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Abstract  7 

This paper evaluates the performance of a geosynthetic reinforced soil retaining wall (GRS-8 

RW) system as an alternative to a conventional railway embankment. The aim is to investigate 9 

the behaviour of the GRS-RW system in terms of displacements and stress levels at different 10 

locations in the track and substructure. Full-scale laboratory experimental testing is carried 11 

out on a GRS-RW structure, supporting sections of ballasted and slab track, under moving 12 

loads at 360km/h. The tracks are supported by a low-level fully confined conventional 13 

embankment and a GRS-RW system, which are constructed to high-speed standards. 14 

Displacement transducers and earth pressure cells are placed at different locations to record 15 

the displacements of the track and the stress levels in the substructure. The test results show 16 

that the pressure levels on the GRS-RW wall are negligibly small for the particular test setup, 17 

proving the GRS structure under the action of compaction reached its active state. This means 18 

that the reinforced soil was self-supporting under its self-weight and train loads, meaning there 19 

was minimal pressure on the walls. Therefore, GRS-RW systems are better alternatives to 20 

traditional earth embankments due to enhanced soil stabilisation and less land take. 21 

Keywords: Full-scale railway track testing; railroad ballasted track; high-speed rail slab track; 22 

conventional embankment; Geosynthetic Reinforced Soil; high-speed railway earthworks 23 

1 Introduction 24 

One of the most important purposes of railway track beds is to transfer the load adequately to 25 

the formation below the track. The magnitudes and distribution of pressure exerted by heavy 26 

axle load significantly influence the short- and long-term behaviour of railway tracks. The 27 

induced stresses on the subgrade can be influenced by axle load, formation thickness, sleeper 28 

spacing, rail bending stiffness, and presence of any additional layer for load distribution. 29 

Lowering the groundwater table, stabilizing the subgrade and introducing geosynthetics can 30 

improve the threshold stress of subgrade soil [1]. Geogrids have been shown to be a practical 31 

solution when placed in ballast [2, 3, 4] and soil [5, 6, 7, 8, 9, 10, 11] to reduce plastic settlement 32 
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and improve stress distribution. Geogrids also proved to increase the overall stability of the 33 

railway tracks via preventing particle translations and providing better drainage behaviour [12]. 34 

A thorough understanding of the pressure distribution from top layers to formation is required 35 

to design railway tracks satisfactorily, preventing substantial and frequent maintenance. For 36 

this purpose, numerous field and laboratory tests were performed to identify stress behaviour 37 

at certain depths under various axle loads and speeds. However, measuring pressure can be 38 

difficult in laboratory conditions, for example, Brown et al. [13] incorporated pressure cells 39 

under the ballast in a full-scale testing facility and collected the transient vertical stresses at the 40 

top of the subgrade, which varied greatly at the early stages of the testing. 41 

Liu & Xiao [14] presented two field data sets also collected in China for a passenger carrier 42 

travelling at 200km/h with 14t axle load and another one corresponding to a freight train with 43 

22.5t axles travelling at 120km/h. The stress pulse waves on the subgrade were recorded. Two 44 

test sites were investigated by Anderson & Rose [15] with the focus on the presence of an 45 

asphalt layer. The pressure distributions and rail deflections were obtained by using earth 46 

pressure cells and displacement transducers at critical interfaces. Interfacial pressure 47 

measurements were recorded in the field by Rose et al. [16] presenting the pressure levels in 48 

the ballast and displacement magnitudes in a six-consecutive-sleeper section over several 49 

month-long heavy freight train passage procedure. It was found out that the pressure 50 

distribution is highly dependent on the compaction level of the ballast, however, disregarding 51 

the measurements from non-uniformly compacted ballast, the peak pressure at the sleeper-52 

ballast interface was identified. In-situ tests were performed to obtain the pressure 53 

measurements at the interfaces of rail base-sleeper, sleeper-ballast, ballast-subballast and 54 

subballast-subgrade by Rose et al [17]. The peak pressure on the conventional and hot mixed 55 

asphalt trackbeds subjected to 36 tonnes-axle was recorded. Field tests were conducted in 56 

Australia by Indraratnaet al [18] to investigate the reduction in the vertical stresses along with 57 

the depth. The vertical stresses caused by two types of trains with different axle loads, one of 58 

which has wheel irregularities, traversing a track section confined with geosynthetics were 59 

recorded. More field data on various tracks were recorded by Cardona et al. [19]. Field 60 

measurements of the dynamic stress in the subgrade surface was 13-20kPa in the case of slab 61 

track and it ranged between 50-100 kPa for the ballasted track’s case [20, 21, 22, 23, 24]. 62 

Evidently, the dynamic stresses in the subgrade under a slab track were 4-5 times less than 63 

those under a ballasted track. The stresses in the soil increased with the increase in the train 64 

speeds. 65 
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A direct relation between track modulus and stresses induced in the subgrade in the presence 66 

of heavy axle loads was presented by Li [25] using the Facility for Accelerated Service Testing 67 

(FAST). The term track modulus is described by Li [25] as ”Track modulus is a parameter 68 

defined by a model of the beam (rail) on elastic foundation, and is used extensively to quantify 69 

the track foundation support or the overall stiffness of ballast, subballast and subgrade layers”, 70 

based on Selig and Li [26]. A full-scale test of an asphalt railway track was carried out by Yu 71 

et al. [27] to find out the stresses in the subgrade. Three pressure cells were incorporated under 72 

a three-sleeper section track on the ballast foundation, and pressure change and permanent 73 

sleeper and subgrade settlements during 350 MGT cyclic loading were recorded. Jiang et al. 74 

[28] and Chen et al. [29] and Zhang et al. [30] carried out full-scale laboratory tests of 75 

ballastless track. The stresses were recorded at different depths of the subgrade. Lee et al. [31] 76 

performed full-scale tests on three combinations of ballastless track with asphalt trackbed to 77 

investigate the most effective stress distribution. A small-scaled box test was performed by 78 

