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The concept of using Reinforced Earth (RE) walls for rail corridors is gaining

popularity. As of now, very few nations have successfully adopted the RE walls

for Railway infrastructure. These structures require good quality granular

materials like sand for backfilling. However, due to the scarcity of good

quality natural sand, research efforts are being made to look for cost

effective alternatives to sand in backfill applications. The present study

examines the possibilities of using the two sustainable materials, namely

steel slag and construction and demolition waste (CDW), as backfills in RE

walls subjected to harmonic train-induced load. In total, 63 separate full-scale

numerical models of RE walls have been analyzed to understand the wall

behavior with sustainable backfills subjected to different train speeds. The

backfill materials were simulated with three different material models,

namely, linear elastic, Mohr-Coulomb and Hardening Soil, for comparison.

The results showed that the RE wall behavior is highly frequency-dependent.

RE walls with steel slag and CDW backfills have shown 25% and 12% lesser

deformations, respectively as compared to the sand backfill. Furthermore,

reinforcement tensile forces in walls with sustainable backfills were found to

be comparable to those of sand. The maximum deformation of the wall was

observed when the fill materials were simulated with the Hardening Soil model.

In overall, satisfactory performance of the RE wall was observed in the presence

of sustainable backfill materials under Railway loading.
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Introduction

Reinforced Earth walls are retaining structures that have been extensively used to

support roadways, bridge abutments, railways, and other structures across the world (Lee

andWu, 2004; Tatsuoka et al., 2014; Lenart et al., 2016). In the U.S. transportation system

only, around 850,000 m2 of reinforced Earth walls are added annually (Berg et al., 2009).

These walls have been extensively used in different construction projects as a cost-effective

infrastructure for load support and Earth retention (Hu and Luo, 2018). The massive
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demand of reinforced Earth (RE) walls is due to their cost-

effectiveness, durability, flexibility, and low space requirement

over conventional retaining walls. The wall performance is

mainly governed by the quality of the backfill and its

interaction with the reinforcement strips. These advantages of

the RE wall drew the attention of researchers on this topic, and at

present, a substantial number of studies on this subject have been

published. As of now, the behavior of RE walls and its component

under static conditions are well known (Hatami and Bathurst,

2005; Abdelouhab et al., 2011; Chau et al., 2012; Koerner and

Koerner, 2018). However, only a few studies have investigated the

response of RE walls under high-speed train (HST) loading

(Payeur et al., 2015; Chawla and Shahu, 2021). Due to lack of

thorough understanding, only a few nations have successfully

adopted the RE walls for HST infrastructure.

At the same time, the increased demand of RE walls requires

a huge volume of high-quality granular backfill material. Natural

sand has been among the most often utilized material in

construction as a fill material that meets the requirement of

various design standards. Sand, on the other hand, is a globally

over-exploited natural material that is not always readily

available near construction sites. As a result of the increasing

depletion of geo-materials, researchers and engineers have been

pushed to examine and choose substitute materials for backfill

applications.

A sustainable approach is a lucrative strategy that preserves

the environment and reduces energy and natural resource usage

(Pitt et al., 2009). Materials that aid in achieving such goals are

known as sustainable materials. Sustainable materials, in general,

are by-products of numerous industrial and building activities.

Most of these materials are discarded into open landfills, creating

a huge environmental concern. One of the finest methods to

achieve sustainable goals is to utilize these materials in the

infrastructure industry. This strategy safeguards the

environment from the adverse effects of dumping and avoids

the depletion of natural resources. Several by-products have

recently been examined for large-scale infrastructure uses.

These materials include recycled aggregates (Kisku et al., 2017;

Mistri et al., 2020), fly ash (Aydin and Arel, 2017; Xu and Shi,

2018), shredded tires (Anburuvel, 2022; Bandyopadhyay et al.,

2022) and pond ash (Le et al., 2018). Past studies have

demonstrated that employing different waste materials in

engineering structures leads to a substantial decrease in

environmental pollution. The current study draws attention to

two such sustainable materials, namely steel slag and

construction and demolition waste (CDW), for their possible

use in RE wall backfill applications.

