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Dynamic Centrifuge Modeling of Sound
Walls Supported on Concrete Cantilever
and Mechanically Stabilized Earth

Retaining Structures

DAavip SooN, JouN A. Casey, BRuck L. KUTTER, AND

Karr M. RoMSTAD

The results of a model study comparing the dynamic behavior of
sound walls supported on concrete cantilever (Caltrans Standard
Type 1) and mechanically stabilized earth (MSE) retaining struc-
tures are presented. Different backfills representing a loose sand,
a dense sand, and a cohesive material were studied. An additional
test was run with the loose sand and inclined reinforcing. The
models were tested on a servohydraulic shaking table mounted
on a centrifuge. Realistic earthquakes with peak input base ac-
celerations of 0.65 g to 0.75 g were simulated. The sound wall
response on the MSE system involved accumulated tilting due to
nonsymmetrical resistance, and in some cases lift-off and impact
of the slab. The behavior of sound walls on Type 1 systems was
much less sensitive to the backfill type. The MSE systems were
generally more ductile than the Type 1 walls; they suffered larger
permanent deformations but transmitted smaller accelerations to
the sound wall. Sound wall accelerations on the Type 1 wall
system were approximately twice those on the MSE system.

Mechanically stabilized earth (MSE) retaining systems are
often cost-effective alternatives to conventional retaining walls.
However, in areas of significant seismic activity, the dynamic
behavior of sound walls superimposed on MSE systems is
unknown, and design engineers have been reluctant to use
systems for which there is little field or experimental data.
Because of this lack of data and the policy of the California
Department of Transportation (Caltrans) to encourage the
use of alternative retaining systems, this research project was
initiated.

Kutter, in another paper in this Record, presents a discus-
sion of scaling laws and the advantages and disadvantages of
dynamic centrifuge modeling. The disadvantages become less
critical if a modeler uses the centrifuge as a tool to compare
the performance of different types of structures while the grain
size, boundary conditions, and loading rates are held constant.
This paper presents such a study in which MSE walls are
compared with conventional reinforced concrete cantilever
(Type 1) retaining walls.

The models tested in this study represented 24-ft-high pro-
totype earth retaining structures with 12-ft sound walls po-
sitioned on top of the retaining structures. The models repre-
sented a typical reinforced concrete cantilever retaining wall
called a Type 1 retaining wall by Caltrans. Figure 1a shows
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a schematic of the prototype Type 1 retaining wall system.
The system includes a vehicle barrier and a roadway slab in
addition to the reinforced masonry block sound wall. The
sound wall is anchored directly to the reinforcing bars of the
Type 1 retaining wall, creating a continuous structure.

The alternative soil retaining structure tested is a reinforced
soil wall that Caltrans calls an MSE wall. Figure 1b is a sche-
matic of the prototype MSE retaining wall. In this wall ar-
rangement the vehicle barrier and sound wall are mounted
on the roadway slab, which is anchored to the backfill by
short piles. The MSE face plates, which serve to retain the
adjacent soil, are held in place by bar mat reinforcing mesh.
The reinforcing mesh (bar mat) for this prototype is made of
welded rebar.

Masonry block sound wall

Type 25 vehicle barrier

Type 1 Concrete cantilever
retaining wall
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FIGURE 1 a, Type 1 retaining
wall; b, MSE retaining wall.
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PREVIOUS RESEARCH

Mononobe and Matsuo (1) suggested using the Coulomb slid-
ing wedge theory, with the addition of a lateral acceleration,
to predict the resultant lateral force on a gravity retaining
wall subjected to an earthquake. The resultant force, which
included both static and dynamic pressure, was assumed to
act at Y3H above the base. Seed and Whitman (2) later rec-
ommended that the dynamic component of the pressure re-
sultant should be assumed to act at 0.6H above the base.
Richards and Elms (3) suggested that permanent deformation
rather than maximum pressures should be the design criterion.
They applied Newmark’s sliding block analysis (4) to predict
wall movement. Bracegirdle (5) suggested a limit equilibrium
method using a pseudolateral acceleration.