Sysyn et al. [32] to determine the stress distribution immediately underneath the ballast. The 79 

cyclic load was applied on a sleeper position in a 1m x 0.17m x 0.33m box filled with crushed 80 

stones. A total of 11 loading sensors were positioned under the stones along the sleeper to 81 

investigate the stress distribution caused by a single sleeper. Rose et al. [33] performed a series 82 

of laboratory tests using earth and granular materials pressure cells to estimate the vertical 83 

pressure levels between a sleeper and ballast. Cyclic triaxial tests were carried out to study the 84 

performance of railway components under repeated loading [34, 35]. True triaxial tests with 85 

controlled confined stresses and vertical stress were also performed by Yu et al. [36] and Yu 86 

et al. [2]b to identify the resilient behaviour of ballast and subballast. Liu & Xiao [14] carried 87 

out cyclic triaxial tests for compacted silt specimens combined with field measurements of 88 

subgrade stress to study dynamic stress-bearing of subgrade. Momoya et al. [37] and Ishikawa 89 

et al. [38] performed cyclic and dynamic tests over a 1:5 scaled 15-sleeper long model 90 

experimentally. The laboratory findings were used to calibrate a three-dimensional linear finite 91 

element model and to compare vertical stress distribution in the subgrade of different types of 92 

tracks. Bian et al. [39] also performed full-scale testing on a ballastless track under three 93 

different train speeds. The findings were used by Bian et al. [40] to study the geodynamic 94 

issues in high-speed railways using a 3D dynamic FEM model. It was commonly evident that 95 

slab tracks transfer the loads more uniformly to bottom layers than ballasted tracks.  96 

A 2D dynamic finite element analysis was performed by Yang et al. [41] to identify the stress 97 

state of the ground and the stress path during loading by the trains at different speeds and 98 

Powrie et al. [42] investigated the stress state of the soil and elastic parameters using 2D and 99 
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3D  FEM models. Their models, validated over the field data obtained by Grabe et al. [43], 100 

investigated the static and dynamic behaviour of the soil based on the ratio of train and Rayleigh 101 

wave speed. As long as the train speed does not exceed 10% of Rayleigh wave speed, the track 102 

behaves in a quasi-static manner. However, the stresses can be underestimated by 30% when 103 

the train speed reaches 50% of Rayleigh wave speed. Cardona et al. [44] developed a 2D model 104 

of three different tracks with and without bituminous layers, and validated against the stress 105 

measurements collected at the French Est-European HSL under the passage of TGV at 317km/h 106 

of which details were presented by Cardona et al. [45]. The effect of cracked sleepers on 107 

stresses between each layer of the substructure was studied by Domingo et al. [46] using a 3D 108 

finite element model, which was validated with real track data. Shahu & Kameswararao [1] 109 

also created a 3D model to assess the induced stresses in the subgrade surface and approximate 110 

acceptable ranges of resilient moduli for sub-layers and formation thickness, comparing against 111 

design parameters proposed by ORE [47]. Jiang et al. [28] studied the stresses at four different 112 

depths of the subgrade under ballastless track using a 3D dynamic model. Shan et al. [48] 113 

investigated vertical dynamic stress of the subgrade surface at transition zones using a 3D 114 

model which was validated with field measurements. Dong et al. [49, 50] created a model using 115 

a thin-layer finite element capable of computing the dynamic stresses and strains. Ramos et al. 116 

[51] developed a 3D model adapted to ballasted and slab tracks which were calibrated with 117 

full-scale laboratory tests to investigate the stress path in soil under cyclic loading. Bathurst & 118 

Kerr [52] proposed an analytical model to predict the vertical stresses utilizing the Boussinesq 119 

theory and beam on elastic foundation method. Fadum [53] proposed a chart to identify the 120 

influence factors for the vertical stress beneath the corners of a rectangular foundation. The 121 

chart is used to compare the laboratory results obtained in this research.  122 

The full-scale laboratory tests presented in this study were performed in Geopavement and 123 

Railways Accelerated Testing Facility (GRAFT-2). In this paper, the purpose is to compare 124 

stress levels in the soil under concrete-slab and ballasted tracks on a conventional embankment 125 

[54] with a low-level wall simulating the remainder of the slope and under a Geosynthetically 126 

Reinforced Soil with Retaining Walls (GRS-RW) structure [55]. The stress levels at various 127 

depths under static and cyclic loading were experimentally investigated. In addition to the 128 

comparison of the experimental results obtained in this research, field and experimental data 129 

presented by various authors were used for further comparison. The main limitation of this 130 

research work was the confinement of the testing box, in comparison to real field conditions. 131 

However, the presented experimental testing is used for the sake of comparison of different 132 

configurations under exactly the same conditions. 133 
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This paper is organised as follows; The testing facility, experimental setup and data acquisition 134 

are described in Section 2. The static and cyclic loading methodology is presented in Section 135 

3 and the analysis of the results and comparison against the literature are discussed in Section 136 

4. The main concluding remarks and ideas for future work are presented in Section 5. 137 

2 Laboratory testing 138 

In this laboratory-based experimental research work, two types of substructures were 139 

investigated. The first substructure was constructed based on conventional embankment 140 

parameters and the second substructure concerns the GRS-RW structure [54, 55]. Both 141 

structures were built using the same sand properties and moisture content. The compaction 142 

pattern of the sand on each structure was the same. The soil consisted of two layers which are 143 

the subgrade and frost protection layer (FPL). The superstructures used in this research are a 144 

slab track and a ballasted track. The slab track consisted of the hydraulically bonded layer 145 

(HBL), grout and precast concrete slab. The ballasted track had railway ballast, triangular 146 

aperture shaped geogrid under the ballast bed and concrete sleepers.  147 

The substructure was composed of well-compacted 0-6mm graded limestone sand mixture, 148 

which was chosen from two different batches composed of 0-6mm well-graded granular 149 

limestone. The sand was composed of 80% of 0-4mm batch and 20% of 2-6mm batch (Figure 150 

