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 32 

ABSTRACT 33 

The construction of railway embankment on soft soil is a challenging task for practitioners. In 34 

the past, several approaches have been employed in practice to overcome this problem. Pile 35 

foundation is considered one of the reliable solutions for soft ground. In a pile-supported 36 

railway embankment, soil arching plays a vital role in the efficient load transfer to the piles. In 37 

this study, the soil arching phenomenon in a granular embankment subjected to train induced 38 

loading is demonstrated based on the two-dimensional (2D) finite element modeling approach. 39 

A 2D plane strain idealization is used to convert a real three-dimensional (3D) case into 2D. 40 

The effects of the piled railway embankment properties on soil arching are investigated. It is 41 

found that pile modulus, embankment modulus and friction angle affect the arching mechanism 42 

significantly. Pile spacing (s) variation affects soil arching (i.e., the arching zone can be 43 

increased by reducing s). In addition, the height and shape of arching are studied. A comparison 44 

with the available analytical design methods for embankments is presented which indicates 45 

inconsistencies in the previously published results. 46 

Keywords: Railway, Piled-embankment; finite element modeling; soil arching.  47 
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1. Introduction 48 

The population growth in Australia is responsible for significantly increased construction 49 

activities over unsuitable lands, such as coastal and low-lying marshy areas characterised by 50 

thick deposits of soft compressible soil. The sustainable performance of transport 51 

infrastructures on such soils requires innovative construction and ground improvement 52 

techniques. Embankments are widely used to elevate the ground level for the construction of 53 

railways on soft soils. However, soft soils pose problems of low bearing capacity, large 54 

deformations and lateral movement, resulting in a longer construction time or preconstruction 55 

failure. 56 

In the past, several approaches have been used to address these challenges, such as: (i) 57 

preloading or staged construction [1], (ii) insertion of vertical drains [2], (iii) use of the 58 

lightweight embankment fill materials [3], (iv) height reduction or slope flattening of the 59 

embankment, and (v) the addition of column supports [4]. The column supports can be rigid 60 

such as piles [5], semi-rigid like cement mix columns [4, 6] or flexible as stone columns [7]. 61 

The benefits associated with the use of pile supports are: (i) stiffening of the surrounding 62 

subsoil which, in turn, prevents the horizontal movement of subsoil; (ii) reducing embankment 63 

settlement and allowing construction to occur in a single stage without any construction delays 64 

or preconstruction failure; and (iii) suitability for complex geological conditions and adjacent 65 

to service utilities, such as cables and pipelines [8]. 66 

In a piled embankment, embankment fill tends to settle more in the regions between columns 67 

due to stiffness differences between piles and the surrounding soil. However, this downward 68 

movement is restricted by mobilized shear resistance. Due to this shear resistance, the stress 69 

exerted on the soft ground is reduced while transferring to the piles. This load transfer 70 

mechanism, known as soil arching, as introduced by Terzaghi [9].  71 
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The soil arching mechanism has been described by soil arching ratio (SAR) and efficacy (Estr). 72 

The soil arching ratio (SAR) is defined as [10]: 73 

𝑆𝑆𝑆𝑆𝑆𝑆 = 𝜎𝜎𝑠𝑠
(𝛾𝛾ℎ+𝑞𝑞)

        (1) 74 

where, σs is subsoil stress; γ is the unit weight of embankment fill; h is embankment height, 75 

and q is the applied surcharge over the embankment. SAR is also known as the stress reduction 76 

ratio in the literature. SAR lies between 0 and 1. SAR = 0 represents the formation of full soil 77 

arching, i.e. entire embankment load is transferred to the piles. In contrast, SAR = 1 denotes no 78 

soil arching, implying the stress applied to the subsoil is equal to the embankment load [7, 11].  79 

