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Large scale shake table lateral earth pressure experiments
Echelle grande table vibrante latérale pression des terres experiences
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ABSTRACT
An experimental investigation is conducted in a large soil container in order to measure static and dynamic earth pressure. The soil
container is placed on a large outdoor shake table. Well graded silty sand with some fines is compacted in the container behind a 1.7
meter tall vertical wall section. The wall is first displaced laterally to record the peak passive earth pressure, which agrees well with
the Log Spiral theory prediction. Dynamic lateral earth pressure is recorded next, during a series of shake table excitations with
amplitudes in excess of 1g. Test results are presented, including the input and surface accelerations, the pressure at different depths
and the total lateral force. In the stiff compacted backfill, earth pressure remains close to the static value for low to moderate input
excitations. For larger input acceleration levels, the backfill shear strength is progressively mobilized, and the change in the measured
earth pressure becomes significant.
RÉSUMÉ
Une étude expérimentale est menée dans un grand conteneur dans le sol afin de mesurer statique et dynamique pression des terres. Le
sol conteneur est placé sur un grand table vibrante en plein air. Eh bien classé sable limoneux avec des amendes est compacté dans le
derrière de 1,7 mètres haut de vertical section de mur. Le mur est d'abord déplacé latéralement pour enregistrer la pointe butee terre,
qui convient bien à la prédiction de la théorie Log Spiral. Pression des terres dynamique est enregistré prochain, au cours d'une série
d'excitations du table vibrante avec des amplitudes de plus de 1g. Les résultats des tests sont présentés, y compris l'entrée et la surface
des accélérations de l’entree et des accélérations de la surface, la pression à différentes profondeurs, et le total des forces latérales.
Dans le remblai compacté rigide, pression des terres reste proche de la pression statique, la valeur de faible à modéré excitations
d'entrée. Pour les plus grands niveaux d'accélération d'entrée, les remblais de la résistance au cisaillement est progressivement
mobilisé, et le changement dans la mesure pression des terres dynamique devient important.
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1 INTRODUCTION

2.1

Earth retaining structures comprise key elements of critical
infrastructure facilities such as ports, bridges, highways and
railways. Predicting the forces on these structures due to earth
pressure remains a topic of considerable uncertainty,
particularly in the case of passive pressure and under seismic
loading conditions.
Passive earth pressure plays a critical role in providing
stability for earth retaining structures. For instance, the shallow
side of a gravity or cantilever wall, or an achored bulkead relies
on passive pressure to help prevent overturning or sliding
(Lambe and Whitman 1969). In seismic response, bridge deck
impacts at the abutments are resisted by passive earth pressure
(Shamsabadi et al. 2007).
Dynamic earth pressure may increase the demand on
structures during earthquakes by imposing larger forces
compared to the static active or at-rest condition (Kramer 1996).
Structural stability may be reduced due to the decrease in
resisting passive pressure (Kramer 1996).
Based on these considerations, a series of tests is performed
(Wilson 2009). The passive earth pressure is measured by
displacing a vertical test wall into a static dense sand backfill.
Next, additional tests are conducted by imposing shake table
excitations with the test wall first in a near at-rest position, and
later in a passive pressure condition, with the wall displaced
into the backfill.

A large laminar soil container was restrained to perform as a
rigid box for these experiments (Figure 1). The inside
dimensions of the employed portion of the overall container
(Figure 1) were 6.7, 2.9 and 2.6 meters in length, width (not
shown) and height, respectiveley. Gaps between the soil
container and the restrainment towers (Figure 1) were filled with
long timber sections and welded steel plates (not shown).

2 EXPERIMENTAL CONFIGURATION

2.2

The experimental soil container-wall-backfill configuration
(Figures 1 through 5) was placed on the outdoor shake table
(UCSD 2003) at the Englekirk Structural Engineering Center
(ESEC) of the University of California, San Diego (UCSD).