The explosive growth of civilization results in an enormous

amount of industrial waste. Steel slag is one such by-product

obtained from steel-making industries. Several studies

highlighted the utilization of steel slag in ceramic production

(Rahou et al., 2022), railway ballast (Delgado et al., 2019; Esmaeili

et al., 2020; Jing et al., 2020), highway sub-base (Wu et al., 2019),

aggregates (Shi, 2004) and concrete production (Qasrawi et al.,

2009; Wang et al. (2013). On the other hand, current

infrastructural development is resulting in an increase in

CDW production. Depending on the nature of the

construction involved, CDW may include materials such as

aggregates, glass, wood, concrete, and bricks. Construction

and demolition wastes are one of the major waste materials

produced in the world with large portion of it going into landfills

(Rao et al., 2007; Zhao et al., 2010). Various studies were

conducted to highlight different applications of CDW in road

construction (Xuan et al., 2015; Silva et al., 2019; Mehrjardi et al.,

2020) and concrete production (Martín-Morales et al., 2011; Silva

et al., 2014; Bravo et al., 2015; Akhtar and Sarmah, 2018; Sarkar

and Hegde, 2022). Satisfactory performance of RE wall with

CDW backfill was reported by Santos et al. (2013). However, the

studies on the use of steel slag and CDW as backfill in RE walls

subjected to train-induced loading conditions are scanty.

The present study investigates the feasibility of using steel

slag and CDW as a substitute for sand in RE walls supporting the

rail corridor. To achieve this goal, finite element based numerical

simulations have been performed. The behavior of RE walls with

steel slag and CDW backfills has been compared with

conventional sand backfill. In addition, three distinct material

models have been employed to simulate the sustainable backfill

materials for providing clear comparisons and

recommendations.

Material characterization

In the present study, three materials, namely sand, steel slag,

and CDW have been used. Figure 1 presents photographs of the

materials used. The particle size distribution of the materials was

performed as per ASTM, 2007 as shown in Figure 2. According to

the Unified Soil Classification System (USCS), the sand is

classified as poorly-graded sand (SP). Whereas steel slag and

CDW were classified as well-graded sand (SW). The specific

gravity of sand, steel slag, and CDW were found to be 2.58, 3.37,

and 2.43, respectively. Similarly, the coefficient of permeability of

sand, steel slag, and CDW were found to be 1.51 × 10−4 m/s,

6.76 × 10−5 m/s, and 6.47 × 10−6 m/s, respectively.

Numerical study

The RE wall geometry adopted in the study was borrowed

from Payeur et al. (2015). Figure 3 represents the model geometry

adopted in the current study. The geometry consists of a 3.75 m

high RE wall, with five numbers of reinforcement strips

embedded in the backfill. The reinforcing strips were 3.5 m

long and laid with 0.75 m vertical spacing.

Figure 4 shows the PLAXIS2D numerical model used in the

analysis. The numerical model was developed using the staged
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construction procedure. Reinforcements were modeled with

elastic geogrid elements. The ballast and sub-layer were

simulated using the linear elastic constitutive model.

Modelling the ballast as a linear visco-elastic continuum leads

to a significant simplification of the true behaviour of the material

in case of dynamic loading (Payeur et al., 2015). This

simplification is appropriate as long as the numerical results

are analysed in terms of backfill response rather than ballast layer

response. The material parameters of various components were

borrowed from the original study (Payeur et al., 2015) and are

listed in Table 1.

Rayleigh model was used to compute the material damping

(Semblat and Pecker, 2009). The values of damping coefficients

were set for each frequency to attain the damping ratio (ξ) of 5%.

Harmonic loading was applied to the sleeper with a number of

cycles large enough to reach an established harmonic regime to

simulate the train-induced load (10 cycles). Before applying the

harmonic load, the model was set to run under its self-weight

without any external load. After which, the wall deformation and

FIGURE 1
Backfill materials; (A) sand, (B) CDW, (C) steel slag.

FIGURE 2
Particle size distribution curve.

FIGURE 3
Full-scale RE wall model geometry (Redrawn from Payeur
et al., 2015).
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nodal displacement were set to zero to obtain the incremental

deformations induced by the train-load only.

Train load simulation

The load imparted on the rail-wheel interface by moving

wheel loads is greater than the wheel load at rest (Van Dyk et al.,

2017). Therefore, to calculate the dynamic wheel load generated

by a moving train, the static wheel load is multiplied by a load

factor known as the impact factor or dynamic wheel load factor.

Eq. 1 represents the relationship between design axle load (Pd),

static axle load (Ps), and impact factor (ɸ’).

Pd � [ɸ′]Ps (1)

Doyle, (1980) summarised the impact factor given by various

researchers and organizations. The impact factor value was

developed empirically using field data. Train speed is the most

crucial parameter that governs the magnitude of the impact

factor. In addition, vehicle parameters such as wheel diameter,

locomotive maintenance condition, static wheel load, and track

parameters influence the impact factor (Van Dyk et al., 2017).