The efficacy (Estr) measures the portion of the embankment load transferred to the piles and is 80 

expressed as [12]: 81 

𝐸𝐸str = 𝑄𝑄
𝑠𝑠2𝛾𝛾ℎ

        (2) 82 

where, Q is the total force carried by the pile; γ is the unit weight of the embankment fill; h is 83 

the embankment height; s is the pile spacing. 84 

In the past, various numerical [8, 13-16] as well as experimental studies [14-17] were carried 85 

out to investigate the load transfer mechanism in a piled embankment. A numerical study 86 

performed by Han and Gabr [8] considered the impact of three factors namely: embankment 87 

height, tensile stiffness of geosynthetics, and the elastic modulus of the pile on the load transfer 88 

mechanism. Jenck et al. [13] showed an increase in efficacy with the increase in embankment 89 

height. They assumed static load to represent traffic scenario and neglect the dynamic effect of 90 

traffic speed and associated loading. Ariyarathne et al. [14] analyzed an actual piled 91 

embankment in both three-dimensional (3D) and two-dimensional (2D) condition. Different 92 

idealization methods were used in 2D plane-strain condition and found that equivalent area 93 
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(EA) method yielded the closest results to 3D and field results. Bhasi and Rajagopal [15] 94 

studied the influence of embankment fill properties, and the pile modulus considering 2D 95 

axisymmetric and 3D models. They also reported that the efficacy is affected by friction angle. 96 

Most of these studies assumed that soil arching is the principal mechanism for load transfer to 97 

the pile, and considered the arrangement of piles in a square pattern. Nunez et al. [18] 98 

concluded that consider all the design methods overestimated stress efficacy; while settlement 99 

efficacy was a reliable parameter to assess the overall performance of the piled embankment. 100 

Settlement efficacy (Eset) is termed as [18]. 101 

𝐸𝐸set = 1 − 𝛿𝛿𝑝𝑝
𝛿𝛿

       (3) 102 

where, δp and δ are the soil settlements with and without piles, respectively. 103 

In summary, the past studies were primarily concerned either on; 1) influence of piled 104 

embankment parameters on the load transfer mechanism; or 2) height of soil arching, 105 

considered static load as traffic scenario with the piles arrangement in a square pattern.  106 

The pile-supported embankments are increasingly being used to support the railway tracks in 107 

areas where soft ground is encountered. Numerous numerical studies have investigated the soil 108 

arching mechanism in a pile-supported railway embankment [8, 13]. However, these studies 109 

considered static loading and neglected the effect of train speed and associated loading. It is 110 

widely acknowledged that the increase in train speed would impose higher stresses on track 111 

foundations [21-22]. In addition, the past studies have considered the arrangement of piles in a 112 

square pattern [8, 13, 15]. However, a triangular pattern can be useful for railway embankments 113 

[23]. Therefore, this study addresses the effects of train loading and pile arrangement on the 114 

stability of pile-supported railway embankment. 115 
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In view of these, the finite element (FE) method is used to provide an insight into the behavior 116 

of the railway embankment supported by piles that are arranged in a triangular pattern with 117 

particular emphasis on the soil arching mechanism. The present study is focused on the 118 

parameters as mentioned earlier to identify their influence on the size and shape of soil arching 119 

and find the most critical parameters with optimum value for effective load transfer against the 120 

train induced loading. The comparison of different analytical methods has also been reported 121 

to identify the variation and selection of an appropriate method.  122 

The present study comprises of (i) calibration of the numerical model with existing 123 

experimental data, (ii) Comparison of the soil arching mobilization in embankment supported 124 

by piles that are arranged in two different patterns (i.e., square and triangular), (iii) 125 

comprehensive study focusing on the size and shape of soil arching to investigate the most 126 

critical parameters, and (iv) a comparison with the available design methods. 127 

1.1 Two-dimensional (2D) idealization 128 

Typically, pile-supported railway embankment is a 3D problem. However, 3D modeling is 129 

complex, time-consuming and needs advanced computing facility. Therefore, 2D plane strain 130 

modeling is used with reasonable accuracy in practice to overcome these problems [14, 24]. 131 

Various approaches such as equivalent area (EA), area replacement ratio (ARR), equivalent 132 

flexural stiffness (EFS) and equivalent elastic modulus (EEM) of piles are used to transform a 133 

3D problem to 2D. The highlighted region of a piled embankment, as shown in Figure 1(a) is 134 

adopted for 2D approximation. The soil arching is investigated in terms of vertical stress, 135 

settlement and lateral stress coefficient above the center of the subsoil (point A) and piles (point 136 

B), as shown in Figure 1(b). 137 
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In the EA method, the individual piles and surrounding soil are considered as a composite area. 138 

