
This is a repository copy of Influence of Water Content on Track Degradation at Transition 
Zones.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/171977/

Version: Accepted Version

Article:

Zhu, F and Heitor, A orcid.org/0000-0002-2346-8250 (2022) Influence of Water Content on 
Track Degradation at Transition Zones. Transportation Infrastructure Geotechnology, 9 (1).
pp. 32-53. ISSN 2196-7202 

https://doi.org/10.1007/s40515-021-00151-0

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Reuse 

Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless 
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by 
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of 
the full text version. This is indicated by the licence information on the White Rose Research Online record 
for the item. 

Takedown 

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 



1 

 

Influence of water content on track degradation at transition zones 1 

 2 

Fangda Zhu BEng, MSc (corresponding author) 3 

School of Civil Engineering, University of Leeds, Leeds, UK 4 

ml18f4z@leeds.ac.uk  5 

 6 

 7 

Ana Heitor   LicEng, MEng, PhD, MIEAust 8 

Lecturer in Geotechnical Engineering, School of Civil Engineering, University of Leeds, Leeds, UK  9 

a.heitor@leeds.ac.uk 10 

 11 

 12 

Submitted to: Transportation Infrastructure Geotechnology 13 

Words: 8750 (excluding abstract and references)  14 

Figures: 21 15 

Tables: 9 16 

  17 

mailto:ml18f4z@leeds.ac.uk
mailto:a.heitor@leeds.ac.uk


2 

 

ABSTRACT 18 

This study aims to explore the role of water retention behaviour in the track degradation of the 19 

transition zone by examining the influence of water content variation. A model of railway bridge 20 

approach transition was built in the PLAXIS 3D to simulate the track degradation under diverse 21 

water content scenarios. A wedge-shaped backfill with unbound granular material (UGM) was 22 

simulated as a technical solution between the bridge abutment and open track. The most 23 

distinctive characteristic of the model is that the direct relationship between soil water content 24 

and soil displacement can be explored. To achieve this, the seasonal change in the soil moisture 25 

content of subsoil was simulated as the independent variable. The water content variation 26 

adopted mimicked the wet season (𝜔= 7.6%), as-compacted (𝜔= 5.6%) and dry season (𝜔= 27 

3.6%) water content conditions. The results indicate that higher soil strains and displacements 28 

are obtained for high water contents. This indicates that there is a clear correlation between soil 29 

water retention and track displacements. In addition, the results suggest that a reduction in water 30 

content in the track substructure can be effective in mitigating in service settlement as overall 31 

track stiffness increases as a result. However, this effect is more pronounced at the track level 32 

and becomes less importance at higher depth in the formation layer. This study also shows that 33 

the bump from the bridge structure to backfill can be mitigated and smooth track geometry from 34 

the backfill and the open track can be achieved by manipulating the water content.  35 

 36 
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1 Introduction  38 

Track degradation is a major problem in the railway transitions (or approaches), and the main cause 39 

of frequent track maintenance works. Compared with the other sections in the railway, the transition 40 

zone between the abutment and embankments is an area requiring frequent inspection and high 41 

maintenance costs due to the geometric failure. Figure 1 shows a settlement comparison between 42 

the different sections of track, i.e. on the bridge, approach and open track (Li and Davis, 2005). It 43 

can be observed that larger settlements occur in the approach and exceeds that of open track despite 44 

having a higher stiffness. These excessive settlements lead to the deterioration of track geometry 45 

and thus require frequent and costly repair maintenance. For instance, the maintenance requirements  46 

in the transition zones can be up to eight times higher than the normal section of track (Varandas et 47 

al., 2014), and can amount to 110 million dollars and 200 million dollars annually in Europe and 48 

USA, respectively (Sañudo et al., 2016). Past studies have shown that larger incidence of track 49 

settlement in these locations are mainly due to difference in stiffness between a relatively rigid 50 

approach to a relatively soft open track supported for subsoil formations.  51 

This paper explores the role of water retention in the degradation of the railway transition. The 52 

factors related to hydraulic condition change are vital contributors to differential settlement and 53 

seriously affect the track performance. The excessive settlement in substructure can be mitigated by 54 

simulating the in-situ scenarios and exploring the optimum value of the moisture content of 55 

compacted soil. A direct relationship between water content and degradation has yet to be 56 

adequately defined. To explore the relationship between soil strain and its water retention behaviour, 57 
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the numerical analysis is required. This paper presents a numerical analysis based on the PLAXIS 58 

3D a finite element software.  59 

 60 

2. Railway transitions  61 

Transitions may be defined as locations where there is a change in railway track stiffness from 62 

ballasted track to a fixed track structure, such as concrete slab-track or a fixed bridge deck. They 63 

can be classified in different categories, i.e. abutment to embankment transition, ballast track to slab 64 

track transition, bridge to embankment transition (Woodward et al., 2014), at the tunnel entrance 65 

and exits, at railway grade crossings, at locations where rigid culverts are installed in ballasted track 66 

(Kerr and Moroney, 1995) (Gallego et al., 2012). 67 

Failures and performance shortcomings in a bridge approach transition zone, can arise from a range 68 

of different factors and those are summarized in Figure 2 (Gallage et al., 2013a). Among those, one 69 

of the most typical structural problems is degradation that can lead to several problems regarding 70 

the rail geometry, vehicle movement and passenger ride quality. While the track degradation of the 71 

transition zone is mainly caused by the change in vertical stiffness, other factors also play a role, i.e. 72 

settlement in ballast, subballast derived from fouling, fill and subgrade deformation, and the track 73 

damping characteristics (Mishra et al., 2014). In addition, under repeated loads, a high degree of 74 

plastic strain will be accumulated in the ballast layer under high speed railway, because of the 75 

densification or particle breakdown under high and intense vertical and lateral force (Kennedy et al., 76 
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2013). Gallage et al. (2013b) postulated that there are three mechanisms causing the degradation in 77 

the transition. They are subgrade attrition, massive subgrade shear failure, and excessive 78 

consolidation settlement. The degradation might be catalysed by the reduction in shear strength of 79 

subgrade soil due to the change in water content (Gallage et al., 2013b). 80 

2.3 Resilient modulus and the role of water content 81 

Past studies recognise the critical role played by the soil moisture content and its influence on the 82 

resilient modulus and stiffness (Liang et al., 2008). While there have been several correlations 83 

between soil resilient modulus and moisture content proposed, there is a general agreement that the 84 

resilient modulus increases with decreasing moisture content. Seed et al. (1962) proposed a 85 

correlation illustrated in Figure 3, which resulted by the 27 repeated load triaxial tests on the 86 

railway subgrade fine-grained soil and plotted as the theory of. In Figure 3, the M / Mopt denotes the 87 

ratio between the resilient modulus at a given water content to the resilient modulus at optimum 88 

water content. The negative correlation can be clearly observed, which was also found by the 89 

literature (Sauer and Monismith, 1968) (Culley, 1971) (Robnett and Thompson, 1976) (Fredlund et 90 

al., 1977) (Edil and Motan, 1979) (Elfino and Davidson, 1989). 91 

Figure 4 illustrates the resilient modulus of subgrade soils under repeated traffic loading (Huang, 92 