1(a)). The uniformity coefficient (Cu) and the coefficient of gradation (Cc) of the sand was 11 151 

and 1.604, respectively. The optimum moisture content, which is 5% as seen in Figure 1(b), 152 

was determined by modified proctor compaction tests. A higher optimum moisture content, 153 

which is 7%, was identified with the standard proctor test but the modified proctor test results 154 

were more suitable for the given substructure because a heavy compaction method was used 155 

while constructing it. A 140kg diesel forward/reverse plate compactor with 25kN compaction 156 

force vibrating at 90Hz was used. The compaction tests were carried out following the 157 

procedures stated in BS 1377-4-1990 [56]. The maximum dry density was identified as 158 

22.2kN/m3. The subgrade was compacted using two passes and the FPL using four passes, with 159 

each pass consisting of forward and reverse compaction. 160 
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 161 

(a)     (b) 162 

Figure 1: (a) Gradation curve of the sand (b) Compaction curveThe structural 163 

characteristics of unbound materials in railway substructures and road pavements were 164 

determined using the Transport and Road Research Laboratory (TRRL) dynamic cone 165 

penetrometer (DCP). DCP readings were recorded in the GRAFT-II facility at six different 166 

locations after each compaction stage. A correlation between DCP reading and CBR was linked 167 

through log10(CBR)=2.48-1.057×log10(mm/blow) proposed in reference [57]. The deflection 168 

modulus Ev2 was verified using a static plate load test in accordance with DIN-18134 standard 169 

[58]. In this paper, the Ev2 value of the FPL was estimated through the plate load test to be 170 

133.55mN/m2 and the Ev2 value of the subgrade to be 67.71mN/m2. The Young’s modulus of 171 

the compacted sand was calculated based on the DCP and PLT tests’ results using 𝐸𝑑𝑦𝑛 = 2 ×172 𝐸𝑣2 = 100 × 𝐶𝐵𝑅[%] derived in the reference [59]. More details about sand gradation curve 173 

and compaction method were described in detail in references [54] and [55]. 174 

2.1 Experimental setup 175 

Full-scale laboratory-based testing was used to compare the static and cyclic performance of a 176 

precast concrete slab track section to a ballasted track (with concrete sleepers) resting on a 177 

compacted substructure. The railway track substructure was constructed from a 1.2-metre-deep 178 

compacted soil, comprised of subgrade and FPL, according to modern high-speed rail 179 

standards. Figure 2 shows the testing facility and the tracks tested. 180 
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    181 
(a)    (b)    (c)    (d) 182 

Figure 2: (a) The slab track on the embankment -ES-, (b) the ballasted track on the embankment -EB-183 
, (c) the slab track on GRS-RW system -GS-, (d) the ballasted track on GRS-RW system -GB- 184 

The conventional embankment had a low-level wall to simulate the remainder of the slope and 185 

it was fully connected to the rig so it cannot move. This was considered to represent the slightly 186 

enhanced embankment and was used because of the confines of the testing facility. The soil 187 

was formed of 800 mm deep subgrade and 400 mm deep FPL. The embankment constructed 188 

in GRAFT-2 was fully confined, from the four sides [54]. Dynamic cone penetrometer (DCP) 189 

and plate load test (PLT) were performed to identify California bearing ratio (CBR) and the 190 

second deformation modulus (Ev2), respectively, in the subgrade and FPL as shown in Table 1. 191 

The top soil layer is called FPL in the ballasted track also to be consistent with the description 192 

used in the slab track case. 193 

Table 1: CBR values of the compacted soil using Dynamic Cone Penetrometer (DCP) and Ev2 194 

values collected by Plate Load Testing (PLT)  195 

CBR Test Time 

Conventional 

Embankment 

CBR 

GRS-RW 

CBR 

Ev2 

(MPa)  

During construction of Substructure -Subgrade 31.76 28.5 67.71 

During construction of Substructure -FPL 43.36 56.1 133.35 

After Removal of Slab - on top of FPL 120.56 125.1 - 

After Removal of Ballast – on top of FPL 120.56 128.2 - 

The second tested type of substructure was the GRS-RW structure [55]. This substructure 196 

consisted of 0.1m well-compacted base layer on top of which the 1.2m thick GRS-RW was 197 

built. The concept of the GRS-RW structure was inspired by [60, 6, 8]. The substructure was 198 

constructed with compacted soil and sandbags which were hand wrapped and reinforced with 199 

RE540 (Tensar) uniaxial geogrids. The purpose of the sandbags was to provide a supportive 200 

wall to soil while wrapping it with geogrids and to facilitate the drainage. The average aperture 201 

size of the geogrid is 16mm x 219 mm with 64.5kN/m short term tensile strength in longitudinal 202 
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direction [55]. The GRS-RW structure was confined by the retaining walls in the track 203 

direction, as well as the GRAFT-2 walls in the lateral direction and was anchored with tie bars 204 

with angle irons positioned in the soil (Figure 6). A retaining wall was made of a thick steel 205 

plate positioned 0.08m distance from the sandbag wall. The gap between the steel plate and the 206 

sandbags was then filled with a ready-mix highly fluid self-compacting concrete called 207 

topflow. However, as the retaining walls were only anchored to the compacted sand, they were 208 

free to move laterally under the anchored system. Therefore, the full confinement for GRS-RW 209 

was solely in the longitudinal direction, whereas in the conventional embankment test the 210 

substructure was confined in both longitudinal and lateral directions by the walls of GRAFT-211 

2.  212 

  213 

 (a)     (b) 214 

Figure 3: LVDT positions and labels (a) slab track (b) ballasted track  215 

The first tested form of the superstructure was a precast reinforced concrete slab track 216 

manufactured by Max Bögl (Figure 2(a)). The hydraulically bonded layer (HBL) layer, made 217 

of C10/12 concrete with characteristic cube compressive strength of 10 MPa, which is a 218 

lightweight and low strength concrete. The HBL was cast on the compacted soil with a 219 

thickness of 300mm. The slab track was positioned above the HBL after 21 days and a highly 220 

fluid cementitious grout was poured to form the 30-40mm thick binding layer with the HBL. 221 

The second tested superstructure form was a ballasted track. The three standard G44 reinforced 222 

concrete sleepers were embedded in the ballast bed, which was laid and compacted in four 223 

equal layers of 100mm each, hence the thickness of the ballast underneath the sleepers was 224 