The reinforced concrete test wall was suspended from a beam
which rested on rollers situated on the longer sides of the top
laminar frame of the soil container (Figures 2, 3 and 4).
Dimensions of the test wall were 2.74, 2.13 and 0.2 meters in

Soil Container

Figure 1. Schematic elevation view of soil container and restrainment
towers

The inside of the container was lined with plywood and three
layers of smooth plastic sheeting (Figure 3) to reduce side
friction to a minimum.
Test Wall

Proceedings of the 17th International Conference on Soil Mechanics and Geotechnical Engineering
M. Hamza et al. (Eds.)
© 2009 IOS Press.
doi:10.3233/978-1-60750-031-5-1433

1433

1434

P. Wilson and A. Elgamal / Large Scale Shake Table Lateral Earth Pressure Experiments

width, height and thickness, respectively. The overall mass of
the wall and supporting beam was approximately 4500 kg.

Figure 2. Inserting test wall into laminar box

2.3

Instrumentation and Loading Mechanism

Horizontal load was applied to the vertical test wall by four
hydraulic jacks (Figure 4). The total applied force was
measured by load cells mounted between the four jacks and
Linear
concrete-filled steel reaction posts (Figure 4).
potentiometers measured the wall and backfill displacements.
Pressure sensors were also mounted on the backfill side of the
test wall in pairs at three different depths (Figure 3). These
pressure sensors were located at heights above the container
base of 2/7, 4/7 and 6/7 of the 2.14 meter constructed backfill
depth (as indicated in later figures below). For the shake table
excitation tests, 42 accelerometers were placed throughout the
backfill and the soil container.

Figure 4. Test setup overhead view showing jacks and load cells behind
wall

Figure 5. Backfill compaction inside container
Figure 3. Soil container inside lining (left and right sides) and test wall
with pressure sensors

2.4

Backfill Material and Construction

Well graded sand with 1 % gravel and 7 % fines was used as the
backfill material. The sand was placed in small lifts and
compacted (Figure 5) to 95 % of the modified proctor value
(ASTM Standard Method D1557) at near the optimum water
content. The moist unit weight of the compacted backfill was
approximately 20.6 kN per cubic meter. Dimensions of the
backfill were about 2.9, 5.6 and 2.14 meters in width, length and
height, respectively. The upper 1.7 meters of backfill was
supported by the test wall (left side of Figure 2, and bottom of
Figure 4).

3 PASSIVE EARTH PRESSURE EXPERIMENTS
Passive earth pressure was measured in two tests. The
hydraulic jacks applied a lateral load to the wall which led to
horizontal displacement into the backfill as well as some
vertical displacement (resulting in low mobilized wall soil
friction δmob as discussed further below). The backfill was
removed and recompacted between the two experiments.
In these tests, the resistance increased with displacement
reaching a peak (at 4.6 and 5 cm of lateral displacement for the
first and second test) and then decreased to a residual level. The
peak passive pressure was 385 kN/m (normalized per meter of
wall width) in the first test and 326 kN/m in the second. A
longer mobilized passive failure wedge (Shamsabadi et al.
2007) was observed in the first test. These differences are likely
due in part to a drier soil backfill condition during the first test
(time between backfill construction and testing was 20 days for
the first test and 3 for the second, Wilson 2009).
The 15 % difference in peak passive resistance and larger
failure wedge suggest a different in-situ mobilised friction angle
φ for the two tests. Based on the observed failure mechanisms,
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the plane strain φ was estimated to be 50 to 52 and 44 to 46
degrees for the first and second tests, respectively (Wilson
2009). Such large friction angles have been observed for
similar plane-strain loading of dense sands under shallow
confinement conditions (Hanna 2001, Alshibli et al. 2003).
Direct shear testing resulted in a cohesion c of about 14 kN/m2.
Vertical equilibrium on the test wall at failure (Duncan and
Mokwa 2001) yeilds an average mobilized wall-soil friction
angle δmob of 2.5 degrees. Considering these values, Figure 6
compares the measured peak passive resistance with the
Rankine and Log-Spiral predictions. The Coulomb prediction is
almost identical with that of the Log-Spiral for this low δmob
scenario (Duncan and Mokwa 2001).
From Figure 6, it can be concluded that the Log-Spiral
predictions are close to the measured peak passive pressures
using the estimated φ, c and δmob. The Rankine solution, which
neglects δmob, slightly underpredicts the passive pressure
measured in these experiments (particularly for Test 2).
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the 2.14 meter backfill height H from the container base (Figure

3). Observations based on Figure 7 include:

