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ABSTRACT

Due to the limited number of experimental laboratory studies examining the effects of dynamic railway stress on
adjacent retaining structures, a laboratory investigation was conducted to study the effect of lateral dynamic
pressure generation on steel walls. A test was carried out using a scale model that was 1/7th the size of the actual
railway and steel sheet pile. These tests were performed under various parameters. The highest rate of increase in
lateral stresses occurred during the initial loading cycles, and the dynamic lateral stress distribution was found to
be non-linear. The most significant factor improving the performance of walls and railways is the increase in the
soil's relative density, as it reduces active stresses and increases passive stresses. When the relative density of the
sub-grade changes from 30% to 55% and from 55% to 75%, the active lateral stresses decrease by an average of
33.52% and 22.44%, respectively, while passive lateral stresses increase by 16.83% and 19.1%, respectively.
Increasing the amplitude of dynamic loads imposed on the railway leads to an increase in the horizontal stresses
generated on both the active and passive sides of the wall. Additionally, the horizontal distance between the wall
and the railway inversely affects the dynamic lateral pressures.

Keywords: Dynamic stresses, Retaining wall, Railway, Sandy backfill.

INTRODUCTION

Retaining structures are essential in geotechnical
engineering, as they keep earth masses back, reduce
erosion and landslides, and protect adjacent structures
(Constro, 2020). Most retaining walls are built for static
loads, but railway sub-structures need sturdy barriers to
protect the railway from dynamic stresses caused by
train live loads (Yadav et al., 2018). Rail track design
often incorporates retaining walls to reduce railway
settlement, prevent collapses, and maintain safe working
conditions (Nakajima et al., 2013). A single train may
generate several wheel loads in seconds, rapidly and
repetitively loading the soil in a cyclic manner (Xia et
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al. 2008). The railway superstructure ensures that wheel
axial loads are distributed evenly throughout the sub-
grade (Wang et al., 2021). By supporting sub-grade
layers using retaining walls, settlement is reduced,
extending the structure's lifespan and efficiency
(Bilfinger 2013). Assessment of dynamic ground
pressure is crucial to maintaining structural integrity
(Salim, 2004). Although the lateral earth pressure and
thrust location are frequently unknown and deviate from
theoretical projections, wall displacement influences the
wall pressure distribution under dynamic action (lvanik,
2015). Adding weight to the grain sub-grade increases
settlement buildup, earth pressure, and lateral movement
in the soil (Sherif & Fang, 1994). The sub-structure has
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received less attention despite its significance and
considerable impact on track maintenance costs, where
sub-structure characteristics are more unexpected and
harder to determine than super-structure (Selig &
Waters, 1994). Living loads predominate, while dead
loads are often over-shadowed by track foundation
design principles (Burrow et al., 2007). Axle load is the
basis for conventional design guidelines, while cyclic
and dynamic loads behave differently from static loads
(Dareeju, 2017). Dynamic deformations differ
significantly from static loading conditions. Under
dynamic loads, the retaining wall may settle and rotate
differently (Chen et al., 2021), considering the impact of
load cycles and the influence of wave propagation
through the soil.

To clarify the effect of live loads generated during
the passage of trains, a laboratory model was built to
study the distribution pattern of lateral dynamic
pressures on the sheet pile wall adjacent to the railway.
The current study focuses on the distribution of dynamic

lateral pressures at selected time instances, rather than
on time histories at specific points. The device applied
corrected sine wave loading, as proposed by Fattah et al.
(2019), to simulate traffic loads.

EXPERIMENTS

Soil and Ballast Used

The sandy soil was dried and sieved on sieve no. 10
(2.0 mm), and then, the physical properties of the sand
were determined per the standard specifications (USCS-
ASTM), as shown in Table 1. The ballast is 1/7 of the
original size. The size of ballast used in railways ranges
from 20 mm to 65 mm with Dgo = 46 mm, D3 = 34 mm
& Dio = 27 mm (Gilani et al., 2022)) produced by
breaking stones into smaller sizes. The ballast utilized is
poorly graded according to (USCS-ASTM). Figure 1
shows the size distribution curves for sand and ballast
used in this study.
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Figure 1. Ballast & sand grain size distribution curve