Individual piles are converted into plane strain wall with an equivalent thickness (d), calculated 139 

by Eq. (4). The material properties for a converted wall are considered the same as used in 3D 140 

for individual piles. 141 

       𝑑𝑑 = 𝜋𝜋𝜋𝜋2

4𝑠𝑠
        (4) 142 

where, D is the diameter of the circular pile, and s is center to center pile spacing between two 143 

piles, which is arranged in a square pattern. 144 

2. Numerical Modeling 145 

2.1 Description and Material properties 146 

The finite element method (FEM) based software, ABAQUS - version 2013 [25] is used to 147 

simulate a piled railway embankment model in a plane strain (2D) condition. Figure 1(b) 148 

represents a typical mesh profile of a piled-embankment model (h = 3.5 m and s = 2.5 m). The 149 

vertical sides represent the lines which pass through the center to center pile spacing (s) and 150 

above the embankment fill, including the gravel bed. The 1383 eight-node, reduced-integration, 151 

two-dimensional, quadratic (second-order) solid elements (CPE8R) are used in this analysis. 152 

The reduced integration uses a lesser number of Gaussian co-ordinates when solving the 153 

integral and reduces computational time. Further, second-order reduced-integration elements 154 

provide more accurate results than the corresponding integrated elements. 155 

A unit cell model with center to center pile spacing (s) is used for this study (refer Figure 1a). 156 

Roller supports were used on the vertical boundaries, restricting horizontal movement. The 157 

fixed support condition is used for the horizontal bottom boundary to completely restrict 158 

displacement. No boundary conditions are considered at the top of the embankment. The 159 
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bottom boundary represents the base of the piles and subsoil, which is underlain by half-pile 160 

wall (width, d/2) on both sides and subsoil [width, (s-d)] at the middle of the piles. The pile 161 

diameter (D)  is fixed at 1.0 m, and the center to center pile spacing (s) is 2.0, 2.5 or 3.5 m (e.i., 162 

pile width (d) is changing according to the pile spacing). The embankment height (h) varies 163 

from 2.5 to 6.5 m, including a 400 mm thick gravel bed at the embankment bottom. The depth 164 

of the subsoil and length of the pile are the same, both being 8 m. 165 

2.1.1 Material properties 166 

The embankment fill, gravel bed and subsoil are considered as sand fill, well-graded gravel, 167 

and silty sand, respectively. A linear elastic-perfectly plastic model with Mohr-Coulomb failure 168 

criterion is used for the embankment fill and subsoil material. In the research studies available 169 

in literature, the performance of embankments and subsoil were successfully simulated by the 170 

linear elastic-perfectly plastic model with Mohr-Coulomb failure criterion, and reasonable 171 

predictions of soil arching were obtained [24, 26-27]. The unsaturated soil and the 172 

corresponding constitutive model was not considered. The soil was assumed to remain in the 173 

dry state with facilitation of the fully drained conditions owing to the coarse-grained nature of 174 

materials used as the embankment fill and gravel bed. All the parameters used in the analyses 175 

are summarized in Table 1. 176 

2.1.2 Interface 177 

In this study, basic Coulomb friction model was used to simulate the interaction of pile with 178 

the surrounding soil. This model allows the contacting surfaces (i.e., the surface of pile and 179 

subsoil) to carry shear stresses before sliding. The surface to surface contact is provided 180 

between pile and surrounding soil. The normal contact is considered as “hard contact” as it is 181 

able to transfer normal stress under compression, while under tension pile and soil will 182 



9 
 

separate. The tangential contact is provided as penalty contact with a frictional coefficient at 183 

interface between the pile and surrounding soil. The interface frictional coefficient is given by: 184 

                                                            µ = tan 𝛿𝛿                                                                              (5) 185 

where, 𝛿𝛿 is the interface friction angle between pile and the surrounding subsoil, and it can be 186 

determined as [28-30]: 187 

                                                   tan 𝛿𝛿 = (0.5 − 1.0) tan φ′                                                                  (6) 188 

where, φ′is the friction angle of the soil. In this study, the ratio of the interface friction 189 

coefficient (tan 𝛿𝛿) and the soil friction coefficient (tan φ′) is assumed to be 0.7 for pile - subsoil 190 

interface. 191 

2.2 Model calibration 192 

The model calibration was performed against the experimental result (settlement above and 193 

amid the pile) for pile arrangements in a square pattern with dense sand sample reported by 194 