Bolton and Steedman (6) and Ortiz et al. (7) have con-
ducted centrifuge experiments on cantilever retaining walls
supporting dry cohesionless sands subjected to base motions.
Richardson and Lee (8), Nagel (9), and Wolfe and Rea (10)
have conducted 1-g shaking table tests on the seismic behavior
of soil-reinforced walls. Later, Richardson (77) conducted a
field study on a full-scale 20-ft wall to assess his earlier pro-
posed design procedure. Kutter et al. (12) and Casey et al.
(13) have presented preliminary results from this research,
field data from earthquakes, and some simple analytical mod-
eling of MSE and Type 1 systems with and without sound
walls.

MODEL RETAINING WALL SYSTEMS
Model Components and Instrumentation

Figure 2a shows the general arrangement and dimensions of
the MSE models. Prototype dimensions in Figure 2 are given
in parentheses. A coarse wire screen was used to simulate the
MSE reinforcing mats which, in the prototype, consist of a
mesh of #4 rebar extending 16.8 ft (4.2 in. in model) hori-
zontally into the soil at a vertical spacing of 3 ft (0.75 in. in
the model). The total area of the longitudinal reinforcing bars
was accurately scaled to that for the prototype. In the pro-
totype MSE design, each 14.5-ft by 3-ft by 8-in.-thick concrete
face plate is supported by four mats, each consisting of five
16.8-ft bars (perpendicular to the wall face) spaced at 6 in.
with 2-ft-long bars spaced at 18 in. welded across the long
bars. In the model, the wire screens were attached to alu-
minum face plates, which were scaled to simulate the mass
of the prototype face plates.

In Figure 2a it can be seen that the sound wall in the model
MSE system is tilted at a 9-degree angle to the vertical. This
was done to ensure that the radial centripetal acceleration
was acting parallel to the wall. The radial acceleration has a
lateral component that, for a vertical model wall, would cause
an unwarranted static overturning moment. Overturning dur-
ing the seismic event is a critical failure mechanism for the
sound wall of the MSE system.

Figure 2a shows seven accelerometers and three displace-
ment transducers used to measure horizontal accelerations on
the sound wall, in the backfill, at the base, and at the top
face plate and horizontal deflections at the top of the sound
wall, the top face plate, and the third face plate from the
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FIGURE 2 Test arrangement and instrumentation: a,
MSE and b, Type 1 retaining wall models.

bottom. The MSE model system is three face plates wide
(across the width of the box) and eight face plates high. The
prototype roadway slab (Figure 1b) has a groove that the top
face plate fits into without any connection. In preliminary
model tests with this arrangement, the accelerations measured
at the top face plate showed signs that the top face plate and
the sound wall-slab system were making contact. Impact be-
tween the sound wall and the top face plate can cause exces-
sively high bar mat forces and local face plate damage. To
remedy this problem in later tests the model sound wall system
was placed 1 ft (0.25 in. the model) behind the top face plate.

The Type 1 retaining wall model is shown in Figure 2b. The
model retaining wall was machined from a solid block of
aluminum. The thickness of the Type 1 model was selected
to match the computed stiffness of the full-scale concrete
cantilever retaining walls; the mass of the concrete wall was
not scaled (most of the mass contributing to dynamic loads
was assumed to come from the backfill). Because of the rigid
connection between the sound wall and the retaining wall in
the Type 1 system, it was not considered important to tilt the
sound wall. The thickness of the model sound wall was de-
termined by matching its scaled natural frequency to a cal-
culated natural frequency of the prototype 8-in.-thick rein-
forced masonry block sound wall.

The aluminum model wall (with thickness determined by
stiffness criteria) had a higher scaled bending strength than
the prototype Type I system. A notch was machined at the
base of the aluminum wall to provide the correctly scaled
moment capacity at the critical section. Since the notch was
relatively short in length, it did not significantly affect the
stiffness. The base (13.25-ft prototype) and key dimensions
were scaled from the prototype wall with material density
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differences (aluminum model versus reinforced concrete pro-
totype) being considered.

Figure 2b shows the location of the strain gauges, displace-
ment transducers, and accelerometers used in the Type 1
models. The Type 1 models were instrumented with nine
strain gauges to measure moments in the wall, four displace-
ment transducers to measure deflections, and seven acceler-
ometers to measure accelerations. Only 16 of the instruments
could be monitored at once, so each model was tested with
three different instrumentation combinations, each involving
16 instruments.