400mm. The ballast was supported by a triangle-aperture geogrid TX190L. The same railpads 225 

were used on both the G44 sleepers and the slab track. 226 

The first considered test concerned the slab track on the conventional embankment (Figure 227 

1(a)). After completion of the slab track tests, all slab track components (HBL, grout and the 228 
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slab) were removed from the testing rig. The surface of the soil was treated as the cast-in HBL 229 

disturbed the top layer. Then the ballasted track was placed on the conventional embankment 230 

(Figure 1(b)). After completing the test, the ballasted track was removed, and the substructure 231 

was excavated from the GRAFT-2 rig to prepare the testing of the slab track on GRS-RW 232 

(Figure 1(c)) and then followed by the ballasted track on GRS-RW (Figure 1(d)). The same 233 

testing procedure was followed, and the same material properties were used for all four tests. 234 

2.2 Data acquisition 235 

Displacement transducers and earth pressure cells were employed to determine the 236 

displacements and stresses under static and cyclic loading. There were 6 channels for load cells, 237 

6 channels for the displacements of the rails, 7 channels for the displacements of the 238 

sleepers/slab and 5 channels for pressure cells actively used to acquire data. The sampling rate 239 

of the data acquisition system was 200Hz per channel.  240 

The displacement transducers’ locations are shown in Figure 3. The LVDT choice was crucial 241 

for these tests as both deflection, which is the instantaneous/transient displacement, and 242 

settlement, which is the irrecoverable deformation under millions of cycles, must be acquired. 243 

Therefore, the LVDTs needed to be sensitive enough to record the sinusoidal motion of the 244 

slab, which can be as small as a hundredth of a millimetre, as well as the accumulated 245 

settlement of the sleepers in the ballast after 3.4 million cycles, which was greater than 10 246 

millimetres [55].  247 

The model 3510 earth and the 3515 granular materials pressure cells were used to measure 248 

vertical stresses. These semiconductor type pressure cells had 9-inch diameter plate which is 249 

capable of measuring up to 1MPa with 0.015kPa sensitivity. The pressure cells were 250 

incorporated at different locations in the conventional embankment. In this case, one earth 251 

pressure cell was placed in the subgrade (SG-PC) and another one in the FPL (FPL-PC) directly 252 

under the central sleeper. The three granular material pressure cells were placed at the top of 253 

FPL; two under the rails and one under the midpoint of central sleeper (denoted as track 254 

pressure cells; T-PC1, T-PC2, and T-PC3), as shown in Figure 4.  255 
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 256 
(a) 257 

 258 

 259 
(b) 260 

Figure 4: The positions of the pressure cells in the conventional embankment (a) Lateral cross-261 
section of centre (b)Longitudinal cross-section of the centre 262 

As the same pressure cells used for both slab track and ballasted track cases, the T-PC pressure 263 

cells were embedded in the soil, 50mm below the interface of the HBL and FPL, and ballast 264 

and FPL, respectively, and then covered with compacted soil (Figure 5(a)). A spirit level was 265 

used while installing the pressure cells so that they provide measurements of vertical stresses 266 

(Figure 5(b)).  267 
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    268 
(a)     (b) 269 

Figure 5: The installation of pressure cells in the soil (a) The T-PC pressure cells near the surface 270 
of FPL (b) Levelling a pressure cell 271 

The GRS-RW structure on the other hand had two earth pressure cells incorporated in the soil. 272 

The SG-PC and FPL-PC were placed exactly in the same location as in the case of conventional 273 

embankment, as indicated in Figure 6. While T-PC pressure cells were positioned below the 274 

ballast, the same pressure cells were positioned in the inner side of the retaining walls to 275 

measure the pressures exerted on the walls in the GRS-RW case and denoted as W-PC. 276 

 277 

Figure 6: The positions of the pressure cells in the GRS-RW structure 278 

The pressure cells on the wall were labelled as W-PC (Figure 7(a)). After attaching the 279 

pressure cells, the wall was positioned 8-10cm away from the sandbag wall (Figure 7(b)). This 280 

gap was then filled with “topflow”, which is a ready-mix highly fluid self-compacting concrete 281 

consisting of 10 mm diameter aggregates (Figure 7(c)). This material was chosen specifically 282 
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because of its ability to fill the gaps between the geogrid and the sandbags through the geogrid 283 

apertures. This was intended to provide reinforcement and resilience to the GRS. The purpose 284 

of the W-PC pressure cells was to obtain the pressure levels due to the lateral expansion of the 285 

GRS structure. 286 

      287 

     (a)        (b)       (c)   (d) 288 

Figure 7: W-PC pressure cells (a) on the retaining wall (c) Gap filling material topflow (d) Silicone 289 
sealant on the sides of the wall to prevent leakage  290 

3 Testing methodology 291 

In this study, two static tests and two cyclic tests were performed. In the static tests, first, a 13-292 

tonne axle load (Static I) with load redistribution was applied on the track for approximately 10 293 

minutes and then the load was increased to simulate a 17-tonne axle load (Static II) for the same 294 

length of time (Table 2). While half of the axle load was applied on the middle sleeper, one 295 

quarter axle load was applied on each neighbouring sleeper. In this way, 100% of the axle load 296 

was distributed over the three-sleeper track section during static loading. This distribution 297 

approach was derived from the beam-on-elastic-foundation theory. The load was distributed on 298 

three separate rail segments. The load distribution can be recalculated according to the number 299 

of sleepers and, therefore, the displacement will change. The displacement will reduce if the 300 

number of sleepers increases. 301 
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 302 

Figure 8: Distribution of axle loads over three sleepers 303 

The orange line in Figure 8 represents half of the axle load on the middle sleeper (Sleeper 2) 304 

while grey and blue lines represent a quarter of the axle load on the adjacent sleepers (Sleeper 305 

1 and Sleeper 3). The magnitudes of the loads are indicated in Table 2.  306 
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Table 2: Loading sequence of the ballasted and concrete slab track tests 307 