1993). The resilient modulus indicates the soil stiffness or stress-strain relationship under the 93 

repeated loads or traffic loads (Kodikara and Yeo, 2015). For instance, Seed et al. proposed that the 94 

resilient modulus is influenced by only bulk stress (Seed et al., 1967), however, tests done on the 95 
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subgrade soil indicated that the magnitude of deviator stress has a greater effect than the confining 96 

pressure (Li and Selig, 1994). However, soil properties and some external parameters also affect the 97 

resilience modulus. A systematic study on the dependency of resilient modulus on compaction 98 

method and relative compaction, moisture content and its seasonal change, soil mineral properties 99 

and its plastic index has been conducted by (Dhir et al., 2019). The railway subgrade always 100 

undergoes some risks from water variation during service, such as infiltration resulting from 101 

precipitation and evaporation, inundation and overtopping, flooding and rising level of the water 102 

table (Yang et al., 2005). The resilient modulus is found to be sensitive to the periodic change in 103 

water content (Liang et al., 2008). The resilient modulus for fine-grained soil in subgrade was 104 

determined by the Equation 1 proposed by Drumm, E. C., and R. Meier (Drumm and Meier, 2003) 105 

and based on the climatic model from MEPDG (Olidid and Hein, 2004). Drumm, E.C. and R.Meier 106 

created the linear relationship between volumetric water content and the resilient modulus, but it did 107 

not include any parameter related to stress state.  108 

M𝑟 = 27.06 − 0.526𝜃          𝑓𝑜𝑟 𝛾𝑑 > 100𝑙𝑏/𝑓𝑡3                (1) 109 

M𝑟 = 18.18 − 0.404𝜃          𝑓𝑜𝑟 𝛾𝑑 < 100𝑙𝑏/𝑓𝑡3 110 

where 111 

     M𝑟= resilient modulus(kips/𝑖𝑛2) 112 

     𝜃 = volumetric water content(%) 113 

     𝛾𝑑= dry density(𝑙𝑏/𝑓𝑡3) 114 

 115 

Similarly, MEPDG also presented the Equation 2 indicating the change in resilient modulus due to 116 
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the variation in the saturation or water content of the soil, as follows. 117 

log 𝑀𝑅𝑀𝑅𝑜𝑝𝑡 = 𝑎 +  𝑏 − 𝑎1 + exp (𝐼𝑛 −𝑏𝑎 +  𝑘𝑚 ∗ (𝑆 − 𝑆𝑜𝑝𝑡))                     (2) 118 

where 
𝑀𝑅𝑀𝑅𝑜𝑝𝑡 resilient modulus ratio; 𝑀𝑅 resilient modulus at a given degree of saturation; 119 𝑀𝑅𝑜𝑝𝑡resilient modulus at a reference condition; a minimum of log

𝑀𝑅𝑀𝑅𝑜𝑝𝑡; b=maximum 120 

of log
𝑀𝑅𝑀𝑅𝑜𝑝𝑡; km=regression parameter; and (𝑆 − 𝑆𝑜𝑝𝑡)= variation in degree of saturation expressed 121 

in decimals. The parameters a, b, 𝑘𝑚 varys from coarse-grained and fine-grained materials. 122 

 123 

 For the same material, the change in its water content gives rise to the change in its soil suction, 124 

which could be observed from its soil-water characteristic curve SWCC. Past studies suggest that 125 

the soil suction has a relatively strong influence on the resilient modulus. For example, Finn et al. 126 

(1972). found the linear relationship between soil suction and its resilient modulus (Finn et al., 127 

1972). A equation involving matric suction, axial stress, net confining stress was proposed in 1975 128 

(Fredlund et al., 1977).  129 

 130 

2.4 Finite element analysis of the railway transition 131 

The calculation of the transient deformation at the certain depth of railway embankment is 132 

cumbersome by applying existing analytical formulations. In addition, some dynamic effects 133 

influence the behaviour of the embankment structure, for example, the vibration, the particle 134 

acceleration in the ballast layer, the limitation from the critical speed and response of bump that are 135 
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not readily estimated. Therefore, the numerical analysis is required for the complex system 136 

simulation. There are several published studies that have conducted numerical analysis of railway 137 

transition zones. For instance, 1D and 2D dynamic models were built by Schooleman (2010) to 138 

study the influence of varying stiffness on the vertical acceleration in the transition zone with the 139 

simulated speed at 300km/h (Horníček et al., 2010). The recommendation for 2m deep cement 140 

stabilised backfill USP standard track construction has been made, and resulted from the 3-D 141 

vehicle-track dynamic simulation program (Li and Davis, 2005). A three-dimensional model with 142 

boundary conditions has been built by Gallego Giner and A López Pita (2009) to explore influences 143 

from the diverse soil with its elastoplastic behaviour. They suggested that the optimum value of 144 

slope for two types of profiles referring to the wedge applied in the embankment of the transition 145 

zone, and the requirement of filling material for the different original ground has been presented 146 

(Gallego Giner and López Pita, 2009). Seara and Gomes (2010) performed a 2D analysis in 147 

subgrade elements and found the best ratio of stiffness between two inverted transition wedges 148 

(Seara and Correia, 2010). The influence of the water Table change on the behaviour of the 149 

substructure has been examined. The result suggested that the settlement is 30 times when the 150 

ground water table increases by 50.7% at the subgrade surface (Bian et al., 2016). For the transition 151 

zone, all the related value of numerical analysis have been provided from the book Design of Track 152 

Transition (Read and Li, 2006). 153 

 154 
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THE FINITE ELEMENT MODEL OF STRUCTURE-EMBANKMENT TRANSITION 155 

Soil model 156 

The railway transition model is built as 200 m long, 35m in width, with a 7.5 m deep foundation, 157 

which is defined by Y, X, Z separately. The bridge-embankment transition with a technical solution 158 

is modelling by a three-dimensional finite element model in Figure 5, where the subsoil consisted of 159 

three sections in a longitudinal direction. From bridge end to open track, they are abutment, backfill, 160 

original ground. 161 

This model applies the technical solution called wedge-shaped backfill, which provides a smooth 162 

transition between high stiffness of the abutment and low stiffness of the original ground. The 163 

wedge-shaped backfill between the abutment and the original ground is simulated. It is used as a 164 

technical solution of railway transition.  165 

In terms of the geometry of the foundation along the track, the specific design of this wedge-shaped 166 

backfill applies the value of P.B. type design which refers a slope type connecting the upper end of 167 

abutment and bottom end of embankment mentioned by Gallego Giner and López Pita (2009). The 168 

slopes in abutment end and original ground end are 2:1 (horizontal to vertical). In the longitudinal 169 

direction, the length of the abutment, backfill, natural ground are 60m, 60m, 80m respectively. This 170 

profiles represents  a high speed rail track model targeting at the dynamic response in the 171 

subgrade-structure system similar to that reported in past studies (Shan et al., 2013). 172 

 The open track foundation consists of three soil layers, mimicking a typical stratigraphic profile of 173 
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a railway site, where the subsoil is collected and tested to perform a numerical analysis over ground 174 

vibration affecting rail deflection (Connolly et al., 2013).  175 

Materials properties and material models 176 

The soils, abutment, backfill, the natural ground is analysed by applying diverse models which can 177 

represent their essential stress-strain behaviour. The foundation of the open track consists of three 178 

layers. The upper layer is a 2.7 m depth silt and the second layer consisted of 3.9 m of clay. For 179 

these two top two layers, the Mohr-Coulomb model is selected. In contrast, the third layer is set to 180 

be 0.9 m thick sand, which is modelled by the hardening soil with small strain model. The 181 

hardening soil small strain model or HSS-small model is used because the vertical stress induced by 182 

train vehicles causes relatively small strain in such deep soil. The material properties of 183 

wedge-shaped backfill are in accordance with a past study (Gallego Giner and López Pita, 2009). In 184 

the proposed transition design designated as a PB type transition by Gallego Giner and López Pita 185 

(2009), the cement-treated granular material short for MGT is filled into the wedge-shaped backfill. 186 

In this paper, the Mohr-Coulomb model is selected to express the behaviour of backfill soil. An 187 

elastic, isotropic and linear model is used to reflect the properties of the bridge abutment. Table 1 188 

summaries the material properties of subsoil used in numerical analysis.  189 

The Mohr-Coulomb model is considered as the 'first-order' approximation of soil，which is widely 190 

used in finite element analysis of soil. It involves five input parameters, i.e. Young's modulus E and 191 

Poisson's ratio nu (ν) for soil elasticity; cohesion c, friction angle (φ) and dilatancy angle (ψ) for soil 192 
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plasticity (Bentley, 2020). In PLAXIS 3D, the stiffness of certain soil layers can be defined as a 193 

constant value or increase with depth. The full Mohr-Coulomb yield condition consists of six yield 194 

functions that can be expressed in terms of three principal stresses (Smith, 2004), as shown as 195 

follows,  196 

𝑓𝑖 = 12 (𝜎2 − 𝜎3) + 12 (𝜎2 + 𝜎3) sin 𝜑 − 𝑐 cos 𝜑 ≤ 0               (3) 197 

Where ϕ is friction angle and c is cohesion, and 𝑓𝑖 is used to denote each individual yield function. 198 