The roadway slabs in both systems were modeled by alu-
minum plates. The plates represented the mass of a 20-in.-
thick concrete slab (8 ft wide) that is used in the roadway
shoulder of the prototype system. In the MSE system the slab
is anchored to the soil by 6-ft-long, 16-in.-diameter cast-in-
place piles spaced at 6.25 ft. These piles were included in the
model.

Backfill Conditions Studied

Three backfill soil conditions (denoted as loose, dense, and
cohesive) were modeled. The loose backfill was Nevada sand,
a fine uniform silica sand with a mean grain size of 0.15 mm
and a coefficient of uniformity of 1.7. The loose model was
made by spooning the sand into the box layer by layer and
vibrating on a vibrating table to achieve the specified density.
As commonly specified for prototype walls by Caltrans, the
backfill was densified to approximately 93 percent relative
compaction California Test #216 compaction test. Because
of the poor compaction characteristics of this sand, however,
the relative density was only 32 percent. This very loose ma-
terial had a low friction angle (¢ = 30 degrees) and no cohe-
sion. The loose backfill is an extreme condition that will tend
to show worst-case scenarios for displacements.

The dense backfill soil was also Nevada sand, but the sand
was pluviated to obtain a higher density of 101 pcf, relative
density of 95 to 100 percent, and a friction angle of 45 degrees.
The cohesive backfill consisted of 70 percent Nevada sand
with 30 percent Yolo loam (a low-plasticity silty clay). The
cohesive backfill was compacted at 12 percent water content
by hand to obtain the desired density. The cohesive backfill
had a friction angle of 34 degrees, cohesion of 500 psf, density
of 103 pcf, and a relative compaction of 92 percent.

One other backfill condition, called loose-10°, was tested
for the MSE system. For these tests, the barmats were inclined
at a 10-degree angle downward into the backfill.

EXPERIMENTAL PROCEDURE

The shaker, described briefly by Kutter in another paper in
this Record, has a sample container that is 11 in. by 22 in. in
area and 7 in. in height. A detailed description of the cen-
trifuge system is given by Chang (14).

Two prototype acceleration records were used to generate
seven types of earthquakes. The records used were from the
San Fernando (8244 Orion Blvd., 1st floor, February 9, 1971,
6:00 a.m. PST, North 00° West) and El Centro (Imperial
Valley Irrigation District, May 18, 1940, 8:37 p.m. PST, South
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00° East) earthquakes. Since the San Fernando record was
taken inside a building, the acceleration history includes the
soil-structure interactions felt at the first floor of the building.
The original El Centro record, in comparison, shows free field
response. The alluvial characteristics of the sites at which the
accelerations were measured were chosen to match the char-
acteristics of the Harbor Freeway construction area in Los
Angeles (deep deposits of firm sandy silt, with approximate
standard penetration values of 30 blows per foot).

Two typical achieved acceleration records are shown in
Figures 3a and 3b. Note the extended strong motion phase
of the record in the San Fernando event of Figure 3a. The
strong motion phase of the original record was spliced and
reattached to the end to create a long (greater than 30 sec in
the prototype) duration of relatively large amplitude accel-
erations. The prototype acceleration records were processed
by double integration, filters, and baseline corrections to cre-
ate an input data file for the centrifuge shaker. These records
could be multiplied by a magnification factor to provide dif-
ferent levels of shaking to the centrifuge models.

Figure 4 shows a comparison of the Caltrans ARS design
spectra with the two output spectra from the time histories
shown in Figures 3a and 3b. These spectra demonstrate that
the models have been subjected to realistic earthquake rec-
ords. Figure 5a shows the 2 percent damped acceleration re-
sponse spectra computed using the measured base accelera-
tions for each of the four MSE model types when subjected
to the filtered El Centro motion magnified by five. The shape
of each of the spectra are similar and the loose-10° and dense
models appear to be receiving slightly more energy over most
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FIGURE 3 Typical achieved base
acceleration: a, San Fernando X 4 event and
b, filtered El Centro X 5 event.
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FIGURE 4 Comparison of Caltrans ARS spectral
design curves and spectral accelerations from achieved
base motions.

of the frequency range. The good repeatability of the base
motions allows direct comparison of results. Figure 5b shows
that the acceleration response spectra for the base motion
during a filtered El Centro event for the Type 1 models was
very similar for all three backfill types.