Table 1. Sand physical characteristics

Properties Values
Specific gravity, (Gs) 2.66
Dlo’ mm 0.15
D3o’ mm 0.26
Dy, mm 0.53
Coefficient of gradation, Cc 0.85
Coefficient of uniformity, Cu 3.53
Maximum dry unit weight, kN/m° | 18.0
Minimum dry unit weight, kN/m® | 15.2
Soil classification SP
Minimum void ratio 0.48
Maximum void ratio 0.75
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Model of Railway and Sheet Pile Wall

The scale used in the model is one-seventh of the
actual dimensions of the railway (Gilani et al., 2022),
where studies have been conducted on railway tracks in
laboratory conditions at different scales; their range
includes scales of (1:1) to (1:20). Modeled after the real
railway in compliance with Iraqgi regulations (Fattah et
al., 2019), it features two steel rails of 65 cm in length
and seven wooden sleepers, with each sleeper having a
length (B) of (260) mm. The sheet pile wall has a
thickness of (2) mm, a (600)-mm level, and a (600)-mm
length to simulate the PZ40 (Das, 2011), where the wall
height (H) is 200 mm. Figure 2a depicts the sheet pile
wall utilized in the examination, while Figure (2b)
shows the track.
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Preparation of Lab Model

In a container of 1.6m x 0.75m x 0.75m with a front
face of 15-mm thick plexiglas with three sides and a base
of 5-mm thick steel, sand deposits are prepared using a
modified vibrating compactor. In the beginning, the soil
was placed at a height of 150 mm according to the
specified density, forming a cushion under the wall to
ensure that the container base does not affect the wall tip
response, and then, the sheet pile wall was placed with
the load cells (three for the active side and three for the
passive side). The weight of the sand required to achieve
the relative density was determined, since the unit
weight and the volume of the sand are known. The total
weight is divided into six equal weights, each one
representing the weight required for a single layer,

which has a thickness of (100) mm for the active and
passive sides. The soil in each layer is compacted to the
required depth. After completing the final layer, the top
surface is scraped and leveled by a sharp-edged ruler to
get a surface which is as close as possible to a flat
surface. Following the same procedure for a single
ballast layer (60-mm thickness), the railway was
subsequently laid on top of the ballast and sloped down
on either side at a ratio of around 1.25:1. Figure 2c
illustrates the overall lab model. All of the sensors were
brought into alignment by using dead weights ranging
up to 5 kg, with a weight increase of 0.25 kg. The
calibration equation has been obtained by drawing the
pressure-reading relationship with the R? above 0.99 for
all the sensors, as shown in Figure (3).

a. sheet pile wall

b. track

c. overall lab model & vibratory device

Figure 2. Physical models
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Figure 3. Calibration for load cell

The Setup of Loading

Figure 2c illustrates the impact of the vibratory
device made at the University of Technology soil lab,
which applied corrected sine wave loading to subject the
models to live loading tests (Fattah et al., 2019). The
device measures vertical settlement using a shaft
encoder. The digital code from the shaft's movement is
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processed by an electro-mechanical device to determine
settlement. A Programmable Logic Controller (PLC) is
used to acquire data, record information, and identify
settlements during testing, providing analysts instant
access to valuable information. Also, it is used to pick a
pre-determined test frequency, and this method analyzes
data properly. The input and output data can be viewed
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on the LCD touchscreen panel of a PLC device using
simplified ladder logic.

TEST RESULTS

81 model experiments were run at (2, 4, and 6) Hz
up to 4000 loading cycles, which is within the usual
frequency on the track, which is approximately up to
10.0 Hz for normal trains (Fattah et al., 2019). to
examine the sheet pile wall's and railway's response. The
experiments employed varying relative densities (Dr) of
sand (30%, 55%, and 75%), where the values of internal
friction angl were (¢) were (30.5, 35.5, and 39),
respectively, dynamic load amplitudes were (2.2, 4.4,
and 6.6 kN), and the distance between the sheet pile wall
and the railway track (X) was equal to (1/2 H, 1/1 H, and
3/2 H).