Test Static I Static II Cyclic I Cyclic II 

Axle Load 

(t) 
13 17 13 17 

Duration 600s 600s 1.17x106 cycles 2.20x106 cycles 

Frequency 

(Hz) 
N/A N/A 5.6 2.5 

Δt - Time 

Interval (s) 
N/A N/A 0.0065 0.0065 

Load per 

sleeper (%) 
25 50 25 25 50 25 100 100 100 100 100 100 

Load per 

actuator 

(kN) 

15.94 31.88 15.94 20.84 41.69 20.84 58.9 58.9 58.9 83.4 83.4 83.4 

Load per 

Sleeper 

(kN) 

31.88 63.76 31.88 41.68 83.38 41.68 117.8 117.8 117.8 166.8 166.8 166.8 

             Δt       Δt           Δt       Δt 

After the static tests, cyclic loading began without any load redistribution, by applying 13-308 

tonne axle load and then 17-tonne axle load on each sleeper with a time phase lag, as indicated 309 

in Table 2. This approach was implemented in both cyclic loading tests to simulate the worst-310 

case scenario and to allow direct comparisons of settlement behaviour between different track 311 

types and substructure forms, for the same cyclic loading condition. The sleepers were 312 

therefore subjected to repeated loads to simulate moving axles at 360km/h at a set frequency. 313 

The phased nature of the loading allows for principal stress rotation effects to be simulated and 314 

Figure 9 shows a typical phase/time lag between the sleepers; this phasing mimics the axle 315 

moving from one sleeper to the adjacent one in 0.0065 seconds, which is illustrated in Table 2 316 

as Δt. The cyclic tests were performed at 2 different frequencies: 1.17 million cycles at 5.6Hz 317 

and 2.2 million cycles at 2.5Hz. The load applied at 5.6Hz was oscillating between 13kN and 318 

58.9kN -Cyclic I- per actuator, giving 117.8kN per sleeper, and the load at 2.5Hz was 319 

oscillating between 5kN and 83.4kN -Cyclic II- per actuator, giving 166.8kN on each sleeper 320 

(Figure 9). 321 
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 322 
Figure 9: Time interval of sequential actuator loading of cyclic loads in a second on each sleeper 323 

4 Analysis 324 

In this section, results related to the static and cyclic loading tests are presented and analysed. 325 

Table 3: summarizes the notations and abbreviations used for the classification of the data. 326 

Different colours and shades are also used for convenience and clarity of the figures in the 327 

analysis section.  328 

Table 3: Abbreviations of the track types and sensors  329 

Substructure Embankment 
GRS-RW 

 

Superstructure Slab Ballasted Slab Ballasted 

Notation ES EB GS GB 

Pressure Cells in the subgrade SG-PC  

Pressure Cells in the FPL FPL-PC 

Pressure Cells under the Track 

T-PC1   

T-PC2   

T-PC3 

N/A 

 

Pressure Cells on the wall 
N/A 

 

W-PC1  

W-PC2  

W-PC3 

Displacements Transducers on Rail R 
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4.1 Static loading 330 

An initial static distributed axle load was applied on the considered tracks. First, 13t 331 

(127.54kN) -Static I- and then 17t (166.76kN) -Static II- were applied for approximately 10 332 

minutes each. The distribution of these axle loads, over the three-sleeper area, is described in 333 

Figure 8. The analysis of displacements of the rails and the sleepers/slab, as well as the stresses 334 

in the soil, are presented.  335 

4.1.1 Displacements 336 

Figure 10 illustrates the averaged displacements of rails on sleeper 1 and sleeper 3, which were 337 

subject to a quarter of the axle load. The average of the four displacement transducers 338 

positioned at the corners of the track was taken into account to plot the displacement curve for 339 

each track. It is evident that the rail displacement on sleepers 1 and 3 of the slab track on the 340 

conventional embankment (ES) is 13% lower than that of the slab track on GRS-RW structure 341 

(GS). The rails on ballasted track on GRS-RW structure (GB) deflected 35% more than in the 342 

case of the conventional embankment (EB). Half of the axle load was applied on sleeper 2 343 

(middle sleeper) for which the displacements of the rails are shown in Figure 11. The central 344 

rails on EB and GB tracks deflected twice as much as the rails on slab on both ES and GS 345 

tracks. However, the conventional embankment and GRS-RW structure performed in a very 346 

similar way. Additionally, as it can be seen from the comparison of Figure 10 and Figure 11, 347 

the rail displacement of sleeper 2 is nearly double of the displacement of the sleepers 1 and 3, 348 

for all four tracks. 349 

 350 
Figure 10: Average vertical displacement of the rails on sleeper 1 and 3 under static loading 351 
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 352 
Figure 11: Average vertical displacement of the rails on sleeper 2 (middle sleeper) under static 353 

loading 354 

The displacements recorded at the corners of the concrete slab-track and the ballasted track 355 

(Sleeper 1 and Sleeper 3) are shown in Figure 12, and the displacement of the middle sleeper 356 

is shown in Figure 13. The corners of the slab track deflected the similar amount, which is 357 
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unbound nature of the ballast. Additionally, the sleepers 1 and 3 in ES deflected 35 times less 362 

than in the case of EB, and for GS it is 12 times less than for GB. In the case of Sleeper 2, ES 363 

and GS deflected 33 and 35 times less than in the cases of EB and GB, respectively. 364 
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 365 

Figure 12: Average vertical displacement of sleeper 1 and 3 under static loading 366 

 367 

Figure 13: Average vertical displacement of sleeper 2 (middle sleeper) under static loading 368 
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presence of the ballast geogrid. The average stress measured under the HBL was 50% less than 376 

the stress under the ballast. The rise in the stress level when the load increased from 13t to 17t 377 

was linear in both tracks, slab and ballasted, which lead to 1.3 times higher stresses, as 378 

expected. The pressure distribution in the ballasted track can vary depending on the initial 379 

ballast condition and compaction. 380 

 381 
Figure 14: Vertical stresses immediately under the slab (ES) and the ballast (EB) tracks on the 382 

conventional embankment under static loading 383 

Figure 15 and Figure 16 illustrate the stresses in the centre of the subgrade and FPL, which 384 

are 80cm and 20cm below the FPL surface, respectively, as shown in Figure 4 for the 385 

conventional embankment and Figure 6 for the GRS-RW structure. The stress levels decreased 386 

along with depth closing the stress gap between tracks e.g. ES-FPL was 3 times smaller than 387 