As Mohr-Coulomb model does not take into account the stress-dependency nor stress-path 199 

dependency nor strain dependency of stiffness, the Hardening Soil model with small-strain stiffness 200 

(HSS) is selected for layers in which low strain levels are attained and these exhibit a higher 201 

stiffness than at engineering strain levels, which varies non-linearly with strain level. This model 202 

was selected to calculate the strain of three layers in the foundation because the effective stress is 203 

relatively low. From test data, sufficient agreement is found that the stress-strain curve for small 204 

strains can be adequately described by a simple hyperbolic law. The hyperbolic law can roughly 205 

describe the stress-strain curve of the HSS model, proposed by Hardin & Drnevich (1973), shown 206 

in Equation 4 207 

 𝐺𝑆𝐺0 = 11 + ⌈ 𝛾𝛾𝑟⌉                                                                (4) 209 

              208 

Where 𝐺𝑆 is shear modulus, 𝐺0 is reference shear modulus at very small strains, 𝛾 refers to 210 

strain, 𝛾𝑟 is threshold strain. 211 
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The linear elastic model is based on Hooke's law of isotropic elasticity. This model is used to model 212 

stiff volumes in the soil, like concrete walls or cement. In this FEA, the abutment of the bridge, 213 

which is made of concrete and reinforced material, applies the linear elastic model.  214 

 215 

Track modelling 216 

Geometry and configuration of the track model 217 

The geometric properties and layers configuration of the embankment is modelled in accordance 218 

with the International Union of Railways specification (International Union of Railways, 1994) and 219 

a track model reported by Connolly et al. (2013).  As Figure 6 shows, a 3D track model is built to 220 

simulate the embankment on the railway transition. The track model is determined by the isosceles 221 

trapezoid of the embankment, where the geometric parameters like upper width, bottom width, 222 

height follow the conventional railway track regulation. In the longitudinal direction, the track 223 

model is set as 200m, where the axle load moves along the track. This length ensures the moving 224 

load passes by the whole transition zone and results in a clear profile of the soil strain. The slope of 225 

the embankment is the ratio of horizontal value to vertical value, which is an essential parameter 226 

determining the stability of an embankment. Generally, it varies from site to site, according to 227 

different ground condition. In this model, the slope of 1.5:1 is used. From the bottom to the top, 228 

three layers with different height are modelled, subgrade, subballast and ballast. Ballast consisted of 229 

granular material supports the superstructure of track directly, which ensures a relatively good 230 
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stiffness and permeability. It is as thick as 0.3 m. Subballast always considered as a separation 231 

between ballast and subgrade that prevent the small particles or contamination invading the 232 

subgrade, causing the deterioration of track geometry. The thickness of subballast is set at 0.2 m in 233 

this paper. At the bottom of track substructure, subgrade provides good stability of the whole 234 

embankment and its thickness is the biggest among these three layers. It is defined as 0.5 m of its 235 

thickness. The track model is built in accordance with the report targeting at the dynamic analysis of 236 

track deflection proposed as PLAXIS 3D publication (Shahraki et al., 2016).  237 

As Figure 7 shows, there are sleepers directly installed on the formation of ballast which are then 238 

supported by the embankment,. The array of sleepers extends along the Y direction, where the 239 

interval between each sleeper is 0.6m. In the PLAXIS 3D, the sleepers are modelled as the elastic 240 

beam. Figure 7 shows the cross-section of sleepers, where the shape and size of sleepers are 241 

presented (Kaewunruen and Remennikov, 2020). The design is used to simulate the sleepers. The 242 

crosssection shows that the sleeper has the same value in width and height as 0.02 m. in the traverse 243 

direction, the sleeper as long as 0.24 m. The rails are placed following the Europe standard gauge 244 

1.435m. It is modelled by two lines which directly contact with the train and define the path of the 245 

moving loads.  246 

Track modulus and rail 247 

As an essential indicator, the track modulus is considered to represent the stiffness behaviour of a 248 

whole track structure, the load-carrying capacity. In addition, the high track modulus reflects better 249 
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support for the track and results in a less track deflection. Generally, beam on elastic foundation 250 

short for BOEF theory and GEOTRACK theory are two main theories used to calculate the track 251 

modulus. The beam on elastic foundation model proposed and advanced by relevant engineers and 252 

researchers (Winkler, 1867) (Timoshenko, 1921). It is defined to describe the modulus of vertical 253 

rail deflection versus the supporting force. It is classic theory to measure the rail deflection and it is 254 

assumed as a beam laying on the elastic system. Based on the BOEF model, the track modulus can 255 

be expressed by Equation 5, as follows,  256 

𝜇 =  − 𝑞𝛿                                                                                 (5) 258 

                                     257 

Where, 𝜇 is track modulus, 𝛿 is rail deflection, 𝑞 is a function involving load, track modulus, 259 

rail modulus of elasticity, the rail moment of inertia, the distance from the load. Proposed by Chang 260 

et al. (1980), GEOTRACK model is an analytical model that incorporates all major components of 261 

the track superstructure and substructure, that is, rail, tie, fastener, ballast, subballast, and subgrade. 262 

Li et al. based on the GEOTRACK model, compared the influence of all track components on the 263 

track modulus, which is summarised by Figure 8. The numbers or letters in the Figure 8 represent 264 

the upper and lower bounds of the variables considered. The changes in track vertical lines indicate 265 

modulus caused by the change in each individual variable. Each component has upper and lower 266 

bounds of its value denoted by two points at both ends of the line from a parametric study done by 267 

Li et al. (2016). The dominant difference of track modulus caused by the change of resilient 268 

modulus of subgrade can be observed from the figure. When the resilient modulus of subgrade 269 
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increases from 14 MPa to 138MPa, the track modulus has an increment of approximately 8 times. 270 

Compared with subgrade, change in stiffness of other track components have less contribution to 271 

the variation of track modulus. The material properties of ballast and subballast have relatively less 272 

influence on the track modulus, which makes a fluctuation within 5 MPa. A slight influence of the 273 

stiffness of rail fasten can be seen from this figure, as much as 15 MPa increments of track modulus. 274 

But it has a limited effect on the overall track modulus, compared with the subgrade. It could be 275 

summarised from this figure that the subgrade plays a dominant part among all track components in 276 

the track modulus and determines the track deflection directly. In this track model, the rail is not 277 

simulated, which has a limited impact on the overall track modulus and track settlement. As the 278 

behaviour of subgrade dominates the track modulus, the stiffness of subgrade is sensitive to the 279 

water content, the lack of rail has a limited effect on the result.  280 

 281 

Track Modelling  282 

The track model involves two types of materials, soil and beam. The beam donates the sleepers, and 283 

ballast, subballast and subgrade are considered as same features as soil. The properties of 284 

embankment layers listed by Table 2 are in accordance with the properties of the material from the 285 

PLAXIS report about dynamic load analysis of railway transition, where the data collected and 286 

tested from the high-speed rail site (Shahraki et al., 2016). Compared with the recommended values 287 

of the substructure layer proposed in a book named railway geotechnics, those values are in the 288 
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normal range of their materials (Li et al., 2015). According to Li et al. (2015) research, the resilient 289 

modulus of ballast, ranging from 140 to 550 MPa, and the value 300MPa used by the simulation is 290 

within this range. Generally, the in-situ engineering properties of the material are collected and 291 

tested in the form of the specimen in the laboratory, but the existing values of these layers are 292 

applied by this finite element simulation. In the superstructure, the cohesion of clean ballast is set at  293 

