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Abstract: When Rankine or Coulomb theories are used to
design a retaining wall, it is accepted that the retaining
wall will experience a lateral displacement. By allowing
the wall to move laterally, the earth pressure decreases
on the active side of the wall and wall and earth pressure
increases on the passive side, and therefore, more econom-
ical walls can be obtained when the lateral displacement is
allowed. This lateral displacement is usually not calculated
when designing a retaining wall. An experimental investi-
gation is carried out to study the lateral displacement of a
retaining wall subjected to dynamic loads with different
load amplitude vibration, absolute frequencies, backfill
sand relative densities, and different distances between
the retaining wall and the loading source. The objectives
of this study are to trace the lateral displacement of
retaining wall under dynamic loads other than earth-
quakes such as the traffic load caused by trucks or rail-
roads by direct measurement of displacements. The model
footing used in this study is square. On a cohesionless soil,
the tests were carried out using a dynamic load. The stu-
died variables were as follows: three load amplitudes (0.25,
0.5, and 1 ton), three vibration frequencies (0.5, 1, and 2 Hz),
two relative densities of sandy soil (30% loose sand and
70% dense sand), and three different distances between
the foundation and the retaining wall. Observations show
that the lateral displacement increased by increasing the
load amplitude and decreased by increasing the distance
between the foundation and the retaining wall. There is insig-
nificant consequence of frequency on the cumulative lateral
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displacement. The lateral displacement decreased by increasing
the density of sandy soil.
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1 Introduction

Retaining wall system is one of the most significant civil
engineering structures developed to provide lateral sup-
port of soil and is broadly utilized in highway walls, mines,
underground structures, military defense, and so on. Retaining
systems consist mainly of a retaining wall and backfill soil; the
engineering essence of retaining wall is to keep the retained
soil in certain shape and prevent it from falling (stability), or to
restrain the deformation of the wall and the backfill to main-
tain its service function (serviceability). To estimate the stability
of these structures, an exact estimation of the lateral earth
pressure is significant.

The issue of assessing seismically initiated lateral earth
pressures on retaining structures has been first tended to
during the 1920s in spearheading examination carried out in
Japan Okabe [1], Mononobe and Matsuo [2]. Since then, this
problem has received periodic attention from the research
community (e.g., Seed and Whitman [3]; Nazarian and Had-
jian [4]; Prakash [5]; Raheem and Fattah [6]; and Al-Juari
et al. [7]); however, it had relatively little impact on the
design engineering practice until relatively recently.

According to Zhang et al. [8], the seismic coefficient
and the method of wall movement influence the height
at which P_E is applied. For rotating wall movement
modes, the size of max has a big impact on height. The
resulting force is discovered to act at a height of 0.3 to
0.4 H in each example.

The conductance of lateral displacement on sandy soil
subjected to dynamic loads was treated by several researchers
who demonstrated the soil’s response to a dynamic load using
a theoretical method using finite element analysis.

Akhlaghi and Nakhodchi [9] investigated the dynamic
response of cantilever retaining walls to seismic loads.
They explore how the mechanical characteristics of the
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soil and wall affect the dynamic behavior of a cantilever
retaining wall using the Plaxis software. Additionally, the
effects of the source vibration’s amplitude and frequency
on the response of the wall have been investigated and dis-
cussed. The findings show that wall displacement increases
with increasing soil density and harmonic load amplitude,
whereas wall dynamic response reduces with increasing soil
values for friction angle, cohesion, elasticity, and damping.

Ling et al. [10] conducted parametric research on the
behavior of reinforced soil retaining walls under earth-
quake loading by finite element analysis. They conducted
a general analysis of the lateral displacement of retaining
structures subjected to dynamic stresses. The study’s find-
ings showed that the top of the wall had the most lateral
displacement and that the amplitude of harmonic loads
increased, while the dynamic response of the wall decreased
as friction angle, cohesion, elasticity, and soil damping
values increased.

Chowdhury and Dasgupta [11] developed a compre-
hensive analytical approach based on modal analysis that
considers the impact of the wall’s temporal period, a factor
that has largely been disregarded by other studies. Thus,
the work was an effort to reconsider this age-old subject
and find answers to many of the unresolved problems
listed earlier. Almost every form of soil and loading condi-
tion that might be present in a real-world design is also
addressed, including liquefaction, whose effects on the
wall undoubtedly require further study.