Distribution Dynamic Lateral Stresses

Figure 4 illustrates samples of the distribution of
dynamic lateral pressures generated along the height of
the wall due to the dynamic surcharge from the railway.
These pressures were recorded by pressure sensors (LC1
through LC3) for loose, medium, and dense soil as a
function of depth for both the active and passive sides.
The samples correspond to a dynamic load amplitude of
2.2 kN at a vibration frequency of 2 Hz and a distance
ratio (X/H = 0.5). All curves show a non-linear lateral
dynamic stress distribution for both the active and
passive sides of the sheet pile wall in sub-grades under
dynamic loading. Additionally, the values of lateral
stresses are close to zero at the lower end of the wall, but
increase significantly at the top, particularly in loose
sand. The highest lateral stresses occur approximately at
the middle of the wall on both the active and passive
sides of the buried part. This conclusion is consistent
with Grasso and Motta (2004).

a Lateral pressure due to b Lateral pressure due to c Lateral pressure due to
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Figure 4. Distribution dynamic lateral pressures versus height of the wall under load amplitude
2.2 kN at 2-Hz frequency with (X/H=0.5) in (a) loose, (b) medium and (c) dense sand

The Effect of Number of Loading Cycles

Figure 5 shows samples for the pattern of dynamic
lateral pressures generated on the sheet wall, recorded by
pressure sensors LC1 through LC3 for medium sand, as a
function of the cycle loading for the active and passive
sides of the wall. This figure corresponds to the dynamic
load amplitude of (2.2) kN, the vibration frequency of (2)
Hz, and (X/H= 0.5). All curves of these samples indicate
that during the first 25 cycles of dynamic loading, there is
a quick and sharp increase in lateral dynamic stresses on
both the active and passive sides of the wall. Afterward,
during the first 500 cycles, the stress values on the active
side gradually begin to decline, while the values of the
stresses on the passive side gradually begin to increase.
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Subsequently, the shape of the curves (both active and
passive) stabilizes approximately horizontally in the
remaining loading cycles, depending on the soil conditions
and the test parameters. This behavior can be attributed to
the fact that after the soil has been exposed to sufficient
vibration, the densification process occurs. Anyhow, there
is harmony between the lateral stress curves and the
settlement and displacement curves of the rail and the wall.
These results are in line with Asakerehl et al. (2012), who
demonstrated that a limit value can be established for the
buildup of stresses and that granular material will
experience a decrease in the rate of permanent deformation
with the continuance of repeated loading.
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Figure 5. No. of cycles versus dynamic lateral stresses on the wall in medium sand under load amplitude
(2.2) kN at 2-Hz frequency with (X/H) = 0.5: (a) active side & (b) passive side

Impact of Sub-grade Relative Density

To examine the impact of the relative density of the
backfill on the lateral dynamic stresses generated on the
sheet wall under various dynamic loading conditions
with 2-Hz frequency vibration and (X/H=0.5) resting on
loose, medium, and dense sand. Figure (6) illustrates the
findings. Increasing the relative density of the soil
results in a decrease in the dynamic lateral pressures on
the active side and an increase on the passive side of the
wall. When the relative density of sub-grade increases
from 30% to 55% and from 55% to 75%, the active
lateral stresses fall on average by roughly 33.52% and
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22.44%, while the average increases in cumulative
passive lateral stresses are roughly 16.83% and 19.1%,
respectively. It is evident that as the soil density
increases, the angle of internal friction (¢) also
increases, causing the failure wedge line to move farther
away from the center of the live loads imposed on the
track. As a result, the lateral stresses generated on the
active side decrease while those on the passive side
increase. These results are consistent with the findings
of Mahdi et al. (2021), who showed that an increase in
the angle of internal friction (¢$) leads to a decrease in
active earth pressure.
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Figure 6. Cumulative dynamic lateral stress in active side (a) and passive side (b) of
wall versus sub-grade relative density at 2-Hz frequency with
different dynamic loads and (X/H = 1)