0. Both cohesion and Young’s modulus is relatively important to the stress-strain calculation 294 

because the materials are modelled by the Mohr-Coulomb model. The fine-grained material is filled 295 

with the subgrade. The parameters and strength and stiffness properties used by this simulation are 296 

listed in Table 2. The properties of three embankment layers are listed by Table 2. All these layers 297 

are considered as the same features as soil or interface. The Mohr-Coulomb model generally used to 298 

describe soil strain, so it is chosen to model its stress-strain profile in this simulation. Different from 299 

the subballast and subgrade, the ballast layer consisted of the granular material essential to the track 300 

drainage. For ballast a drained condition is set as its drainage whereas for subballast and subgrade, 301 

the undrained mode is selected. In the subballast and subgrade layers, the excess pore pressure is 302 

calculated though they are above phreatic level. On the ballast surface, sleeper B70 is chosen and it 303 

is modelled by the beam type, where linear elastic denotes its feature. Table 3 lists the properties 304 

defining the sleeper. In PLAXIS 3D, the geometry of the sleeper is defined by setting its properties, 305 

including height, width, area and length. Regarding the properties of the sleeper, Young’s modulus, 306 

Moment of inertia against bending around the second axis or third axis are key parameters 307 

determining the system stiffness.  308 
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 309 

 Moving load modelling 310 

Regarding the moving load applied in the track in the transition zone, an ICE train is modelled by 311 

inducing the moving point load P on its path. According to the technical details of the ICE train, the 312 

axle mass of this train is 16 tons, and wheel mass is 8 tons. The distance between two adjacent axles 313 

within one bogie is 2.7m, and the distance from first and last axles within one carriage is 21.7m. 314 

The dimensions of an ICE train and calculated length for the model is presented in Figure 9 315 

(Shahraki et al., 2016). Limited by the size of the calculation profile, only one carriage of the 316 

selected train can be simulated. Four axles are simulated by four sets of moving loads to model the 317 

dynamic effect of the passenger train. The moving point load of 128kN denoting the wheel load, 318 

which is directly induced on the rail. And the train is moving forward in a velocity of 20 m/s. The 319 

technical details of the train are summarised in Table 4. 320 

 Role of water content in the track degradation 321 

 Relationship between moisture content and modulus of elasticity 322 

This paper aims at exploring the role of water retention in the degradation of the railway transition 323 

zone. Young's modulus is a general parameter indicating the material stiffness and denoted by 324 𝐸, 𝐸𝑡, 𝐸𝑢𝑟 in PLAXIS 3D, which represent Young’s modulus, tangent elastic modulus and resilient 325 

modulus. In this case, the resilient modulus is chosen to indicate the performance of the track during 326 

loading and unloading. However, in the PLAXIS 3D models: Mohr-Coulomb model and Hardening 327 
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soil small strain model, the three stiffness related modulus are only defined as constant or linear 328 

change with depth with these two models. Given the limitation of models, the main finite element 329 

analysis is divided into two main research sections, one exploring the role of water retention in the 330 

subsoil behaviour and the other the numerical analysis of track settlement in the railway transition. 331 

Four approaches, exploring the relationship between water content and resilient modulus, are 332 

introduced. The resilient modulus calculated by four approaches is summarised by Table 7. The 333 

values are compared with the in situ values tested by the plate load test in a transition of the 334 

Portuguese railway line, which indicates that the resilient modulus calculated from approach 3 by 335 

Yang et al. (2005) is chosen for finite element simulation.  336 

 Approaches incorporating Resilient modulus and soil moisture content 337 

To determine the relationship between water content and resilient modulus, the simulation compares 338 

four values of resilient modulus that result from the application of four different approaches. In this 339 

case, the wedge-shaped backfill is filled with unbound granular material short for UGM, which is 340 

calculated by four approaches proposed by previous research. The detailed procedure of calculating 341 

the resilient modulus of backfill is presented below. The result of the calculation is listed and 342 

compared by Table 7. In Table 7, a set of hydraulic scenarios is defined to simulate the seasonal 343 

change in the water content of backfill material, resulting in the variance of its resilient modulus. 344 

The analysis of four values of resilient modulus is conducted, and one group of values is selected as 345 

the input parameter of wedge-shaped backfill.  346 
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Approach 1:  Resilient modulus influenced by moisture content Huang (1993) 347 

Proposed by Huang (1993), Equation 6 and Equation 7 calculate the resilient modulus of subgrade 348 

soils under repeated traffic loading based on different dry density of soil. The input is water content, 349 

and output is the resilient modulus. According to the saturated dry density of backfill listed by Table 350 

1, Equation 7 is chosen to calculate the resilient modulus. 351 

 352 

M𝑟 = 27.06 − 0.526𝜃          𝑓𝑜𝑟 𝛾𝑑 > 100𝑙𝑏/𝑓𝑡3               (6) 353 

M𝑟 = 18.18 − 0.404𝜃          𝑓𝑜𝑟 𝛾𝑑 < 100𝑙𝑏/𝑓𝑡3              (7) 354 

Where 355 

     M𝑟= resilient modulus(kips/𝑖𝑛2) 356 

     𝜃 = volumetric water content(%) 357 

     𝛾𝑑= dry density(𝑙𝑏/𝑓𝑡3) 358 

Approach 2: Resilient modulus influenced by matric suction by Ceratti et al. (2004) 359 

The first procedure of approach 2 is to estimate the water suction characteristic relation of soil 360 

A-7-6 based on the Van Genuchten (1980) theory. The reference of constant parameters used by Van 361 

Genuchten equation is presented. Then the equation proposed by Ceratti et al. (2004) is used to 362 

calculate the resilient modulus because the matrix suction is given. For this approach, water content, 363 

plasticity index, optimum water content, which is water content at soil maximum dry density, are 364 
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required as input, and resilient can be calculated. 365 

Step 1. Based on the Van Genuchten equation presented by Equation 8 to get the soil suction (Van 366 

Genuchten, 1980) 367 

Θ =  𝜃 − 𝜃𝑟𝜃𝑠 − 𝜃𝑟 = { 11 + (𝛼𝜓)𝑛}  𝑚                                                                 (8) 369 

                          368 

Where Θ is defined as effective saturation degree. 𝜃, 𝜃𝑟, 𝜃𝑠 denote to the water content of the soil, 370 

the residual water content, the saturated water content. 𝜓 is the matrix suction of soil. And n, m, 𝛼 371 

are constant parameters determined by the soil type. 372 

 373 

Step 2. Parameters a and n for soils with different texture are listed by Table 5(after Tinjum et al., 374 

1997, reproduced with permission). 375 

Step 3. Use the Equation proposed by Ceratti et al., (2004) 376 

𝑀𝑅 = 142 +  16.9(𝜇𝛼 − 𝜇𝑤)                         （9） 377 

Where 𝑀𝑅 is the resilient modulus, and 𝜇𝛼 − 𝜇𝑤 is soil suction. 378 

 379 

Approach 3: The resilient modulus influenced by soil suction and stress state by Yang et al. 380 

(2005) 381 

Different from approach 1 and 2, approach 3 determines the resilient modulus is deviator 382 
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stress-dependent, but also include the soil suction in its equation. For the purpose of accessing the 383 

resilient modulus of backfill, the following parameter of material should be collected, water content, 384 

saturation degree and deviator stress. 385 

Step 1: Access the soil suction of used soil according to the SWCC of UGM which is the material 386 

filled in wedge-shaped backfill, and presented in Figure 10 (Salour et al., 2015) 387 

 388 

Step2：Soil suction to resilient modulus based on the Equation 10 below proposed by Yang et al., 389 

(2005) 390 

𝑀𝑟 = 𝑘5(𝜎𝑑 + 𝜒𝜓𝑚)𝑘6                                                                        (10) 391 

                       392 

Where 𝑘5 and 𝑘6 are parameters for the fitting curve, 𝜒 is saturation degree. 393 

𝜎𝑑is deviator stress and 𝜓𝑚 is matrix suction. 394 

The deviator stress is 82kpa from the simulation result without dynamic load. 395 

 In this model, the recommended value of 𝑘5 and 𝑘6 are 3.04 and 0.392 (Yang et al., 2005).   396 