Six models were tested using the Type 1 retaining wall as
the soil retaining structure. Four models used the loose sand,
one the dense sand, and one had a cohesive backfill. A total
of nine models of the MSE retaining wall were tested. Five
models used the loose sand, two the dense sand, one the
cohesive backfill, and one the loose sand inclined bar mats
(loose-10°).

The Type 1 retaining wall systems were subjected to a total
of 69 earthquakes, and the MSE retaining wall systems were
subjected to 67 earthquakes. For the models used for the
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FIGURE 5 Comparison of base acceleration
response spectra for a filtered El Centro X 5
for a, MSE and b, Type 1 models.
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comparisons, the typical earthquake sequence of the first six
events was (a) filtered El Centro X 4 (FEC X 4), (b) El
Centro x 2 (EC x 2), (c) old San Fernando X 4 (OSF X
4), (d) filtered El Centro x 5 (FEC X 5), (e) El Centro X
4 (EC x 4), and (f) new San Fernando x 2 (NSF x 2). The
adjectives filtered, old, and new refer to different schemes
used for processing the accelerations recorded in the field.
Each of these events had a different input base motion. The
numbers in the list are an indicator of the intensity of the
events.

DISPLACEMENT BEHAVIOR
Permanent Wall Movement Comparisons

Figure 6a presents displacement time histories at the top of
the MSE retaining wall (just below the sound wall) for all
four backfill conditions for the filtered El Centro X 5 base
motion. Plotted below these motions is the corresponding
time history of accelerations at the base of the model for the
dense model. The base acceleration time history input mo-
tions to the other three models were very similar, as evidenced
by the acceleration response spectra in Figure 5a. The first
large acceleration pulse of approximately 0.6 g produced a
significant permanent displacement at the top of the retaining
wall for each of the models. The loose model continued to
move out significantly during the first 6 sec compared with
the other three models. The 10-degree sloping reinforcement
reduced the total permanent displacement by a factor of al-
most four compared with the horizontally placed reinforce-
ment. The total displacements of the cohesive and dense models
were also significantly reduced compared with the loose model.

Figure 6b presents displacement time histories at the top
of the Type 1 retaining wall (just below the sound wall) for
the three different backfill types (loose, dense, and cohesive)
during a large comparable filtered El Centro event. Plotted
below these motions is the time history of base acceleration
for the model with dense backfill. The final permanent dis-
placement of the dense backfill was 50 to 60 percent of the
final permanent displacement of the cohesive backfill. The
loose backfill displacement was typically 60 to 70 percent of
the displacement of the cohesive backfill.

From Figure 6 it is clear that permanent displacements of
the Type 1 system are generally smaller than those for the
MSE system. For the loose backfill, the permanent displace-
ment at the top of the MSE wall was four times greater than
the permanent displacement at the top of the Type 1 wall.
For the dense backfill, the permanent displacement at the top
of the MSE wall was three times that of the Type 1 wall. With
cohesive backfill, however, permanent displacements were
similar for both types of walls.

Displacement Mechanisms of Type 1 and MSE
Systems with Sound Walls

Figure 7 plots the sequence of incremental permanent dis-
placements at three positions over the height of the wall (LPT1,
LVDT2, and LVDT1 in Figure 2a, and LPT2, LVDT2, and
LVDT1 in Figure 2b) for the loose models subjected to San
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FIGURE 6 Top of retaining wall displacements
during a filtered El Centro X 5 event for a, four

MSE and b, three Type 1 models.
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Fernando X 4. In all cases the line connecting the top two
points should be straight, reflecting the absence of inelastic
behavior in the model sound walls. The line connecting the
bottom two points should be curved.

The permanent incremental displacements at the top of the
sound wall for the MSE models shown in Figure 7a are closely
tied to the soil-pile interaction. For the loose and dense models,
pile slippage is followed by the sand filling the vacated space
and the pile tips not returning to the original position. This
results in accumulated rotation of the sound wall. For the
cohesion models, enlarged holes generally allowed the sound
wall to rotate back near its original position. The curvature
of the face of the MSE wall should be concave to the right,
consistent with a shear deformation mode of the soil. Further
discussion of MSE displacement mechanism is given by Casey
et al. (13).