EB-FPL but ES-SG was similar to EB-SG, which demonstrated a sharper decrease in the stress 388 

level in EB. This decrease was even sharper for GB since the stress in GB-FPL was roughly 389 

1.5 times higher than that in GS-FPL. However, due to the sharp decrease in the stress in GB, 390 

the stress level in GB-SG was 1.5 times lower than in GS-SG. 391 
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 393 
Figure 15: Vertical stresses in the FPL of all four tracks under static loading  394 

 395 

Figure 16: Vertical stresses in the subgrade of all four tracks under static loading 396 
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in the ES were 7 and 5 times less than the stresses in GS in the FPL and subgrade, respectively. 401 

They were 3.5 smaller in EB compared to GB. This is because of the GRS structure inducing 402 

more focused stresses in the central zone due to lower stress spread angle. Figure 17 shows 403 

the stresses acting on the retaining wall of GRS-RW. The positive stress values were recorded 404 

for the ballasted track; however, they are negligibly small for this particular GRS type. The 405 

readings for GS were in the pressure cells margin of error that allows us to conclude there was 406 

no significant stress level on the wall. 407 

 408 
Figure 17: Vertical stresses on the retaining wall for the slab (GS) and the ballast (GB) tracks on 409 

the GRS-RW structure under static loading 410 

The pressure readings on the wall, under both static and cyclic loadings, were negligibly small 411 

for these testing conditions. The pressure cells were calibrated prior to testing and it was 412 

confirmed that the cells were working properly. The GRS structure had expanded outwards 413 

under the action of compaction and reached its active state The pressure readings were lower 414 

than expected and hence this proves that the GRS structure worked as intended. The low 415 

pressure readings on the wall were also confirmed by Figure 7(d), which indicates no 416 

observable movement in the silicone sealent after the static and cyclic loadings.  417 
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4.2 Cyclic loading 418 

In a stable track system, the magnitude and the number of axle loads are the key external factors 419 

for the permanent vertical track settlement. The differential permanent settlements cause 420 

uneven track geometry. The transient displacement under individual axles is an important 421 

component of the track behaviour. In a ballasted track, for example, if the track stiffness is too 422 

low then increased settlement is likely to occur, if it is too high then increased rail wear is likely 423 

to occur as a result. The elasticity of each layer contributes to the transient displacement. In 424 

addition to the elastic behaviour of the ballast, other physical parameters such as unbound 425 

nature of ballast, aggregate angularity and density are other reasons for larger displacements of 426 

ballasted tracks. Therefore, key parameters of permanent and transient displacement need to 427 

be identified by analysing the track behaviour under individual cycle as well as total cycles. 428 

The cycles, sinusoidal displacements, from beginning and end of the tests were recorded to 429 

calculate the stiffness change over the course of the cyclic loading. The cycles occurring per 430 

second were considered for Cyclic-1 and cyclic-2 tests. Four different LVDTs on Sleeper 1 and 431 

3 were used to plot mean sinusoidal waves 432 

 433 
Figure 18: The use of bars corresponding to the peak of sinusoidal cycles 434 

In this section, bar charts are employed to represent the data for clarity. The relative peak points 435 

of cycles were recorded to determine the amplitude of the sinusoidal cyclic motion. Then the 436 
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4.3 Rail and sleeper displacements 438 

The rail deflections were obtained on the six LVDTs placed on the rails of the sleepers 1, 2 and 439 

3. The deflections of the sleepers of the slab and ballasted tracks were obtained using the 440 

records of the four LVDTs placed on sleepers 1 and 3 i.e., at the corners of the track. The 441 

smoothness of the cycles is directly linked to the performance of the data acquisition system. 442 

However, instead of plotting sinusoidal curves under cyclic loading, bar charts are used to 443 

present the maximum relative displacements. The amplitudes are determined by taking 1000 444 

cycles from the beginning of the tests and 1000 cycles before the end. The difference between 445 

the transient deflections under single cycles at the beginning and end of the loading can be 446 

neglected since it is in the margin of errors of the sensors. The figures below represent the rail 447 

displacements and the average of the six rails for all four track types.  448 

 449 

Figure 19: Average absolute displacements of the rails and sleepers (slab in the slab track case) 450 

Figure 19 indicates the displacements of all rails and sleepers, for which the magnitude of the 451 

load on each actuator at 5.6Hz, ‘Cyclic-I’, was oscillating between 13kN and 58.9kN and for 452 

2.5Hz, ‘Cyclic-II’, it was oscillating between 5kN and 83.4kN. 453 

The displacement of the rails on the slab was 1.14mm and 1.21mm on the conventional 454 

embankment and GRS-RW structure, respectively, whereas it was 1.23mm and 1.46mm in the 455 

case of the ballasted track. Stiffening of the tracks due to shakedown was evident since all rail 456 
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amplitudes decreased slightly through the end of the test. The reduction in the amplitude of the 457 

rail displacement was approximately 0.05mm for all tracks.   458 

The rails on the slab deflected in a similar way on both substructures, whereas in the ballasted 459 

track case they deflected 2.57mm under the 83.4kN cyclic loading (as mentioned above which 460 

equates to a phased 17t axle load on individual sleepers without redistribution) on GRS-RW, 461 

which is 0.51mm larger than the deflection on the conventional embankment. The reduction in 462 

amplitude in the slab rails deflection was much smaller than that on the ballasted track.  463 

Overall, the rails deflected with the largest values on ballasted track resting on GRS-RW 464 

structure (GB), as illustrated in Figure 19. On the other hand, the displacements of the rails on 465 

the slab track placed on both substructures (ES-GS) and the ballasted track on the conventional 466 

embankment (EB) were very similar, while rails deflections on ES being slightly smaller than 467 

the rest. It is worth noting that the standard deviations of rail displacements on GRS-RW were 468 

smaller than those on the conventional embankment. GRS-RW provided the most uniform rail 469 

deflections and, in addition to that, the slab track exhibited the lowest standard deviation. 470 