Salman et al. [12] assumed that wall displacement
increases as the soil’s Poisson’s ratio grows in value. The
retaining wall’s behavior is influenced by the different
Poisson’s ratio estimations of the foundation soil.

Jose et al. [13] conducted an experimental investigation
using retaining wall lateral displacement. When the Ran-
kine or Coulomb theories are used to construct a retaining
wall, it is already realistic to expect lateral displacement.
This alternative is not frequently considered when designing
a retaining wall. This study describes a method for estimating
the retaining wall lateral displacement in addition to the soil’s
friction angle, cohesion, elasticity, and damping.

The impact of earthquake features on the long-term
displacement of a cantilever retaining wall was examined
by Bakr and Ahmad [14]. The study mainly focused on
assessing the impact of earthquake characteristics and
seismic ground pressure on permanent seismic displace-
ment. The results revealed that the Newmark block sliding
approach overestimates permanent seismic displacement.
The most important scenario, causing maximum perma-
nent displacement, is when the ground motion is of max-
imum capacity but has minimum frequency content. Earth
seismic pressure has a low impact on permanent displacement.
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Bakr and Ahmad [15] provided a novel finite element
model-based analysis and development of a link between
seismic active and passive earth pressure and stiff retaining
wall movement. For soil modeling, a hardening soil with
small strain model with Rayleigh damping has been used.
The finite element model was validated using centrifuge
test results that were already accessible in the literature.
Unique design charts illustrating the relationship between
seismic ground pressure and wall movement have heen
proposed. The seismic active earth pressure is found to be
independent of the seismic input motion and hence does not
depend on wall movement during an earthquake, whereas
the seismic passive earth pressure is greatly affected by it. It
is abundantly obvious from a comparison of the study’s
findings with those obtained using the Mononobe—Okabe
and pseudo-dynamic approaches that the latter overesti-
mates seismic ground pressure. The suggested design
charts and other findings offer the design engineers a
crucial hint.

The objective of this study is to trace the lateral dis-
placement of retaining wall under dynamic loads other
than earthquakes such as the traffic load caused by trucks
or railroads by direct measurement of displacements.

2 Laboratory work

2.1 Soil properties

The soil used in this study is a natural cohesionless soil
(sand) imported from Karbala city, Iraq. The entire sample
was sieved using sieve No. 10 (2.0 mm), and then, the sieved
sample was subjected to conventional tests to find out the
soil’s physical characteristics. According to the Unified Soil
Classification System, the soil is categorized as SP-SM soil.
In Table 1, a summary of the test results is provided along
with each test’s criteria. The size distribution of the soil
grains used is shown in Figure 1.

2.2 Steel container

A steel container with plan dimensions of 1,500 mm in
length, 900 mm in width, and 1,000 mm in height was
used for the experiments. The container was composed
entirely of 5 mm thick steel plate. The container was con-
structed from five carefully welded sections, one of which
served as the base and the other four as its four sides. The
angles at the borders of the long sides served as external
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Table 1: Physical parameters of the sand used in the experiments

Parameter Results Specification
Specific gravity (Gs) 2.65 ASTM D854 [16]
Gravel %, >4.75 mm 0 ASTM D422 [17]
Sand %, 0.075-4.75 mm 96 ASTM D422 [17]
Clay and silt %, <0.075 mm 4 ASTM D422 [17]
Dgo, MM 0.5 ASTM D422 [17]
D3g, mm 0.3 ASTM D422 [17]
D1, mm 0.17 ASTM D422 [17]
Coefficient of uniformity, Cu 2.94 ASTM D422 [17]
Coefficient of curvature, Cc 1.06 ASTM D422 [17]
Minimum dry unit weight, kNm? 15.5 ASTM D4253 [18]
Maximum dry unit weight, kN/m? 17.2 ASTM D 4254 [19]
Maximum void ratio, enayx 0.68 —

Minimum void ratio, enin 0.51 —

Soil classification SP-SM ASTM D2487 [20]

bracing. Three channels of 50 mm web and 25 mm flange
were used to externally strengthen the base.

2.3 Load application device

In order to investigate the experimental distribution of
lateral stress behind the wall due to the dynamic load, the
vibration loading equipment was developed and constructed
in the laboratories of the University of Technology, specifi-
cally in the Soil Mechanics Laboratory. The device was
designed with a load capacity of 60 kN. This load capacity

Lateral displacement of retaining wall supporting sandy soil =—— 3

was achieved using hydraulic compressor system [21], as
shown in Figure 2.