 χ = parameter thought to be a function of degree of saturation (χ = 0 for dry soils, χ = 1 for 397 

saturated soils) 398 

 399 

Approach 4: subsoil resilient modulus influenced by physical state and stress state by Seed et 400 
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al. (1962) 401 

In approach 4, the key input parameter is not only water content but also optimum water content 402 

and deviator stress in backfill layer, which is used to calculate a ratio of the current resilient 403 

modulus to the optimum resilient modulus. And the current water content can be accessed by given 404 𝑅. 405 

Step.1 Prediction of fine-grained material resilient modulus based on the form of Bilinear model (Li 406 

et al., 2015), shown in Equation 11. 407 

 408 

𝑀𝑟 = 𝐾1 + 𝐾2𝜎𝑑                                                                        (11) 410 

                            409 

Step.2 Calculate Mr by Rm1 considering the change of water content based on Equation 12, 411 

Equation 13 (Seed et al., 1962). 412 

 413 

𝑀𝑟 = 109000 − 1000𝜎𝑑  𝑎𝑛𝑑 𝑀𝑟 = 18100 + 15.4𝜎𝑑            (12) 414 

 415 

 416 

𝑅𝑚1 = 0.98 −  0.28(𝜔 − 𝜔𝑜𝑝𝑡)  +  0.029(𝜔 − 𝜔𝑜𝑝𝑡)2           (13) 417 

 418 
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Where, 𝑅𝑚1is the 𝑀𝑟/𝑀𝑟(𝑜𝑝𝑡) for the case of constant dry density. 𝑀𝑟 is the resilient modulus at 419 

moisture content 𝜔(%). 𝑀𝑟(𝑜𝑝𝑡) is the resilient modulus at maximum dry density and 𝜔𝑜𝑝𝑡(%) 420 

is optimum moisture content. 𝜎𝑑 is deviator stress in the measured depth. The deviator stress is 421 

82kpa from the simulation result without dynamic load. 422 

 423 

Material properties of wedge-shaped backfill 424 

For the estimation of resilient modulus of UGM filled in the wedge-shaped backfill, relevant 425 

stiffness properties of this material are required. In a study assessing the design and construction of 426 

the transition of railway, the investigation of transition filling material UGM was conducted, and its 427 

properties are presented in Table 6 (Li et al., 2016). The key parameters directly influence its 428 

resilient modulus are current water content, optimum water content and dry density, which are 429 

measured under compaction control. In this simulation, the calculation applies values from Li et 430 

al.(2016) without any modification because the modelling of the whole transition zone is in 431 

accordance with the in-situ construction presented by them. 432 

 433 

3.4.4 Seasonal variation of soil moisture 434 

Soil moisture is reported to be highly dependent on the precipitation, and it shows an obvious 435 

seasonal variance wetting and drying process over a year (Li et al., 2016). Similarly, under the track, 436 
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the soil moisture content is found to be sensitive to the seasonal process of wetting and drying 437 

(Yang et al., 2005). Regardless of the drainage system in the railway, the water content in backfill 438 

material is assumed to be varied in accordance with the data of seasonal wet or dry appeared in soil 439 

moisture content investigated by Li et al. (2016). Figure 11 shows the seasonal change in volumetric 440 

soil moisture content at different depths and different distances (Li et al., 2016). The field 441 

investigation was carried out in the location with coordinate 25020 3000–25580 2200N, E103580 442 

3700–104490 4800, resulting in a Figure indicates the volumetric soil moisture content in the time 443 

domain. The most striking aspect is the variability of water content in the time scale of four days, 444 

10th February, 19th May, 25th August and 23th November when the data was collected. These four 445 

days roughly represented the soil state of four quarters in 2010. The seasons they are starting from 446 

Feb.10 to May. 19 is defined as dry season while from August to November is defined as wet season 447 

by Li et al. (2016). Figure 11 illustrates a marked rise of moisture content in the transition from dry 448 

season to the wet season as much as 40% of 19th May. This 50% increment or decline observed 449 

from Figure 11 can quantify the seasonal change of soil moisture of backfill material. Given that, 450 

approximately 40% of current water content of UGM that is 2% over and 2% below optimum water 451 

content for compaction are set to represent the states of soil in wet and dry seasons. The analysis of 452 

seasonal change of soil moisture content results in the four groups of water content. They are 453 

average water content 5.9%, optimum water content at maximum dry density 5.6%, water content 454 

of 3.6% which is 40% below optimum water content, water content of 7.6% which is 40% over 455 

optimum water content. 456 
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 457 

3.4.5 Resilient modulus of backfill material 458 

To comprehensively assess how and to what extent water retention in the backfill material 459 

influences the resilient modulus, a comparison group consisting of the values of resilient modulus 460 

calculated from four different theories are compared. Additionally, the predefined water scenarios 461 

with 2% variance are set to simulate the seasonal change of water content in the soil. Table 7 462 

compares the resilient modulus of UGM the backfill material calculated from four theories under 463 

varied water conditions. The first column shows the water conditions of the backfill material UGM 464 

is set by this study, where the average water content and optimum water content are measured by 465 

the experiments collected from the new railway line in Portugal (Paixão et al., 2013). Based on the 466 

investigation done by Li et al. where the data of seasonal change of soil moisture content reveals the 467 

40% decline or increment happens in the subsoil (2016). Two estimated water conditions, 40% over 468 

and below optimum water content:3.6% and 7.6% are used to represent the soil physics state within 469 

the dry and wet season. Four groups of researchers are listed in the first row of the table, and each 470 

column denotes the resilient modulus calculated from their Equations, respectively. Two main 471 

criteria are used to decide a group of resilient modulus which can proceed into the finite element 472 

calculation section. The first criteria for comparison are the range of resilient modulus of UGM. The 473 

second criteria are the basic correlation that resilient modulus increase with decreasing moisture 474 

content. Addition to these two criteria, the sensitivity to the water content is also essential to the 475 

clarity of the simulation result, which means an obvious soil displacement due to different resilient 476 
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modulus. In the cyclic load triaxial tests are done by Paixão et al. (2013), the resilient modulus of 477 

UGM was suggested to vary from 50MPa to 150Mpa along the transverse direction. However, for 478 

the subsoils of open track, the resilient modulus at optimum water content ranges from 20Mpa to 479 

100Mpa. Based on these criteria, the resilient modulus in the column of the Huang (1993) method is 480 

over the range of UGM, and it also does not show a clear sensitivity to the change of water content. 481 

Values from Ceratti et al. (2004) and Seed et al. (1962). are lower than the range of resilient 482 

modulus of UGM, while these two approaches meet in the range of resilient modulus of subsoil. 483 

Different from the other three approaches where the maximum resilient modulus happens at the 484 

lowest water content, the maximum resilient modulus at the optimum water content in the Seed 485 

1962 approach. The experimental Equation proposed by Yang et al. (2005) gives a reasonable set of 486 

resilient modulus that meets the categories described in the criteria. Moreover, this set of data shows 487 

good sensitivity to water content, so the values in Yang et al. (2005) column are selected as the 488 

resilient modulus indicating the stiffness of backfill material, which is essential to the calculation of 489 

soil displacement in the next section. 490 

 491 

RESULTS AND DISCUSSION 492 

Water retention influence on the track degradation 493 

This numerical analysis is carried out to explore the role of water retention in the track degradation 494 

within the transition between the bridge abutment and open track embankment. The railway 495 
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transition model, including bridge abutment, the wedged-shape backfill and open track embankment 496 

is designed. Based on the developed transition model, the settlement is compared under three water 497 

conditions where water retention in backfill generally increases as 𝜔=3.6%, 𝜔=5.6%, 𝜔=7.6%. 498 

This finite element analysis mainly observes how the soil behaviour of backfill in transition change 499 

with varied moisture content. To be specific, the result only outputs as displacement 𝜇 in the unit 500 

of mm, but in discrete and continuous forms. The discrete output is Figures of the displacement of 501 

selected stress points. The stress point displacement is plotted versus the dynamic time. The unit of 502 

X axle is day instead of second, which is limited to the PLAXIS 3D.  503 

Both the discrete and continuous result is analysed and compared under hydraulic conditions that 504 

the effect of water retention of backfill on the track differential settlement can be observed. 505 