The slab track deflected 0.05mm and 0.1mm on ES and GS, respectively, whereas in the 471 

ballasted track case the deflection values were 0.53mm and 0.5mm on EB and GB, respectively 472 

at ‘Cyclic-I’. The mean displacement of the slab under a single cycle for ‘Cyclic-II’ loading 473 

was 0.09mm in ES and 0.11mm in GS. The displacements of the sleepers in the ballasted track 474 

were 0.95mm and 0.94mm in EB and GB, respectively.  475 

Contrary to the elastic behavior of the slab, ballast performed in a more complex manner due 476 

to its unbound and non-linear nature. While the deflection of the slab was quite uniform, 477 

according to the LVDTs on the slab, the deflection of the sleepers in the ballast varied among 478 

the LVDTs. 479 

4.3.1 Pressure Cells 480 

The maximum vertical peak stresses under Cyclic-I and Cyclic-II are presented in this section. 481 

The relative stresses were measured based on the cycles illustrated in Figure 9. The loads 482 

exerted on the sleepers were oscillating between 30kN and 117.8kN for Cyclic-I, and between 483 

9kN and 166.8kN for Cyclic-II. Therefore, the pressure cells always recorded positive values 484 

as there was always a force acting on the system. For this reason, relative magnitudes were 485 

plotted in Figure 20, Figure 21 and Figure 22 rather than absolute values, which were used 486 

for LVDTs on rails and sleepers. It is notable that for Cyclic-I with 5.6Hz cyclic loading, the 487 

amplitudes of the stresses are significantly smaller than those at Cyclic-II with 2.5Hz cyclic 488 

loading.  489 
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The average stress under the ballast (EB) was 2.1 and 1.45 times higher than the stress under 490 

HBL (ES) at Cyclic-I and –II, respectively.  Although the maximum stress was recorded in the 491 

centre of the middle sleeper in EB, the amplitudes were similar to each other for each cyclic 492 

test, whereas in ES, lower peaks and amplitudes were measured in the central pressure cell 493 

(Figure 20). 494 

 495 
Figure 20: Relative stress amplitudes at the top of FPL in ballast and concrete slab track on the 496 
conventional embankment and GRS-RW structure at Cyclic-I and -II 497 

The cyclic performance of the conventional embankment and GRS-RW was compared for FPL 498 

in Figure 21 and the subgrade in Figure 22. The peak stresses and amplitudes were lower 499 

deeper in the soil. In our experience, the pressure cells were not able to respond quickly enough 500 

to the change in pressure under the high frequency cyclic loading but, in the low frequency 501 

regime, they responded promptly. The highest-pressure levels were recorded in the subgrade 502 

and FPL of the GRS-RW track. The pressures were highly influenced by the boundaries of the 503 

tracks.  504 
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 505 

Figure 21: Relative stress amplitudes in FPL in ballast and concrete slab track on the conventional 506 
embankment and GRS-RW structure at Cyclic-I and -II 507 

 508 
Figure 22: Relative stress amplitudes in subgrade in ballast and concrete slab track on the 509 

conventional embankment and GRS-RW structure at Cyclic-I and -II 510 
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analyses were conducted for ballasted, ballastless and trackbeds with hot mixed asphalt (HMA) 514 

railways. The stress values or range values obtained at the top surface of the FPL under 515 

different axle loads and speeds are presented with references in Table 4. 516 

Table 4: Stress measurements on top of the FPL (immediately under ballast/HBL) by 517 

various researchers 518 

Reference Analysis type Track Type 
Axle 

Load (t) 

Train Speed 

(km/h) 

Stress 

(kPa) 

Liu and Xiao (2010)-I Field Ballast 22.50 120 29.9 

Liu and Xiao (2010)-II Field Ballast 14.00 200 13.85 

Bian et al (2014)-I Field Slab 14 330 14.6 

Bian et al (2014)-II Full scale test Slab 14 330 15.9 

Bian et al (2014)-III Full scale test Slab 17 5-360 18.2-19.6 

Bian et al (2014)-IV Full scale test Slab 17 108-360 21.9-23.8 

Indraratna et al (2010)- I Field Ballast 25 60 86.38 

Indraratna et al (2010)- II Field Ballast 20.5 60 62.91 

Xiaohong et al (2011) Field Slab 14 280-350 14.6-16.9 

Hu and Li (2010)-I Field Slab 16 140-326 15-20 

Hu and Li (2010)-II Field Slab 16 220-297 13-20 

Dong et al (2008) Field Slab 14 45-160 10.2-17.6 

Nie, et al (2005) Field Ballast 19.5 200-330 71.8-71.4 

Hu and Li (2010)-III Field Ballast 22.5 10-400 70-100 

Lamas-Lopez et al (2016)-I Field Ballast 22.5 60-200 13.0-14.2 

Lamas-Lopez et al (2016)-II Field Ballast 10.5 60-200 8.2-9.7 

Brown et al (2007) Full scale test Ballast 22.5 28 43-61 

Zhang et al (2019)-I Full scale test Ballast 18 200 28.95 

Zhang et al (2019)-II Full scale test Ballast 25 120 37.8 

Li (2018)-I Full scale test Ballast 35.4 0 83 

Li (2018)-II Full scale test HMA+Ballast 35.4 0 48-55 

Li (2018)-III Full scale test Geocell+Ballast 35.4 0 65.5 

Li (2018)-IV Full scale test HMA+Ballast 34.5 64 57.4 

Jiang et al (2016)-I 3D FEM Slab 14 360 15.6 

Jiang et al (2016)-II Field Slab 14 270 19.5 

Cardona et al (2014)-I Field+2D FEM Ballast 17 320 25.39 

Cardona et al (2014)-II 2D FEM GB+TS 17 320 15.16 

Cardona et al (2014)-III Field+ 2D FEM GB 17 320 8.91 

Rose et al (2004)-I Field HMA+Ballast 36 - 57.27 

Rose et al (2004)-II FEM-Kentrack HMA+Ballast 36 - 55.2 

Bian et al (2018) Field+3D FEM Slab 25 12.8-13.12 36-360 
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Grabe et al (2005) Field+Geotrack Ballast 26 47.5 100-108 