King et al. [31] to ensure the accuracy of the numerical modelling (refer Figure 2). Material 195 

properties of the embankment are taken as reported by King et al. [31], whereas appropriate 196 

properties of subsoil have been assumed. King et al. [31] obtained the settlement results for the 197 

different increment of normalized settlement plate displacement (δsp/b′). However, in this study 198 

only δsp/b′ =2.8-4.0 % has been considered for validation. Four different idealization methods 199 

as discussed in the earlier section are used to convert 3D into 2D plane strain. It is found that 200 

the EA method shows an acceptable agreement between numerical modeling and experimental 201 

result, which serves the basis of further analysis for this study.  202 

2.3 Stress determination on the pile-supported embankment 203 
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A typical railway track is considered above the pile-supported embankment (refer Figure 1a). 204 

In this study, the true dynamic nature of traffic loading and the dynamic response of the soil is 205 

not considered. The applied vertical load is equivalent dynamic load. The magnitude of the 206 

equivalent dynamic load is equal to the weight of the train multiplied by an impact factor (i.e., 207 

dynamic amplification factor), which accounts for the dynamic effects due to the moving train 208 

as [22, 32-33]: 209 

                                                        𝐹𝐹d = 𝛷𝛷 𝐹𝐹s                                                                           (7) 210 

where, 𝐹𝐹𝑑𝑑 is design wheel load (kN) incorporating dynamic effect, 𝐹𝐹𝑠𝑠 is static wheel load (kN), 211 

and 𝛷𝛷 is dimensionless dynamic impact factor. Various empirical methods such as Eisenmann, 212 

American Railways Engineering Association (AREA), and Office of Research and 213 

Experiments (ORE) are widely used to calculate dynamic amplification factor (DAF) catering 214 

for the effect of train speed. In this study, ORE method is adopted to determine dynamic impact 215 

factor as this method is most relevant to Australian conditions. In this method, the DAF is 216 

defined in terms of dimensionless speed coefficients as given by following equation: 217 

                                                   𝛷𝛷 = 1 +  𝛼𝛼′ +  𝛽𝛽′ +  𝛾𝛾′                                                                           (8) 218 

where, 𝛼𝛼′and 𝛽𝛽′ are associated with mean value of impact factor, and 𝛾𝛾′ is related to the 219 

standard deviation of the impact factor. Details on the calculations of DAF using various 220 

methods are provided in Table 2. 221 

Various alternatives such as Odemark, Zimmermann, Trapezoidal approximation (2:1), and 222 

AREMA exist to calculate the maximum vertical stress on a subgrade [32]. In this study, the 223 

maximum vertical stress is calculated by Trapezoidal approximation (2:1) method due to their 224 

simplicity. A train speed varying from 40 to 160 km/h is considered. Train-induced vertical 225 

stresses (σt) corresponding to 40-160 km/h speeds are determined as 105-118 kPa which is 226 
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applied the top of the modeled unit cell. More details on train-induced vertical stresses are 227 

provided in Table 3. 228 

2.4 Effect of pile arrangement on soil arching 229 

Figure 3 demonstrates the effect of pile arrangement on the degree of soil arching. The pile 230 

arrangement is considered in a square and triangular pattern. Influence of an individual pile is 231 

assumed square and hexagonal soil block, when pile arranged in a square and triangular pattern, 232 

respectively. As earlier discussed that EA method serves the basis of further analysis, the 233 

square block (i.e., piles arranged in a square pattern) is easy to convert into plane strain wall 234 

using Eq (4). However, the hexagonal block (i.e., pile arranged in a triangular pattern) first 235 

converted into a square-shaped block of equivalent area. The width of the equivalent square 236 

block is considered as the pile spacing (s) and converted into plane strain wall. It is evident that 237 

pile arranged in a triangular pattern can demonstrate more efficient load transfer mechanism 238 

compared to square pattern. Therefore, the pile arrangement in triangular pattern is used for 239 

further analysis. 240 

3. Results and discussion 241 

3.1 Vertical stress 242 

The vertical stress profile in the railway embankment fill (including the gravel layer) can be 243 

used to assess the soil arching phenomenon. Figure 4 shows the vertical stress contours for 244 

different embankment heights and pile spacing above point A and point B. The vertical stress 245 