The following components comprise the load applica-
tion devices:

1. loading frame made of steel, 2. electrical hydraulic
system, 3. load spreader plate, 4. instruments for mea-
suring settlement, 5. system for data collection and log-
ging, and 6. container made of steel (1,500 x 900 x
1,000 mm).

2.4 Steel loading frame

A steel frame was designed and built to support and ensure
the verticality of the hydraulic jack used to apply the cen-
trally concentrated load. The steel frame is made up mostly
of four columns and four beams. Each column and each
beam are composed of steel and have a square cross-sec-
tion area of 100 mm by 100 mm and a thickness of 4 mm.
The steel frame’s measurements (length x width x height)
are 1,700 mm x 700 mm x 1,700 mm.

2.5 Electrical hydraulic system

A hydraulic steel tank with a capacity of 70 L is included in
the system. The tank has two holes: the upper one for
filling the oil and the bottom one for discharge. The tank
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Figure 1: Grain size distribution for the used soil.
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Figure 2: Vibratory loading device. 1. loading frame made of steel, 2. electrical hydraulic system, 3. load spreader plate, 4. instruments for measuring
settlement, 5. system for data collection and logging, and 6. container made of steel.

contains a gear-type hydraulic pump with a set geometrical
volume that produces a discharge of around 12 L/min at a
maximum pressure of 150 bars.

2.6 Loading spreader plate

For the application of the dynamic load, a square balance
(200 mm x 200 mm) made of solid steel that was 20 mm
thick was utilized. The dynamic load that has been imposed
on this footing corresponds to the traffic load on railways or
vehicles.

2.7 Data acquisition and logging structure

The data collection system is used to detect and sense the
displacement that occurs throughout the testing, allowing
the tester to obtain a large number of readings in a short
period of time. It is also used to select the specific fre-
quency utilized in the test. The data acquisition system is
made up of a programmable logic controller (PLC), which
is a high-tech processing unit and can be defined as a
digital computer utilized for electro-mechanical automa-
tion processes. Data are digitally analyzed by this type of
equipment. A PLC device with an LCD touch-screen display

is used to view input and output data using simplified
ladder logic.

2.8 Gravity wall model

The gravity wall was made of steel and had a width of 16 mm
at the top and 60 mm at the bottom, a height of 700 mm, and a
length of 850 mm. These dimensions were determined in
accordance with Bowels’ [22] criteria, as shown in Figure 3.
The steel retaining wall is depicted in Figure 4.

200 mm minimum

(300 mm preferable) F——

Minimum batter

48 H
B, H/12 to H/10

Below frost Y
depth and *
seasonal k—B =04 to 0.7H—
volume change

Figure 3: Design specifications for a cantilever retaining wall [22].
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Figure 4: Manufactured retaining wall.

2.9 Instrumentation

A time-off-light sensor is employed. It is a laser distance
sensor using a 940 nm laser. It can accurately measure
distances up to 1,250 mm. The sensor can report distances
of up to 2m (6.6 ft) with a precision of 1 mm, although its actual
range and accuracy (noise) are strongly dependent on ambient
circumstances, target features such as reflectance and size, as
well as sensor design. The sensor’s accuracy is specified to be
between 3 and 10% under ideal conditions. The UNO board
used, to begin with, hardware and coding. Soil arrangement,
retaining wall, and laser displacement placement in the box
are exhibited in Figures 4-6. A displacement transducer that
was integrated into the hydraulic jack body was used to mea-
sure vertical settlements. This settlement indicates the average
settlement for the footing.

Figure 5: Placing the laser displacement in front of wall in the box.
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A total of 54 model experiments were carried out
on sandy soil using two different relative densities: 30
and 70%, which correspond to loose and dense sand,
respectively. Following the completion of the sandy
soil preparation, the top surface was leveled to get the
closest possible flat surface. The model’s top surface
was then used to acquire the footing. After the planning
of footing superficially layer of sand, the dynamic load
was applied all through a foreordained arrangement. The
use of dynamic load proceeds up to 10,000 cycles. The
distance-measuring instruments were placed in front of
the wall, two of them on the right and left and at a height
of 200 mm and the middle at a height of 300 mm from the
height of the box.

The load wave was half sine wave (only positive), it
was examined by taking 20 readings/s under the load lever,
ensuring that only the positive portion of the load fre-
quency is applied when a broader load is applied. This
ensures that the device applies a pocket dynamic load at
various frequencies. The way to represent this load is with
a frequency, rotary, or rail track. These machines’ loading
patterns are all more or less sinusoidal and can be admired
as a sine wave.