Yang et al (2009) 2D FEM Ballast 26 47.5 112-113 

Domingo et al (2014) 3D FEM Ballast 17 0 72.98 

Slab-ST1-Fadum Analytical Slab 13 0 25.54 

Slab-ST2- Fadum Analytical Slab 17 0 33.41 

Ballast-ST1- Fadum Analytical Ballast 13 0 39.1 

Ballast-ST2- Fadum Analytical Ballast 17 0 50.36 

In addition to the measurements found in the literature, an analytical solution based on Fadum’s 519 

chart [53] was considered for static loading to carry out a comparison with the outcomes of the 520 

presented experimental testing. The locations of the calculated stresses were the same as the 521 

depths of the pressure cells T-PC2, FPL-PC and SG-PC, with the depths being taken from the 522 

bottom of the ballast at 50mm, 200mm, and 800mm, respectively. The data collected in the 523 

current testing was used for comparison against the results found in the literature.  524 

 525 
Figure 23: Absolute static stresses along depth from the surface of FPL  526 

An empirical formula computing the vertical dynamic stress according to the Chinese high-527 
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where α is a speed coefficient, υ is the speed of the train and P is the axle load. As the stress 530 

value is linearly related to the axle load [61, 53], absolute stress measurements presented by 531 

other authors shown in Figure 23 were recalculated for the value of 17t axle load for 532 

comparison purpose, as shown in Figure 24: Relative static stresses along depth from the 533 

surface of FPLFigure 24. 534 

 535 
Figure 24: Relative static stresses along depth from the surface of FPL  536 

The recalculated values represent the peak stresses along with the depth under static loading 537 

(Static-II). The stresses in ES and EB showed the lowest levels which are similar to the values 538 

presented by [25] in a trackbed with 200mm ballast and supported by 200mm thick HMA. 539 

Although the stresses in GS and GB were significantly higher than those in ES and EB, 540 

respectively, they matched well with the analytical results using Fadum’s chart. Fadum’s 541 

calculation assumes an infinitely large soil domain and does not take confinement into account. 542 

This proves the GRS-RW structure mimics well real rail track conditions as the lateral 543 

confinement is only provided by the geogrid and steel bars, whereas in the conventional 544 

embankment specimen, the lateral confinement was provided by the fixed metal walls.  545 
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 546 

Figure 25: Comparison of vertical peak stresses from the FPL surface at Cyclic-I test (Estimated 547 

sleeper-ballast pressure 180-245kPa) 548 

The absolute dynamic peak stresses under Cyclic-I loading at various locations beneath the 549 

track are presented in Figure 25 . The stress value immediately under the middle sleeper was 550 

found to be 235kPa for Cyclic-I test. The stress values in the conventional embankment were 551 

smaller than those in the GRS-RW structure due to the lower deviatoric stresses. This is due to 552 

the lateral confinement provided by the fully fixed metal walls in the conventional 553 

embankment, whereas in the GRS-RW, the lateral confinement is provided by the geogrid 554 

reinforcement. The stress values decreased in the locations between 20cm and 80cm in the soil 555 

by 19% for ES, 68% for EB, 38% for GS and 62% for GB. The stress data collected for the 556 

ballasted track on the conventional embankment showed good agreement with that of the full-557 

scale ballasted tests with similar axle load performed by Zhang et al. (2019)-1 [30].  558 
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 560 

Figure 26: Comparison of vertical peak stresses from the FPL surface at Cyclic-II test (Estimated 561 

sleeper-ballast pressure 245-360kPa) 562 

The stress under a sleeper during Cyclic-II testing was 333.5kPa. The measured stresses in the 563 

subgrade and the FPL show the values decreased by 17% for ES, 53% for EB, 31% for GS, 564 

and 54% for GB. The field data of a slab track resting on a conventional embankment collected 565 

by Bian et al. [40] had similar results as those of ES, which was subjected to similar axle loads 566 

Figure 26.  567 

5 Conclusions 568 

A full-scale testing facility was used to identify the maximum vertical stresses in a low-level 569 

fully confined conventional embankment and a geosynthetically reinforced soil with retaining 570 

walls (GRS-RW). The transient displacements of the tracks and rails were obtained under two 571 

types of static and cyclic loadings. The phased manner of the actuators cyclic loading simulated 572 

the passage of a train traversing at 360km/h. The results were compared against published data, 573 

recorded during field measurements, full-scale laboratory testing, and numerical simulations 574 

carried and showed good agreement. The following conclusions were drawn: 575 

 Although the stress levels in GRS-RW track were higher than in the conventional 576 

embankment, the decrease in stress with depth was greater. The stress on the wall under 577 

static and cyclic loading was negligibly small for these test setup conditions. This may 578 

not be the case for larger structures or more complex loading conditions. 579 
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 The pressure recordings on the GRS-RW wall were negligibly small as the readings 580 

were within the margin of the sensor errors. This proves that the GRS reached its active 581 

state and that the reinforced soil was already self-standing under its self-weight and 582 

train loads, therefore, there was practically no pressure on the walls. It was also 583 

observed during testing that the silicone sealant placed on the edges of the wall was 584 

intact after the tests, proving there are no observable movements of the walls. 585 

 Overall, the stresses measured were consistent with other published works depending 586 

on the substructure. Based on the static and cyclic tests, the stress values in the soil of 587 

the GRS-RW structure were similar to field investigations performed by other 588 

researchers, and analytical solutions.  589 

 The rails on slab tracks deflected similarly on both the conventional embankment and 590 

GRS-RW structure, while the rails on the ballasted track deflected 20% less on the 591 

conventional embankment compared to the ballasted track on GRS-RW. The sleeper 592 

displacements on the other hand were similar for the same type of superstructure. 593 
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