For the Type 1 model the permanent incremental displace-
ment of the top of the sound wall in Figure 8b was greater
than the top of retaining wall displacement, and one can ob-
serve a continuing rotation of the Type 1 wall. The actual
displaced shape and the Type 1 retaining wall below the sound
wall should curve such that slope compatibility is matched at
the retaining wall—sound wall connection. This curvature would
therefore always be concave to the left in the figures and
create a curvature consistent with the final induced residual
moments.
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FIGURE 8 Top of sound wall accelerations for the a,
dense and b, cohesive Type 1 and MSE models due to
filtered El Centro x 5.
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EXPERIMENTALLY DETERMINED YIELD
ACCELERATIONS

By analyzing the acceleration recorded by ACC4, in the back-
fill 2 in. behind the face of the retaining structure, it was
possible to determine a cutoff acceleration, which appears to
be associated with permanent deformation of the retaining
structure. This cutoff acceleration did not appear to be exactly
constant. Several of the apparent cutoff accelerations were
averaged together as described by Casey et al. (13). The cutoff
accelerations are presumed to be an estimate of the yield
acceleration (5). The yield acceleration data determined by
this method are summarized as follows.

For the MSE system the loose, loose-10°, dense, and co-
hesive models had yield acceleration ranges of 0.18 to 0.24
g, 0.22 t0 0.27 g, 0.26 to 0.33 g, and 0.34 to 0.41 g, respec-
tively. For the Type 1 system the loose, dense, and cohesive
models had yield acceleration ranges of 0.22 to 0.36 g, 0.28
to 0.34 g, and 0.27 to 0.35 g. With the exception of one data
point from the loose backfill, the Type 1 deduced yield ac-
celerations for all three backfill types ranged from 0.27 to
0.35g.

SOUND WALL ACCELERATION COMPARISONS

The filtered El Centro X 4 base motion, imposed on each of
the models, represents a severe earthquake with base accel-
erations as high as 0.7 g. During the interval from 1 to 7 sec
the base acceleration had peaks up to 0.7 g, and from 7 to
28 sec the measured base acceleration peaks reached 0.15 g.
Results from this motion will be compared for all systems.

The acceleration at the top of the sound wall for these two
soil retaining systems differed because of the nature of the
sound wall attachment to each retaining wall and filtering of
the base motion by the wall/backfill systems. The face plates
in the MSE system cannot develop shear or moment, hence
lateral displacements at the face of the wall are dominated
by elastic and permanent shear strains distributed within the
reinforced soil mass. The permanent deformations absorb en-
ergy and lower the apparent natural frequencies of vibration.
For the Type 1 system the lateral deformations are influenced
by the shear and flexural stiffness of the cantilever retaining
wall and sliding along the base.

The sound wall with the Type 1 wall is cast monolithically
with the concrete retaining wall and hence acts as an elastic
extension of the cantilever wall with a nearly fixed base.
Therefore, the accelerations induced at the top of the sound
wall result in elastic amplifications of the transverse and ro-
tational accelerations at the top of the Type 1 retaining wall
accompanied by relatively low damping.

The response of the MSE sound wall, slab, and piles (sound
wall system) depends highly on the soil-pile interaction. In
the dense and loose models the pile skin friction was exceeded
and the piles began to pull out when the effective inertial
force acting on the sound wall away from the backfill reached
a critical level. At the top of the sound wall this phenomenon
was shown to result in a capping of the positive acceleration.
As the sound wall moves back toward the backfill, the large
resistances provided by the pile tip bearing stiffness are reac-
tivated. This sudden change in stiffness induced high-
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frequency and large-amplitude accelerations at the top of the
sound wall. The resulting acceleration record was nonsym-
metric. The slippage of the piles helped to dissipate energy.