1) The acceleration at the backfill surface next to the test
wall was similar but not identical to the acceleration measured
at the container base. The surface acceleration levels were only
slightly larger than those of the base.
2) The total force measured by the load cells (behind the
wall and including the wall inertia, Figure 4) ranged from about
20 to 30 kN per meter of width for the 0.33 g input
accelerations.
3) The dynamic pressure component (with the inital static
pressure removed) reached larger values near the top of the
backfill compared to the middle and lower zones. In fact,
pressure did not change noticeably near the bottom. The top
pressure sensors recorded a peak increase and decrease in
pressure of approximately 5 kPa, and the middle sensors
recorded a range of plus or minus 2.5 kPa.

Figure 6. Comparison of measured passive pressure with the theoretical
predictions (per meter of backfill width)

4 DYNAMIC EARTH PRESSURE EXPERIMENTS
Dynamic earth pressure was also measured in shake table
excitation tests. First, the test wall was secured near the at-rest
(zero displacement) condition, and a series of earthquake and
harmonic input motions was imparted on the system. Next, the
wall was displaced laterally until more than half of the peak
passive resistance was mobilized. The input motions were then
repeated with the wall locked in this new passive pressure
configuration.
A modified Century City station record of the 1994
Northridge earthquake was used to represent strong ground
motion excitation. A sine wave of increasing frequency was
also employed. Shaking was one dimensional in the direction
of the normal to the test wall face. Both the earthquake and the
harmonic motions were scaled to produce different levels of
peak acceleration.
4.1

At-Rest Condition Dynamic Tests

After the backfill was re-constructed, the test wall was displaced
about 2.5 mm into the backfill in order to ensure that each of the
load cells registered a small reading.
Secured in this
configuration, the wall-backfill system was then subjected to the
shake table excitations. Results from two of these dynamic tests
(Figures 7 and 8) are discussed in this section.
Figure 7 displays results from a 15 second segment of the
scaled earthquake record, with a peak base acceleration of about
0.33 g. As mentioned earlier, the top, middle and bottom
pressure sensors were located at distances of 2/7, 4/7 and 6/7 of

Figure 7. Test results from scaled earthquake (Northridge 1994) record
input motion with peak acceleration of about 0.33 g
Figure 8 displays results from a 15 second segment of the
same modified earthquake record (Figure 7), but scaled to
produce a peak base acceleration of about 1 g. Observations
based on Figure 8 include:
1) Again, the acceleration at the backfill surface was
similar to the acceleration measured at the container base, with
a peak surface acceleration slightly larger than that of the base.
2) The total force measured by the load cells ranged from
about 0 to 90 kN per meter of width for the 1 g input
accelerations. This range of 90 is 9 times that of Figure 7, for
only a 3 times change in the peak input acceleration.
3) The dynamic pressure component reached the largest
values close to the middle of the wall rather than near the top or
bottom. The middle pressure sensors recorded an increase of
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almost 50 kPa at the 1 g input acceleration peak, or 20 times
that of the 0.33 g test at the same location. Pressure changed
noticeably near the bottom during two instances coinciding with
the largest acceleration spikes of 1 and 0.7 g.

4.2

Passive Condition Dynamic Tests

After the at-rest condition dynamic tests, the wall was displaced
into the backfill until more than half of the expected peak
In this
passive resistance (Figure 6) was mobilized.
configuration, the shake table input motions were repeated.
Similar to the at-rest condition tests, changes in measured
force and pressure were disproportionally greater for the large
shaking events as compared to the low to moderate excitations.
In addition, for the passive condition tests, a significant
reduction in the initial imposed static force was observed with
gradual decrease ocurring during the strong shaking pulses in
these tests (Wilson 2009).
5 CONCLUSIONS
On account of the importance of evaluating lateral earth
pressure for the design of numerous types of civil structures, an
experimental study has been conducted and presented. The
measured peak passive pressure agreed well with the Log Spiral
prediction. Dynamic earth pressure was shown to fluctuate
around the static value, far more significantly so for large input
accelerations than for small to moderate excitations. Dynamic
excitation also resulted in reductions in the mobilized passive
pressure. Such reductions would decrease the capacity or
increase deformation for structures that rely on passive pressure
to resist sliding and/or overturning.
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