Soil displacement  506 

Along the central line at X=11 of the finite element model of railway transition, the stress points of 507 

interest are selected and distributed according to different purposes. In the longitudinal direction, 508 

from the end of the model, the bridge abutment starts from Y=0 and ends at Y=60. From Y=60 to 509 

Y= 120, there is the wedge-shaped backfill which is constructed to provide a smooth transition from 510 

high stiffness of abutment to the natural ground of open track. Connected to the backfill, the open 511 

track extends from Y=120 to Y=200, which is another end of the model. In the time domain, and the 512 

train simulated in this study has the speed of 20m/s. From t=1s to t=3s, the train load is applied in 513 

the bridge abutment, when t=3s, the train is entering the wedge-shaped backfill. From 3 s, the train 514 

is passing the backfill section until 6s. After t=6s, the train runs over open track and stop at t=10s. 515 
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As a summary, 1 to 3s is the abutment, 3s to 6s is backfill, 6s to 10s is the open track. The 516 

coordinates of the stress points of interest are summarised in Appendix A.   517 
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Appendix D illustrates the soil displacement in the formation in the time domain within water 518 

content of 3.6%, 5.6%, 7.6% when T=6s. 519 

Effect of moisture content on the degradation 520 

In order to observe the differential deformation of ballast within the transition zone, the first 521 

measurement of soil displacement is done and denoted by A, B, C. Point A, B, C are located in the 522 

bridge abutment, wedge-shaped backfill and open track ground respectively. Figure 12 illustrates 523 

the locations of point A, point B and point C. These three points lay on the surface of ballast at the 524 

same level in Z=1 plane, which distributes along the central line of the track in the X=11 line. 525 

Differently, point A lays on the abutment section with Y=23.8, and point B is assigned in the 526 

backfill section with Y=72.3, while the point C locates on the open track embankment section with 527 

Y=168.4.  528 

To investigate the effect of reducing the moisture content on the ballast settlement in the transition, 529 

the maximum total strain of ballast among three water conditions are compared in Table 4.1. Under 530 

the moisture content 𝜔 =3.6%, 5.6%, 7.6%, the strain of stress point A, B, C are separately plotted 531 

in Figure 13. In Figure 13, the difference in strain starts to appear from t=3s, and peaks at t=5s. This 532 

is the time when the second axle just passed point A, and the strain reaches its maximum. The 533 

maximum value for 𝜔 = 3.6% is -3.8mm, and -0.099mm for 𝜔= 7.6%, and -0,114mm for 𝜔 = 534 

5.6%. In Figure 13, the variance happens at t=5s and peaks at 7s. The maximum strain for 𝜔= 7.6% 535 

is -7mm, for 𝜔= 3.6% is -0.35mm, for 𝜔= 5.6% is -0.29mm. Figure 13 shows the significant 536 
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difference in the strain at t=10s. The maximum strain for 𝜔= 7.6% is -15mm, for 𝜔= 5.6% is 537 

-1.17mm，for 𝜔= 3.6% is -0.91mm. Comparing two water conditions in the transition which are 538 

wet season 𝜔= 7.6% and dry season 𝜔= 3.6%, the ballast settlement in bridge abutment section 539 

can be reduced by 97.39%. The ballast strain reduction in the backfill section is up to 95.00%, and 540 

93.93% strain reduction in the open track section. It is possible to hypothesize that reducing 541 

moisture content is likely to have a greater effect on the stiffer material.  542 

To investigate the effect of moisture content on track degradation, the degree of degradation is 543 

compared among three water conditions (Figure 14). This figure indicate that larger strains are 544 

obtained for the section of open track, and subsequently lower strain are obtained for backfill, and 545 

abutment. More important is the obvious difference in degradation observed in Figure 14. The differential 546 

settlement under three water condition is summarised in  547 

Table 9, where ε𝐴 ε𝐵  ε𝐶  denotes the strain of stress point A, B and C or strain in abutment backfill and open track 548 

respectively. In this study, the deviance of soil strain from the adjacent sections is calculated, which 549 

is different from the parameter standard deviation short for SD, measured by mid chord offset short 550 

for MCO proposed by Carr et al. (2003). There is an obvious correlation between soil moisture 551 

content and track degradation can be observed from  552 

Table 9, where the successive increases in the differential settlement are observed for higher 553 

moisture contents. These results suggest that reducing moisture content can mitigate track 554 

degradation in the transition zone. These results corroborate the findings of a great deal of the 555 

previous work which consider and soil-water relation are the key primary causes of track 556 
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degradation at the transition (Kerr and Moroney, 1995) (Li and Davis, 2005) (Nicks, 2009) (Gallage 557 

et al., 2013b).  558 

Effect of moisture content on the settlement of track layers 559 

For comparing the settlement of ballast, subballast and subgrade within the transition section, the 560 

measurement of soil displacement is done under three moisture state of backfill material. Figure 15 561 

illustrates the location of measuring point D, E, F. From the cross-section A-A* in the Figure of 562 

track embankment in Figure 15, point D, E, F are selected to represent the stress points laying on 563 

each track layer in the finite element model. The measurement of the settlement of each track layer 564 

can be done. Point D is on the interface between ballast and subballast with level Z=0.7. Point E 565 

lays on the interface between subballast and subgrade at Z=0.5, while point F on the formation 566 

which is Z=0. These three points lay in the same cross-section of the model, which is the plane 567 

Y=72.3. This is the plane where wedge-shaped backfill supports the track. It can be observed from 568 

the Figure that three points sit on the central line at X=11of the model. The coordinates of the stress 569 

points of interest are summarised in Appendix A. 570 

To compare the settlements of track layers, the case of stress point DEF under 𝜔=3.6% is examined. 571 

Figure 16 illustrates the strain of track layers: ballast, subballast and subgrade denoted by stress 572 

points D, E, F, in the time domain. The strain of track layers peaks at around 3s. It can be clearly 573 

observed from the figure that, in this finite element model, the strain of ballast is higher than 574 

subballast and subgrade. The subgrade strain is slightly higher than the subballast. This result is In 575 
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accordance with the present experimental result demonstrated that settlement of ballast generally is 576 

greater than other layers in the track substructure (Li et al., 2015). However, the strain distribution 577 

in the track substructure is site-dependent or model-dependent.  578 

The strain in substructure layers under 𝜔= 3.6% peaks at t=3s, while the strain in substructure 579 

layers under 𝜔= 7.6% peaks at t=4s. An assumption can be made that lower water content leads to 580 

a faster response of strain. This slower response could be attributed to the lower modulus of 581 

elasticity resulted from higher moisture content. Figure 16 illustrates the strain of ballast, subballast 582 

and subgrade separately in the order of 𝜔= 3.6%, 𝜔= 5.6%, 𝜔= 7.6%. The maximum strain of 583 

each layer under three water conditions is summarized in  584 

  585 
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Appendix B. The effect of water content could be quantified by measuring the reduction of strain. 586 

Comparing the case of 𝜔= 3.6% and 𝜔= 7.6%, the reduction in the strain of ballast is 71.2%. The 587 

strain in subballast reduces by 70.7% and there is a reduction of 62.8% in subgrade strain. There are 588 

two possible explanation for these results. Compared with subballast and subgrade, the material 589 

with higher stiffness (i.e. ballast) performance could be benefited from the effect of reducing 590 

moisture content. In addition, it is likely that the effect of moisture content is likely to decrease with 591 

depth. In  592 

  593 
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Appendix B, the strain of subballast is lower than subgrade strain under 𝜔= 3.6%, while subballast 594 

strain is higher than subgrade under 𝜔= 7.6%. This finding is unexpected and suggests that maybe 595 

subballast is more sensitive than subgrade to change of moisture content in the transition.  596 