Figure 8a presents 7 sec of the top of sound wall accelera-
tion time histories due to filtered El Centro X 5 for the dense
models of both the MSE and Type 1 systems. The lack of
symmetry on the positive and negative sides is evident for
both systems. The positive accelerations for the MSE system
are clearly capped at less than 1 g, and several time intervals
show extended positive excursions (which will contribute en-
ergy dissipation) where some combination of slipping of the
piles and sliding of the MSE wall are occurring. The positive
peaks for the Type 1 system show little evidence of capping,
and the Type 1 maximum positive acceleration is approxi-
mately twice the maximum MSE positive acceleration. Es-
sentially all the negative peaks for both systems are sharp.
The maximum negative peaks for the MSE system at ap-
proximately 2.8 and 5.7 sec are very high frequency associated
with the stiffening described earlier.

A third type of behavior possible with the MSE sound wall
system was observed in the cohcsive model (Figure 8b). In
the cohesive backfill the lateral forces from the piles worked
to enlarge the holes that held the piles. Since the material
was cohesive, the enlarged holes did not refill, and skin fric-
tion was lost after a few large acceleration pulses. In these
models the effectiveness of the piles was lost, and the sound
wall slab was able to lift up and upon returning the slab struck
the backfill soil surface. The impacts caused very high accel-
eration pulses to travel through the sound wall.

The impacts are clearly seen in Figure 8b, which presents
the same top of sound wall acceleration comparisons for the
cohesive models as Figure 8a does for the dense models. Very
high frequency acceleration amplitudes reach the limit of the
recorders on both the positive and negative sides for the MSE
system, and the peak amplitudes exceed the acceleration peaks
recorded for the Type 1 system. The large accelerations de-
veloped at the top of the sound wall due to the impacts may
induce large moments at the base of the sound wall. However,
even if the high moments exist (no strain gauges were present
on the sound wall for the MSE tests), the accelerations are
of such short duration that they do not result in high velocities
or high displacements. The velocity spectrum of the cohesive
model was not significantly higher than that of the dense or
loose-10° models.

Figures 9a and 9b present the amplifications of the accel-
eration spectra for the MSE and Type 1 systems from the
base of the retaining wall to the top of the sound wall. Ex-
cepting the cohesive model, the maximum amplifications for
the MSE system in the range of interest (period less than 0.4
sec) are about 5. The larger amplification for the cohesive
model may be associated primarily with lift-off and impact of
the slab. The amplifications for the Type 1 system are gen-
erally much greater than for the MSE system.

The amplification was also calculated for each earthquake
by dividing the peak top of sound wall acceleration by the
peak base motion. Figure 10a shows these amplification fac-
tors as a function of the peak base acceleration. For each
earthquake there are only two data points, one for the positive
and one for the negative peaks of the base and sound wall
accelerations. The amplification does not appear to be a strong
function of the base motion, hence a horizontal line is drawn
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in Figure 10a representing the average amplification for each
case. The positive amplifications are smaller than the negative
amplifications due to the unsymmetrical resistance for both
systems. The Type 1 amplifications are 1.8 to 1.9 times larger
than the corresponding MSE amplifications.

Finally, the ratios of Type 1 to MSE top of sound wall
acceleration spectra are presented in Figure 10b for the dense,
cohesive, and loose models. In general, the Type 1 spectra
amplitudes are 1.5 to 3 times greater than the MSE spectral
amplitudes over the period range of interest (0.2 to 0.4 sec).

CONCLUSIONS

1. Sound walls superimposed on the Type 1 walls experi-
enced maximum accelerations approximately twice as large
as those experienced by sound walls superimposed on MSE
systems. This was primarily caused by the monolithic con-
nection between the Type 1 wall and the sound wall and the
lower amount of energy dissipated by the backfill behind a
Type 1 system.

2. Permanent displacements of MSE walls with sand back-
fills were clearly related to the competence of the backfill and
the amplitude and number of acceleration pulses exceeding
the yield acceleration. Displacements at the top of the MSE
retaining wall after a large event were three to four times
larger than those included at the top of Type 1 walls. Cohesive
backfill models did not follow the same trends as the two sand
models.

3. The sound wall-slab system with the MSE system needs
to be physically separated from the top face plate to avoid
striking.

4. An improved anchor at the rear of the slab should be
found in place of the piles to minimize the striking and gradual
tilting problems.
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FIGURE 10 a, Amplification of acceleration from base to top of sound wall for all models and all events; b, ratio of top of sound wall
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