The impact factor used to calculate the dynamic load in the

current study was obtained as per the guidelines of American

Railway Engineering Association (AREA, 1978). Accordingly,

the impact factor is a function of train speed and wheel diameter,

as shown in Eq. (2).

ɸ′ � [0.0052V
Dw

+ 1] (2)

where ‘V’ is the speed of the train (kmph), and ‘Dw’ is the wheel

diameter (m).

The maximum value of static wheel load carried by one

sleeper is calculated by considering the load distribution among

five adjacent sleepers (USACE, 2000). Figure 5 shows the

schematic distribution of wheel load on the five adjacent sleepers.

Based on the above approach, the maximum value of the

design dynamic wheel load (kN) acting on a single sleeper was

calculated. Table 2 shows the obtained values of design dynamic

load calculated for different train locomotive weights (20 t, 25 t,

and 30 t) and train coach weights (13 t, 16.25 t) at various train

speeds. Diameter of the wheel was considered as 0.97 m. The

selected weights of the locomotives and the train coaches are in

accordance with Research Design and Standards Organization

(RDSO) for passenger trains (RDSO, 2017).

The maximum value of the design dynamic axle load used in

the current numerical analysis was 50 kN. Table 3 illustrates the

design speed values derived for different axle loads

corresponding to the 50 kN design dynamic load. The

dynamic load was applied at different loading frequencies

(5 Hz–35 Hz) in the numerical model. These frequencies

correspond to the first natural frequencies of the rail

displacements for a train speed up to 300 km/h (Degrande

and Schillemans, 2001). These frequencies were calculated by

taking the ratio of characteristic lengths of a train (wheel to wheel

length and bogie to bogie length) and the train’s speed. Figure 6

FIGURE 4
Numerical model geometry.

TABLE 1 Material properties (Borrowed from Payeur et al., 2015).

γ (kN/m3) E (MPa) υ

Sleeper 25 2.5×104 0.2

Ballast 17 60 0.2

Sublayer 23.3 90 0.3

Backfill Material 20.8 290 0.3

Reinforcement — 2.1×105 —
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shows two dynamic load cycles applied in the current study at

25 Hz frequency.

Validation

Firstly, numerical model of the RE wall was validated with the

results of Payeur et al. (2015). In the original study, the numerical

modeling was performed in the software package Plaxis3D,

assuming visco-elastic constitutive laws for each component of

the RE wall. Whereas, in the current study, Plaxis2D was used to

perform the numerical simulations. For plain stain problems like

RE walls, most often the 2D and 3D analyses provide the similar

results (Bourgeois et al., 2011). However, the use of the similar

material model and input parameters is most important in the

original model and the model to be validated. In the present

study, the RE wall geometry, structural details, and material

properties similar to the original study of Payeur et al. (2015)

were considered in the simulation. The linear elastic material,

similar to the original study was used in the present model to

FIGURE 5
Distribution of wheel load on sleepers (USACE, 2000).

TABLE 2 Maximum value of design dynamic load (kN) for different
train speeds (kmph) and axle loads (t).

Axle load

13t 16.25t 20t 25t 30t

Speed (kmph) 50 13.66 17.07 21.01 26.26 31.52

100 27.31 34.14 42.02 52.53 63.04

150 41 51.22 63.04 78.8 94.56

200 54.63 68.29 84.05 105.07 126.08

300 81.96 102.44 126.08 157.6 189.12

TABLE 3 Design speeds for various axle loads corresponding to 50 kN
design dynamic load.

Axle load (t) 13 16.25 20 25 30

Speed (kmph) 183 146 119 95 79

FIGURE 6
Dynamic load applied on the sleeper at 25 Hz loading
frequency.
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simulate the behavior of the backfill materials. Horizontal

facing displacement of wall and the tensile force in the

topmost geogrid were compared. The horizontal facing

displacement of the wall was captured from nodes situated

at 1.5 m and 2.25 m wall elevation. Tensile force in the

reinforcement strip was obtained from three locations,

located at 0.1, 0.4, and 1.4 m distance from the wall facing.

All the data points at which the analysis was carried out are

shown in Figure 4. Numerical data of horizontal facing

displacement and the tensile force in the reinforcement strip,

obtained from the current study were compared with Payeur

et al. (2015), as shown in Figures 7, 8.