 597 

 Effect of moisture content on the settlement variation with depth 598 

To assess the effect of moisture content on the settlement of wedge-shaped backfill with varied 599 

depth, three stress points denoted by point G, point H and point I are selected to present a profile of 600 

settlement of backfill material UGM vary with depth. Figure 18 shows the location of measuring 601 

point G, H and I. Measurement targets the soil displacement in the backfill, so plane Y=72.3 is 602 

selected. And all the measuring points lay on the central line X=11 of the model. These three 603 

measuring points locate in the wedge-shaped backfill, which is a technical solution applied in the 604 

railway foundation. Under the formation at Z=0, there are point G, point H and point with -2.5m, 605 

-5m, -7.5m in depth.  606 

Figure 19 illustrates the strain of backfill with the depth of 2.5m, 5m, and 7.5m under 𝜔= 3.6%, 607 𝜔= 5.6%, 𝜔= 7.6%. The irregularity can be observed that the maximum values happen at different 608 

times. However, in the G and H profiles, high moisture content case 𝜔= 7.6% reach its maximum 609 

strain slower than the dry case 𝜔= 3.6%.  610 

 611 

  612 
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Appendix C summarises the maximum strain of backfill with varied depth under three water 613 

conditions. Regardless of the water condition, the basic trend is that the strain decreases with depth. 614 

This is mainly due to a reduction in effective stress with depth. There is a reduction of 77.2% and 615 

62.3% in the depth of 2.5m and 5m respectively when the moisture content reduces from 7.6% to 616 

3.6%. The results also suggest that moisture content might have a weaker effect on the soil strain at 617 

higher depths.  618 

The soil displacement along the track 619 

For the purpose of assessing the effect of water content in the transition on the degradation, the soil 620 

displacement and Young’s modulus along the measuring alignment are plotted in Error! Reference 621 

source not found. and Figure 20 separately. Regarding the foundation, the significant soil settlement 622 

happens on the top of the foundation or formation rather than deeper soil. The measuring alignment 623 

is a line lying on the formation in the vertical direction and on the centre of track gauge in the 624 

horizontal direction. It extends through the transition model with the coordinate of X=11 and Z=0.  625 

Figure 20 presents the overall Young’s modulus of the transition model under 𝜔= 3.6%, 5.6%,7.6%. 626 

The modulus of elasticity of foundation with multilayers can be estimated by Equation 14 and is 627 

widely used by some researchers to estimate the overall modulus of elasticity of the layered soil 628 

(Connolly et al., 2014) (Brahma and Mukherjee, 2010) (Wang and Cao, 2013).   629 

𝐸𝑒𝑞 =  ∑ 𝐻𝑖𝐸𝑖∑ 𝐻𝑖                                                                 (14) 631 

                       630 
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Where, Eeq  is the equivalent Young’s modulus, Hi  is layer thickness, Ei  is layer young’s 632 

modulus. The comparison among three moisture content results in the three similarly shaped 633 

straight lines from top to bottom. Compared the cases of moisture content of 3.6% and 7.6%, the 634 

difference between these two cases gradually starting from 30m and reaches its peak of 80MPa at 635 

around 70m. High moisture content in the backfill leads to the low overall Young’s modulus of the 636 

transition, vice versa. The gap showed in the Figure suggests that the moisture content of backfill 637 

plays an important role in the overall modulus of elasticity of the transition zone. Considering the 638 

case of a railway bridge approach, the sudden oscillation always happens when the train passes 639 

from bridge abutment to the embankment (Nicks, 2009) (Woodward et al., 2014). The moisture 640 

content of 3.6% can provide the best transition in stiffness passing from abutment to wedge-shaped 641 

backfill among three cases. It can therefore be assumed that reducing the water content of the 642 

technical solution such as wedge-shaped backfill may mitigate the bump in the 643 

structure-embankment approach. However, from 90m to 150m, three cases converge at the low 644 

value of Young’s modulus. The lower water content shows a less smooth transition in stiffness, 645 

limited by the low stiffness of the open track section where the track system lays on the natural 646 

ground. But it seems not to result in the sudden differential settlement in a short segment of track, 647 

compared with the bump in the bridge approach. Therefore, it is possible that the lower moisture 648 

content in the backfill section can mitigate the bump from abutment to backfill, but it may result in 649 

the greater instability of settlement from backfill to the open track. Figure 21 shows the soil 650 

displacement of the formation in the unit of mm and three soil displacement profile is plotted under 651 
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the moisture content of 𝜔= 3.6%, 5.6%,7.6%. It is apparent from the Figure that there is a 652 

significant fluctuation in each profile of displacement. A possible explanation for the successive 653 

fluctuations might be the moving load modelling. As Figure 9 shown, the moving loads are not 654 

induced continuously but induced by an interval of 21.7m, which leads to the successive and 655 

growing peak of waves in the displacement profile. Due to the gradually decreasing overall 656 

modulus of elasticity of subsoil, there is a clear trend of increasing displacement can be observed in 657 

three cases. From 0m to 120m, the case of 3.6% moisture content results in relatively fewer 658 

fluctuations and lower displacement in the abutment and backfill sections, compared with the case 659 

of the wet season. At least, in this model, the lower water content of backfill can mitigate the 660 

degradation in the transition zone but not include the open track section. Three cases reach the same 661 

peak value of displacement of 27mm in this simulation, it is due to the constant Young’s modulus of 662 

the natural ground under the open track. Differently, the severe fluctuations still exist in the case 663 𝜔= 7.6% which Regularly oscillates at a certain frequency. The case 𝜔= 3.6% appears to be 664 

relatively stable when it approaches its peak. Although they share the same maximum displacement, 665 

lower water content has a positive effect on the smoothing the track geometry in the vertical 666 

direction. Therefore, it is possible to assume that smooth railway geometry in the open track section 667 

within the transition can be reached by reducing the water content in the backfill material, but no 668 

help in reducing the maximum displacement.  669 
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 670 

CONCLUSIONS 671 

The simulation results indicate that there is a clear correlation between water retention and track 672 

degradation in the railway bridge-embankment transition. The software PLAXIS 3D was used to 673 

develop the transition model. Except for the track and soil and bridge structure, the wedge-shaped 674 

backfill filled with reinforcement material UGM is included by the model. The water content of 675 

subsoil in the transition is an independent variable in the simulation. The seasonal change in water 676 

content of subsoil is mainly considered, which is set into three cases, they are wet season water 677 

content 𝜔= 7.6%, current water content 𝜔= 5.6% and dry season water content 𝜔= 3.6%. Among 678 

the three cases, the lowest moisture content 𝜔= 3.6% resulted in the lowest track settlement. The 679 

comparison between three cases suggests that low water content has a significant reduction in the 680 

soil strain. The results indicated that this effect of reduction is greater when the material is stiffer 681 

and less significant for larger depths. According to the comparison between three cases of 682 

settlement profile along the track, the bump from the bridge structure to backfill can be mitigated 683 

and smooth track geometry in the backfill and the open track can be achieved by reducing water 684 

content. Considering the time, the soil in lower water content shows a quicker response to the stress 685 

than high water content. The subballast seems to be more sensitive than subgrade to change of 686 

moisture content in the transition. Some of the displacement data obtained for the case 𝜔= 7.6%, 687 

exceeded the expected service range (i.e. lower than 10mm). This is likely due to a limitation of 688 
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PLAXIS3D which cannot fully simulate the continuous moving loads induced on the model. 689 

Finally, while this study shows that performance gains in terms of track degradation are achieved by 690 

controlling the water content in the transition zone, due caution should be exercises as the hydraulic 691 

water conditions and moving load dynamic analysis cannot be fully coupled in the model presented 692 

in this paper.  693 
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Figure 1. Comparison of track settlements from 4 sites (modified after Li and Davis, 2005) 868 
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 871 

Figure 2. Schematic diagram of possible failures and issues in a bridge transition (after Gallage et al., 2013, 872 

reproduced with permission) 873 
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 876 

Figure 3. Relationship between Mr and w with water content difference, wopt = optimum water content, M = 877 

resilience modulus, Mopt=resilience modulus at optimum water content (modified after Seed et al., 1962) 878 
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 880 

Figure 4 Resilient modulus of subgrade soils under repeated traffic loading (after Huang, 2004, reproduced with 881 

permission) 882 
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Figure 5 The geometry of the transition model 885 



