to directly
measure the seismically induced lateral earth pressWe observed a consistent agreement between
the dynamic earth pressures measured at the nadtlsauth walls of each structure. Figure 5 shows
the total dynamic pressure distributions on thédrand flexible walls during the different shaking
events. The pressure distributions estimated byMk@ method using the peak ground acceleration
and 85% of the peak ground acceleration are disgdléyr comparison.
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Figure 5. Total dynamic pressuredistributions on the south rigid and north flexible walls
during the (a) LomaPrietal, (b) LomaPrieta 2, (c) Kobe, and (d) Loma Prieta 3 shaking events

The pressures measured by the Flexiforce sensors gemnerally in good agreement with those
interpreted by double differentiating the straimganeasurements. It is apparent in Figure 5 theat th
total dynamic pressure distributions measured errithd and flexible walls are respectively abobt 4
to 50% and 30 to 40% the pressures estimated byl{®emethod using the peak ground acceleration,
with the exception of those observed on the rigid during the Kobe motion.

CONCLUSION

We present the preliminary results of the firstigeries of centrifuge experiments on the evalnatio
of the magnitude and distribution of seismicallguced lateral earth pressures on retaining strestur
and basement walls. Results of these centrifugerarpnts indicate that the seismically induced
lateral pressures of a medium dense sand backfibar to be overestimated by currently used design
methods. The magnitude of the total dynamic eamtisqures is about 45 to 50% and 30 to 40% of the
values estimated by the M-O method using the peangl acceleration for a rigid and a flexible wall
respectively. For design purposes, we show thatafta¢ dynamic moments at the bases of a rigid and
flexible wall are about 50 to 60% and 40 to 50%tlué values calculated applying the Seed &
Whitman (1970) method with the peak ground accétsraand the dynamic component’s resultant
located at two thirds the height of the wall frasbase.

Using 85% of the peak ground acceleration with & method and 65% of the peak ground
acceleration with the Seed & Whitman (1970) methaelds predictions of the total dynamic
pressures and moments that are closer the acluasvameasured during the experiment.
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