The results obtained from the current study were in good

agreement with the numerical data obtained from Payeur et al.

(2015). The minor difference in the results of the present study

and the original study is due to the approximation of 3D

analysis into 2D analysis. The validated numerical model

was further used to analyze the performance of the RE wall

using sustainable backfill materials. Using the modeling

approach similar to the one used in the validation,

63 different RE wall cases were analyzed. These cases consist

of 3 different backfill materials, each simulated by 3 distinct

material models. Each of these scenarios was tested amongst

7 different loading frequencies.

Result and discussions

In this section, the performance analysis of the RE wall was

carried out using three different backfill materials, sand, steel

slag, and CDW. Out of which, sand is the standard backfill

material used for comparing the performance of sustainable

backfills. The behavior of the RE wall has been compared for

backfill materials simulated with different material models. The

backfill soil parameters used in the validated model were replaced

with the properties of sand, steel slag, and CDW obtained from

different laboratory tests as listed in Table 4. A detailed

description of the determination of the material properties has

been provided elsewhere by Mandloi et al. (2022). The properties

of other RE wall components were kept unchanged from the

validated model.

The response of the wall was compared in terms of horizontal

facing displacement, reinforcement tensile force and

reinforcement strain. The horizontal facing displacement was

measured at two wall elevations, i.e., 1.5 m and 2.25 m. Whereas

the tensile force was measured in the topmost strip at two

locations, i.e., 0.1 and 1.4 m distance from the facing.

Effect of material models on wall behavior

Previous studies have demonstrated the potential of using

various constitutive models to simulate the backfill material in

numerical simulations. Linear elastic, Mohr-Coulomb, Lade’s

FIGURE 7
Comparison of horizontal facing displacement; (A) at 1.5 m
wall elevation, (B) at 2.25 m wall elevation.

FIGURE 8
Comparison of tensile force in the topmost geogrid at three
different distances from the wall facing; (A) 0.1 m, (B) 0.4 m,
(C) 1.4 m.
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single Hardening model, Hardening soil model, and Hardening

soil small strain model were utilized by researchers to simulate

the behavior of backfill materials in RE wall applications (Hatami

and Bathurst, 2005; Huang et al., 2009; Payeur et al., 2015; Huynh

et al., 2022; Sarkar and Hegde, 2022). In this study, the behaviour

of the RE wall under railway loading has been analyzed by

considering three different constitutive models, namely, Linear

Elastic (LE), Mohr-Coulomb (MC), and Hardening soil (HS).

The stress-strain response of soil mass is typically non-linear.

The shear strength and stiffness of a soil mass usually depends

upon the stress history, strain level and stress level. The stress-

strain response in the LE model is approximated by Hooke’s law.

Figure 9A shows the stress-strain response for elastic perfectly

plastic MC model. The linear-elastic part of the stress-strain

curve is approximated by Hooke’s law. Whereas, the perfectly-

plastic part is estimated based on Mohr-Coulomb failure

criterion. Mohr-Coulomb model is the most preferred model

to simulate backfill materials, as it is simple to use. Moreover, it

efficiently captures the stress-dependent failure conditions

(Mohsan et al., 2021). However, it is not capable of capturing

the hardening before failure, stress-dependent stiffness and non-

linear elasticity. On the contrary, HS model is capable of

capturing all the aforesaid phenomenon including plastic

straining and elastic unloading/reloading (Lai et al., 2020). In

the HS model, the stress-strain behavior of the soil mass is

approximated by a hyperbolic function as shown in Figure 9B.

Input parameters used for each constitutive model are listed in

Table 4. Detailed discussion on the calculation and

implementation of HS model has been provided elsewhere by

Mandloi et al. (2022).

Horizontal facing displacement of RE wall is an important

criterion to analyze the wall behavior. Wall facing displacement is

mainly governed by the properties of facing, reinforcement, and

backfill material. The behavior of the RE wall when the backfill

soil is simulated by three different constitutive models has been

compared. For the comparison, wall-facing displacement above

1.5 m wall elevation was used. Figure 10 shows the comparison of

horizontal facing displacement of the wall for different material

models. For all the materials, the wall-facing displacement trend

TABLE 4 Backfill soil parameters used for different materials (Borrowed from Mandloi et al., 2022).