50 

 

 886 

 887 

Figure 6. The configuration of the track model 888 
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Figure 7 The geometry of sleepers modelled  892 
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 893 

Figure 8 Effects of track component properties on track modulus (after Li et al. 2016, reproduced with 894 

permission) 895 
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 897 

Figure 9 The Dimensions of an ICE train (after Shahraki et al., 2016, reproduced with permission) 898 

 899 

Figure 10. SWCC of subgrade soil (modified after Salour et al., 2015) 900 
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 902 

 903 

Figure 11. Seasonal change in volumetric soil moisture content at the different depths (after Li et al., 2016, 904 

reproduced with permission) 905 

 906 

 907 

Figure 12. The location of measuring point ABC 908 



53 

 

909 

910 

 911 

Figure 13. The ballast strain under ω= 3.6%, 5.6%,7.6% in the abutment, backfill and open track 912 
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915 

916 

 917 

Figure 14. The ballast strain of stress points A, B, C under ω= 3.6%, 5.6%,7.6% separately. 918 
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 919 

 920 

Figure 15. The cross-section A-A* and location of measuring point DEF 921 

 922 

 923 

Figure 16 The strain of ballast, subballast and subgrade under ω=3.6% 924 
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926 

927 

 928 

Figure 17 The strain of substructure layers under ω= 3.6%, 5.6%,7.6%. 929 
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 930 

Figure 18 The location of measuring point GHI 931 
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 935 

Figure 19 The strain of backfill material varying with depth under ω= 3.6%, 5.6%,7.6%. 936 
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 938 

Figure 20The Young’s modulus of subsoil under ω= 3.6%, 5.6%,7.6%. 939 
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 941 

Figure 21 The displacement of the formation along the track under ω= 3.6%, 5.6%,7.6% 942 
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Table 1.Material properties of the subsoil 964 

Layer type Thickness (m) Unit weight 

(kN/m3) 

Young’s modulus 
(kN/m2) 

Poisson 

ratio 

Abutment 7.5 23 1.60E+05 0.25 

Backfill 7.5 20 8.00E+04 0.3 

Clay 2.7 20 6.00E+03 0.35 

Silt 3.9 13 1.20E+04 0.35 

Sand 0.9 20 2.40E+05 0.35 

 965 

Table 2. Material properties of embankment layers 966 

Embankment 

layer 

Drainage 

type 

Thicknes

s (m) 

Unit 

Weight 

(kN/m3) 

Young’s 
modulus 

(kN/m2) 

Poisso

n ratio 

Shear 

modulus 

kN/m2 

Oedometer 

modulus 

(kN/m2) 

Cohesion

(kN/m2) 

Friction 

angle ° 

Ballast Drained 0.3 19 3.00E+0

5 

0.2 1.30E+0

5 

3.17E+05 5 40 

Subballast Undraine

d A 

0.2 22 5.50E+0

4 

0.3 2.20E+0

4 

6.60E+04 10 40 

Subgrade Undraine

d A 

0.3 19.5 4.30E+0

4 

0.3 1.59E+0

4 

6.90E+04 20 28 

 967 

 968 

 969 



62 

 

Table 3. Material property of sleeper 970 

Young's modulus 

in axial 

direction (kN/m2) 

Unit 

Weight 

(kN/m3) 

Beam 

cross 

section 

area (m2) 

Moment of inertia 

against bending 

around the second 

axis (m4) 

Moment of inertia 

against bending 

around the third 

axis (m4) 

3.60E+07 25 5.13E-02 2.45E-04 2.54E-02 

 971 

Table 4. Technical details of the simulated train 972 

 
Leng

th(m) 

Velocity(m/s) Moving 

load(kN) 

Axles interval 

(m) 

Bogies 

interval(m) 

Train 21.7 20 128 2.7 16.3 

 973 

Table 5. Parameters of van Genuchten equation for subsoil (after Tinjum et al., 1997, reproduced with 974 

permission) 975 

Soil texture 𝜃𝑟 𝜃𝑆 𝛼 n M 

Coarse 0.025 0.366 0.043 1.521 0.145 

Medium 0.010 0.392 0.025 1.169 0.179 

Medium fine 0.010 0.412 0.008 1.218 0.079 

Fine 0.010 0.481 0.019 1.086 0.068 

 976 

Table 6. Water content of transition subsoils under compaction control (after Paixão et al., 2013, reproduced with 977 

permission) 978 

 
Average𝝎(%) 𝝎𝑶𝑷𝑴(%) 

Median 𝝎 −𝝎𝑶𝑷𝑴(%) 

Number 

of tests 

𝝆𝒅𝑶𝑷𝑴(𝒈/𝒄𝒎𝟑) 
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UGM 5.9 5.6 0.4 159 2.23 

Table 7. The resilient modulus of UGM under different water condition calculated from four approaches 979 

 Resilient modulus 𝑀𝑟 (kPa) 

Water content 𝜔 (%) Huang  

1993 

Ceratti et 

al. 2004 

Yang et al. 

2005 

Seed et al. 

1962 

5.9 (average) 186365 34148 74300 39731 

5.6 (OMC) 186365 40809 774609 40584 

3.6 (Below OMC) 186434 302254 145586 40016 

7.6 (Above OMC) 186296 15633 64014 37500 

 980 

Table 8. The maximum ballast strain in abutment, backfill, open track section under ω=3.6%, 5.6%, 7.6% 981 

Water content, w  Ballast strain ε 

(mm) 

Abutment 

εA 

Backfill 

εB 

Open track 

εc 

3.6%  -0.10 -0.35 -0.91 

5.6%  -0.11 -0.30 -0.93 

7.6%  -3.80 -7.00 -15 

 982 

Table 9. The differential settlement under ω= 3.6%, 5.6%,7.6% 983 

Water content, 

w   Strain ε𝐵 − ε𝐴 (mm) Strain ε𝐶 − ε𝐵 (mm) 

3.60% 0.18   0.56  
 

5.60% 0.25   0.63  
 

7.60% 3.20   8.00    

 984 

 985 
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 1004 

Appendix A Coordinates of measurement points 1005 

Point  X Y Z   

A, B, C are on the surface of ballast in abutment, backfill, embankment section 

Point A 11 23.8 1 
 

Point B 11 72.3 1 
 

Point C 11 168.4 1 
 

D, E, F are on the surface of subballast, subgrade and formation in the backfill section 

Point D 11 72.3 0.7 
 

Point E 11 72.3 0.5 
 

Point F 11 72.3 0 
 

G, H, I are in depth of -2.5m, -5m, -7.5m in the backfill section 
 

Point G 11 72.3 -2.5 
 

Point H 11 72.3 -5 
 

Point I 11 72.3 -7.5   

 1006 

  1007 
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Appendix B The maximum strain of substructure layers under ω= 3.6%, 5.6%,7.6% 1008 

Water content ω (%) Ballast εD (mm) Subballast εE(mm) Subgrade εF(mm) 

3.6 -1.30 -1.03 -1.12 

5.6 0.00 0.00 0.00 

7.6 -4.50 -3.50 -3.00 

 1009 
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Appendix C The maximum strain of backfill with the depth of 2.5m, 5m, and 7.5m under ω= 3.6%, 5.6%,7.6% 1011 

Water content ω (%) Backfill strain ε (mm) G(-2.5) H(-5) I(-7.5) 

3.6  -0.16 -0.06 -0.01 

5.6  -0.29 -0.10 -0.01 

7.6  -0.72 -0.16 0.00 

 1012 

  1013 
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Appendix D The soil deformation at formation when t=6s at location of X=120 in case of the water content 3.6%, 1014 

5.6%, 7.6%. 1015 

 1016 

The soil deformation when t=6s, at location of X=120 under water content is 3.6% 1017 

 1018 

The soil deformation when t=6s at location of X=120 under water content is 5.6% 1019 

 1020 
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 1021 

 1022 

The soil deformation when t=6s at location of X=120 under water content is 7.6% 1023 

 1024 
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