Dynamic Load Amplitude's Influence

The outcomes of tests on loose, medium, and dense
sand at a frequency of 2 Hz for different load amplitudes
and (X/H= 1.5) are shown in Figure 7. According to this
figure, when dynamic load amplitudes rise, the dynamic
lateral stress on both the active and passive sides of the
wall increases. The dynamic lateral stress for the active
and passive sides increases by approximately (30.15%),
(6.22%) and (37.48%), (10.87%) for loose soil, (24.9%),
(10.67%) and (29.4%), (13.48%) for medium soil, and
(22.12%), (11%), and (24.97%), (14.8%) for dense soil,
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respectively, as a result of the change in the dynamic
load amplitude from (2.2 kN) to (4.4 kN) and from (4.4
kN) to (6.6 kN). The dynamic load used in the lab model
(2.2) kN simulated the train's axel live load according to
(GTS, 2004), while the mimic load (2.2) kN was
doubled to (4.4 and 6.6) kN to know the effect of
increasing live load on the railway system's
performance. This can be attributed to the widening of
the circumference of the bulb of stress generated under
the railway with the increase in the live loads imposed
on it.
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This result is consistent with Aswad et al. (2023),
who examined the lateral earth pressure distribution on

a gravity retaining wall.
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Figure 7. Cumulative dynamic lateral stress in active side (a) and passive side (b) of
wall versus dynamic load with 2-Hz frequency in different sub-grade relative density
values with (X/H = 1.5)

Railway Location's Impact from Sheet Pile Wall
Figure 8 illustrates the relationship between the
dynamic lateral stresses on the sheet pile wall and the
horizontal distance (X) to examine the impact of the
railway's location on the wall in dense sand under
different load amplitudes. It is evident that as the
horizontal distance ratio (X/H) increases, the cumulative
dynamic lateral stresses on both the active and passive
sides of the wall decrease. Specifically, moving the
railway from 0.5H to 1H and then from 1H to 1.5H

approximately 28.81% and 37.73%, while the passive
dynamic lateral stresses decrease by 23.54% and
30.23%, respectively. The larger reduction in active
lateral pressure, compared to passive lateral pressure on
the wall, can be attributed to the fact that increasing the
horizontal distance between the wall and the railway
reduces the impact of the cyclic load on the wall, as the
load is dispersed and moves away from the failure
wedge zone on the active side of the soil (Naji et al.,
2023).
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Figure 8. Cumulative dynamic lateral stress in active side (a) and passive side (b) of wall
versus (X/H) for different dynamic loads at 2-Hz frequency with Dr = 75%

Wall Movement Pattern

The pattern in which the wall moves in loose,
medium, and dense sandy soil when subjected to the
loads created by the railway is evident in Figure (9). In
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loose soil, the wall tends to slide and spin around its
bottom, but in dense and medium soil, it rotates around
its bottom only.
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Figure 9. Wall height versus lateral wall displacement ratio (D/H) at various sensor positions on
the wall under dynamic load 6.6 kN at 2 Hz

Railway Settlement and Lateral Wall Dynamic
Stresses

When the cyclic number versus settlement ratio

(S/B) curves in Figure 10 are compared to the cyclic
number versus lateral dynamic stress curves in Figure

(5), it was found that there is a direct relationship
between railway settlement and active dynamic lateral
stresses. Do et al. (2024) demonstrated that the
cumulative stress and strain are directly impacted by the
cyclic loading amplitude.
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Figure 10. Cyclic number versus settlement ratio (S/B) at a frequency of 2 Hz,

with varying load

CONCLUSIONS

1. During the first 25 to 50 dynamic loading cycles,

there is a sudden increase in the wall's active and
passive lateral dynamic stresses. Then, over the next
500 cycles, active stress levels decrease, but passive
stress levels increase. Depending on the soil type and
test conditions, the active and passive curves
stabilize almost horizontally in the remaining
loading cycles.

2. There is a non-linear relationship between the total

amplitudes for (X) =0.5H

number of loading cycles and cumulative dynamic
lateral stress. The distribution of dynamic lateral
stresses, both active and passive, throughout the
wall's depth that supports loose, medium, and dense
sand under train live loading, is non-linear.

3. As the relative density of the backfill soil increases,
the lateral active dynamic pressure exerted on the
sheet pile wall decreases while the lateral passive
dynamic pressure that supports the wall increases.
Consequently, the track settling and lateral
displacement of the wall decreased, leading to an
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improvement in the overall performance of the
railway system.

4. As the amplitude of vertical dynamic loads
increased, the active and passive sides of the sheet
pile wall experienced an increase in dynamic lateral
stress. However, the active side is much more
affected by increased dynamic loads than the passive
side.

5. Increasing the distance between the railway and the
sheet pile wall lowers the values of cumulative
dynamic lateral stress on both the active and passive
sides, when all other parameters are kept constant.
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