Sand Slag CDW

M
o
h
r-
o
u
lo
m
b

L
in
ea
r
E
la
st
ic Poisson’s ratio, υ 0.3 0.3 0.3

H
a
rd
en
in
g
S
o
il E50 (kPa) 45000 25000 14290

Unit weight, γ (kN/m3) 17.3 21.6 14.88

Cohesion, c (kPa) 1 10 33

Friction angle, φ (o) 40 50 42

Dilation angle, ψ (o) 10 20 12

Stress-dependent exponent, m 0.5 0.5 0.5

Eoed (kPa) 45000 25000 14290

Eur (kPa) 135000 75000 42870

emax 0.71 0.74 0.84

emin 0.39 0.44 0.50

FIGURE 9
Representation of constitutive models; (A) Mohr-Coulomb,
(B) Hardening soil.
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was nearly identical for all frequencies. Therefore, the wall

behavior subjected to 15 Hz, 20 Hz, and 25 Hz loading

frequencies was only presented.

For each material used, the maximum wall facing

deformation was observed in the HS model, followed by the

MC and LE models. The amplification of the deformation in case

of the HS and MC models as compared to the LE model was

calculated using the parameter termed as amplification factor. It

is the ratio of peak deformation observed in the HS and MC

model to that of the LE model. Table 5 lists the amplification

factors for different cases. Maximum amplification was observed

for sand as compared to sustainable materials. The peak values of

facing displacement were observed close to 3 m wall elevation for

the non-linear models (HS and MC). Whereas, with the LE

model, the peak values were observed at 2.25 m wall elevation.

Figure 11 shows the horizontal displacement contours of the

RE wall with different backfill materials and simulated by

different models. All three backfill materials exhibited

approximately similar results in case of LE model. This is

because the shear strength parameters of the backfills are not

a part of the formulation in the linear elastic model. Only

modulus of elasticity and Poisson’s ratio are essential to

simulate the behavior of materials. For backfill materials

simulated with the LE model, the maximum facing

displacement was found to converge at the centre of the wall

facing. On the other hand, when the backfill materials were

modeled by non-linear models (MC and HS), the maximum

facing displacement was observed at the top portion of the wall.

Maximum deformation in the top portion of the wall is close to

reality as it was demonstrated in many of the previous studies.

Peak values of tensile force in the topmost reinforcement

strip for different cases are listed in Table 6. These peak values

were observed near the centre of strip for each material when the

LE material model was used to simulate backfill. Whereas, when

MC and HS models were used, these peaks were observed near

the facing. Previous studies have shown that the deformations

near the facing are higher as compared to other portions of the

RE wall. Higher forces in the reinforcements were observed when

non-linear models (HS andMC) were used. Furthermore, the HS

model and the MC model were able to capture the differential

settlement between the facing-backfill interface. The observed

differential settlement in case of HSmodel was found to be higher

as compared to the MC model.

Effect of frequency of loading on wall
behavior

In this section, the behavior of the RE wall has been

analyzed under varying load frequencies between 5 and

35 Hz, which corresponds to the train speed up to 300 km/h.

Furthermore, the performance of RE wall with sustainable

backfill has been presented and compared with natural

backfill sand.

FIGURE 10
Comparison of horizontal facing displacement using different
constitutive models; (A) sand, (B) slag, (C) CDW.

TABLE 5 Amplification factors.

Sand Slag CDW

MC 4.7 2.5 1.9

HS 4.9 4 3.3
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Figure 12 shows the comparison of horizontal facing

displacement of wall at two different wall elevations with

varying frequencies for the HS model. The results are found

to be frequency dependent. However, no resonance was observed

in wall deformation for each backfill material used. Instead, a

downward trend in wall deformations was observed with the

increase in load frequencies. Peak values of horizontal facing

displacement were 1.06, 0.8, and 0.926 mm for sand, slag, and

CDW, respectively, at 3 m wall elevation for each material. Peak

values of horizontal facing displacement were reduced by 25%

and 12% when slag and CDW were used as compared to sand.

This can be attributed to higher shear strength of the sustainable

materials as compared to sand (Mandloi et al., 2022; Sarkar and

Hegde, 2022).

Reinforcements are one of the important components of the

RE wall, which contributes to its strength. Backfill soil is weak in

FIGURE 11
Horizontal displacement contours for 25 Hz loading frequency.

TABLE 6 Peak reinforcement tensile force (kN) in topmost strip for
different cases.