F(t) = a sin wt, @

where a is the amplitude dynamic load and w is the
frequency.

When compared to the typical frequency of the rail-
road track, which is around 8-10 Hz, this frequency is
regarded as low. However, this frequency was connected
to the hydraulic loading system’s pressure and flow capa-
city. The frequency being employed falls within the range
of reciprocating machine frequencies.
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Figure 6: Model footing and retaining wall during the test.

3 Results of the model test
subjected to dynamic load

3.1 Influence of dynamic loads on lateral
displacement

The relationship between the lateral displacement and the
number of cycles for different load amplitudes for parti-
cular models is shown in Figures 7-12. The data presented
obviously show that the amount of lateral displacement
grew as the load amplitude rose. It can be shown that the
accumulated lateral displacement is only slightly impacted

by recurrence. By increasing the relative density, the values
of lateral displacement decreased. Likewise, by increasing
the distance between the foundation and the retaining wall,
the values of lateral displacement were reduced.

3.1.1 1. Lateral displacement at depth 200 mm from the
box top level (active side)

Figures 7-12 illustrate the result of lateral displacement
versus number of cycle on loose and dense sand of relative
densities D, = 30% and D, = 70% by laser displacement
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Figure 7: Lateral displacements vs cycle number for various load amplitudes with relative density D, = 30% and frequency 0.5 Hz when the load is

applied at a distance equal to 0.2 H.
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Figure 8: Lateral displacements vs cycle number for various load amplitudes with relative density D, = 70% and frequency 0.5 Hz when the load is
applied at a distance equal to 0.2 H.
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Figure 9: Lateral displacements vs cycle number for various load amplitudes with relative density D, = 30% and frequency 1Hz when the load is
applied at a distance equal to 0.2 H.
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Figure 10: Lateral displacements vs cycle number for various load amplitudes with relative density D, = 70% and frequency 1 Hz when the load is
applied at a distance equal to 0.2 H.
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Figure 11: Lateral displacements vs cycle number for various load amplitudes with relative density D, = 30% and frequency 2 Hz when the load is
applied at a distance equal to 0.2 H.
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Figure 12: Lateral displacements vs cycle number for various load amplitudes with relative density D, = 70% and frequency 2 Hz when the load is
applied at a distance equal to 0.2 H.
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Figure 13: Lateral displacements vs cycle number for various load amplitudes with relative density D, = 30% and frequency 0.5 Hz when the load is
applied at a distance equal to 0.2 H.
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Figure 14: Lateral displacements vs cycle number for various load amplitudes with relative density D, = 70% and frequency 0.5 Hz when the load is

applied at a distance equal to 0.2 H.
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Figure 15: Lateral displacements vs cycle number for various load amplitudes with relative density D, = 30% and frequency 1 Hz when the load is

applied at a distance equal to 0.2 H.
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Figure 16: Lateral displacements vs cycle number for various load amplitudes with relative density D, = 70% and frequency 1 Hz when the load is

applied at a distance equal to 0.2 H.
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Figure 17: Lateral displacements vs cycle number for various load amplitudes with relative density D, = 30% and frequency 2 Hz when the load is

applied at a distance equal to 0.2 H.

placed at depth 200 mm of the box on the left points in
front of retaining wall.

3.1.2 2. Lateral displacement at depth 200 mm from the
box top level (passive side)

Figures 13-18 illustrate the results of lateral displacement
versus number of cycles for model walls on loose and

dense sand of relative densities D, = 30% and D, = 70%
measured by laser displacement placed at depth 200 mm
of the box on the right point in front of the retaining wall.

The values of the maximum lateral displacement at
depth 200 mm at the right and left points of the box in
front of the wall are shown in Tables 2 and 3 for the two
relative densities of 30 and 70%, respectively.

Tables 4 and 5 condense the values of the maximum
lateral displacement at depth 300 mm at the middle point
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Figure 18: Lateral displacements vs cycle number for various load amplitudes with relative density D, = 70% and frequency 2 Hz when the load is

applied at a distance equal to 0.2 H.