Sand Slag CDW

LE 0.151 0.345 1.135

MC 3.592 3.408 2.786

HS 3.532 4.356 3.422

FIGURE 12
Horizontal facing displacement at different wall elevations
using hardening soil model; (A) 1.5 m, (B) 2.25 m.
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tension and the reinforcement strips provide adequate tensile

strength to the backfill soil, leading to improved RE wall

performance. The reinforcements also increase the load

carrying capacity of backfill and reduces the overall settlement

(Hegde and Palsule, 2020). Figure 13 shows the tensile force in

the topmost reinforcement at two different distances from the

facing. By changing the frequency of loading, no discernible

changes in the reinforcement tensile force were observed.

Reinforcement tensile force in RE walls with sustainable

backfills was found to be comparable to those of sand, near

the wall facing. Whereas, at the centre of the reinforcement strip,

the reinforcement tensile forces were less in RE walls with

sustainable backfills, compared to sand.

Figure 14 shows the reinforcement strains of the top

3 reinforcing layers in the horizontal direction when the

materials were simulated by the HS model subjected to 25 Hz

loading frequency. For each material, the fourth layer, located at

2.625 m height experienced maximum reinforcement strains. For

each case, maximum strains were captured close to the back of the

facing. This is mainly due to the differential settlement at the

facing-backfill interface and wall-facing rotation. Such results are

in accordance with the observation reported by Mandloi et al.

(2022). In comparison to sand backfills, lesser strain was observed

in the reinforcements in case of slag andCDWbackfills. In the steel

slag backfilled RE wall, a major portion of the developed stresses

was shared by the backfill soil itself. This is because steel slag has

high shear strength due to which the reinforcement elongations

were reduced. Although CDWhas a lower shear strength than slag,

the strains in CDWbackfilled RE walls was found to be lesser. This

is attributed to the lower self-weight of CDW, which decreased the

stresses imposed on reinforcements. In comparison to sand, peak

strains were reduced by 6.3% and 6.8%, respectively, for steel slag

and CDW materials.

Conclusion

The numerical analyses were performed on RE walls

backfilled with different sustainable materials, namely steel

slag and CDW under Railway loading. The behavior of the

RE wall with sustainable backfills was compared with the

standard material sand. Following are some of the conclusions

drawn from the study.

• RE walls with sustainable backfills, showed better

performance as compared to RE walls with natural

FIGURE 13
Tensile force in the topmost strip at different distances from
the wall facing for hardening soil model; (A) 0.1 m, (B) 1.4 m.

FIGURE 14
Horizontal strains in reinforcement strips situated at different
wall elevations subjected to 25 Hz load frequency (A) 3.375 m, (B)
2.625 m, (C) 1.875 m.
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backfill material sand. Peak values of horizontal facing

displacement were reduced by 25% and 12% respectively

for slag and CDW backfill cases as compared to sand.

Similarly, peak reinforcement strains were reduced by 6.3%

and 6.8% respectively for slag and CDW cases as compared

to sand.

• RE wall behavior was found to be highly dependent on the

loading frequency. Horizontal facing displacement were

decreased in the range of 20%–30% due to the increase in

the frequency of loading from 5 to 35 Hz. Whereas,

minimal change in the reinforcement tensile forces was

observed with the change in frequency of loading.

• A highly conservative results in terms of wall facing

displacement and reinforcement strains were obtained

with LE material models for all the backfills. When the

HS model was used, maximum facing deformations were

observed. The peak facing deformations with LE models

were observed close to the centre of the wall at 2.25 m wall

elevation. Whereas for MC and HS models, the peak facing

deformations were observed at the top portion of the wall,

at 3 m wall elevation.

• Non-linear models (MC and HS) were able to capture the

differential settlement at the backfill and wall facing

interface. In overall, it can be concluded that the behavior

of RE wall can be better captured when the backfill soil is

simulated by HS model, followed by the MC model.
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Nomenclature

Dw Wheel diameter (m)

c Cohesion (kPa)

Cc Coefficient of gradation

Cu Uniformity coefficient

emax Maximum void ratio

emin Minimum void ratio

E50 Stiffness modulus at 50% failure stress (kPa)

Eur Unloading/Reloading stiffness (kPa)

Eoed Oedometer stiffness (kPa)

m Power of stress dependency of stiffness

Pd Design dynamic axle load (kN)

Ps Static axle load (kN)

qf Ultimate failure stress (kPa)

V Speed of train (kmph)

υ Poisson’s ratio

ϕ Soil friction angle (°)

ɸ 9 Impact factor/Dynamic wheel load factor

ψ Dilation angle (°)

γ Unit weight of soil (kN/m3)

ξ Damping ratio
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