Table 2: Lateral displacements versus load relationship for D, = 30% and different frequencies

Load (ton) Lateral displacements
0.5 Hz 1Hz 2Hz
0.2H 0.3H 0.4H 0.2H 0.3H 0.4H 0.2H 0.3H 0.4H
0.25 5.85 5.53 4.1 7.25 4.96 4.87 5.88 5.57 53
0.5 9.3 8.03 5 9.55 7.69 5.79 7.2 6.75 6.39
1 15.35 11.03 8.1 15.4 8.69 7.02 9.03 8.15 7.79
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Table 3: Lateral displacements versus load relationship for D, = 70% and different frequencies

Load (ton) Lateral displacements
0.5 Hz 1Hz 2Hz
0.2H 0.3H 0.4H 0.2H 0.3H 0.4H 0.2H 0.3H 0.4H
0.25 53 4.56 3.7 5.52 4.81 4.6 4.74 4.39 415
0.5 5.7 5.01 4.6 6.93 6.1 5.4 6.19 6 4.86
1 10.73 10.3 9.34 11.18 11.06 7 1.7 7.85 6.73
Table 4: Lateral displacements versus load relationship for D, = 30% and different frequencies
Load (ton) Lateral displacements
0.5Hz 1Hz 2Hz
0.2H 0.3H 0.4H 0.2H 0.3H 0.4H 0.2H 0.3H 0.4H
0.25 24 2.01 2 2.32 2.1 178 2.5 2.1 1.8
0.5 3.08 2.9 27 43 3.05 2.2 3.7 2.67 2.06
1 734 45 3 4.8 3.68 2.8 6.4 3.98 3.75
Table 5: Lateral displacements versus load relationship for D, = 70% and different frequencies
Load (ton) Lateral displacements
0.5 Hz 1Hz 2Hz
0.2H 0.3H 0.4H 0.2H 0.3H 0.4H 0.2H 0.3H 0.4H
0.25 2.03 1.92 1.8 2 174 17 2.39 174 1.55
0.5 2.29 2.24 21 2.5 2.37 2.18 3.5 2.26 1.9
1 6.18 3.08 2.7 417 2.59 2.35 4.65 3.9 291

of the box in front of the wall for the two relative densities
of 30 and 70%, respectively.

The lateral displacement caused by the active thrust
on the wall will rise as the dynamic load amplitude
increases, and this will be accompanied by a vertical dis-
placement (settlement) of the backfill soil. The lateral
active earth pressure on the wall, and thus, the lateral
displacement will decrease as the relative density of the
backfill soil rises; this, in turn, reduces soil settlement.

From figures and tables, it can be noted that the max-
imum lateral displacement happened at the greatest load
amplitude and when the distance between foundation load
and retaining wall is 0.2 H. The maximum lateral displace-
ment measured by three laser displacements placed before
the retaining wall revealed that the greatest displacement
happened at a depth 200 mm from the top of the retaining
wall. This was also concluded by Hoe et al. [23] where they
used finite element analysis to investigate the behavior of

reinforced soil retaining walls under seismic loads. It was
concluded that the maximum lateral displacement occurred
at the top of the wall.

By referring to the aforementioned tables, it is observed
that the values of lateral displacement are gradually increased
by increasing the load when fixing other variables in these
tables. For example, at a density of 30%, frequency of 0.5 Hz,
and distance between the foundation and retaining wall of
0.2H, the lateral displacements under the load amplitudes of
0.5 ton and load of 1 ton are greater than the lateral displace-
ment under the load amplitude of 0.25 ton in the rate of 37.1
and 61.9%, respectively. Also, at a density of 70%, frequency of
0.5 Hz, and distance between the foundation and retaining wall
of 0.2H, the lateral displacements under load amplitudes of 0.5
ton and load of 1 ton are greater than the lateral displacement
under load amplitude of 0.25 ton in the rate of 7.5 and 50.6%,
respectively. According to the figures and tables, there is a
slight rise in the induced lateral displacement when the load
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amplitude is increased from 0.25 to 0.5ton, but it is greater
when the load amplitude is increased to 1 ton.

This was also observed by Bakr and Ahmad [14], who
showed that the most important scenario, causing the maximum
permanent displacement, is when the ground motion is of max-
imum capacity but has minimum frequency content. Earth
seismic pressure has a low impact on permanent displacement.

4 Conclusions

The following conclusions could be drawn based on the
results of the model experiments carried out on the various
elements to assess the impact of the dynamic load on the
lateral displacement of cohesionless backfill soil behind the
retaining wall under dynamic load:

1. The lateral displacement rose as the load amplitude
grew and reduced as the foundation’s distance from the
retaining wall increased.

2. There is a little impact of load frequency on the
combined lateral displacement.

3. By raising the relative density of the soil of the back-
fill, the lateral displacement was reduced.
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