(σ) is normalized by γ(s-d), whereas the varying embankment height (h) is normalized by (s-246 

d). Figure 4(a) shows the vertical stress contours for three embankment height (i.e., 2.5 m, 3.5 247 

m, and 5.0 m) fixed at pile spacing (s) 2.5 m. It is observed that the variation of vertical stress 248 

along the normalized embankment height increases on the point B for all considered 249 
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embankment height and demonstrate the soil arching phenomena. For a specified embankment 250 

height (h), the vertical stress initially increases with a gradient equal to overburden stress 251 

extending from the embankment-fill top to the outer boundary of the soil arch. The stress profile 252 

then disturbed (decreases on point A and increase on point B). At this level, the majority of the 253 

embankment load is transferred onto the pile. It is worth mentioning that in this study the full 254 

soil arching developed with 1.3(s-d) (outer boundary) and 0.25(s-d) (inner boundary) after h = 255 

5 m, which is quite similar to the studies in the past (refer Table 4).  256 

Figure 4(b) shows the vertical stress contours for a fixed embankment height (h = 3.5 m) varied 257 

with three pile spacing (s) (i.e., 2.0 m, 2.5 m, and 3.5 m). For s = 2 m, the arching height 258 

increases more compared to s = 2.5 m and 3.5 m, whereas the inner boundary remains the same 259 

(i.e., independent of spacing variation). It shows that pile spacing (s) variation affects soil 260 

arching (i.e., the arching zone can be increased by reducing s). The arching zone is referred to 261 

as the thickness of the soil arch. Due to the expansion of this zone, more load is transferred to 262 

the pile. 263 

3.2 Comparison with Hewlett and Randolph [12] predictive method 264 

Fagundes et al. [19] and Zhuang et al. [34] proposed three failure modes at the maximum 265 

arching to compare the observed behavior with the Hewlett and Randolph method [12]. Figure 266 

5 shows the ultimate subsoil stress (σs), illustrating the variation in normalized embankment 267 

height (h/s). The ultimate subsoil stress is normalized by γs. These three failure mechanisms 268 

(i.e., no arching, failure at the crown, and failure at pile head) are shown in Figure 5 by dotted 269 

(for no arching, and failure at pile head) and solid lines (failure at the crown). The different 270 

colored solid lines show the FE results for different s. 271 
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The first mechanism is stipulated for the ‘no arching’ condition (i.e., σs = γh). In the second 272 

mechanism, the failure is based on the limiting conditions at the crown of the soil arch (failure 273 

at the crown). This mechanism indicates σs = 0.5γs which corresponds to the nominal weight 274 

beneath the crown of the hemisphere. The third mechanism is related to failure at the pile head 275 

or punching the pile head into the base of the embankment. Additional, failure at the crown of 276 

the arch in the plane strain condition, as proposed by Low et al. [10] is shown by the dotted 277 

centerline. The results plotted in Figure 5 show similar trends with other studies [19, 34]. 278 

It is evident that the stress value on the subsoil is less than 0.5γs (approximately representing 279 

the weight of the material below the top of the semicircular arch) up to a critical value of (h/s). 280 

At a higher (h/s) value, conditions at the pile head are more critical as also reported by Hewlett 281 

and Randolph [12]. However, for plane strain conditions, Hewlett and Randolph [12] predict 282 

that conditions at the crown of the arch are always critical. Figure 5 demonstrates the FE results 283 

for failure occurring at the pile cap in terms of a simplified plane strain equation and resembling 284 

a three-dimensional failure state for the pile cap, as proposed by Hewlett and Randolph [12]. 285 

At the higher embankment height, it shows quite a similar trend of failure. However, the values 286 

from the plane strain failure appear to be overestimated for all pile spacing, especially as pile 287 

spacing (s) reduces. 288 

3.3 Settlement 289 

The settlement of railway embankment, especially when located on soft soils, is the crucial 290 

factor governing the embankment design and construction stages. Soil arching minimizes the 291 

settlement of the subsoil by load transfer onto the piles. 292 

Figures 6 shows the normalized settlement contours for the embankment on the vertical side 293 

through point A and point B (refer Figure 1b). Figures 6(a) and 6(b) show the settlement 294 
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contour for varied h and s, respectively. The embankment height (h) and settlement were 295 

normalized by the clear spacing between the adjacent pile head (s-d). 296 

The differential settlement of the fill material above the pile head generates shear stresses that 297 

extend upward into the fill material. When the embankment is sufficiently high, it is assumed 298 

that the shearing force terminates at some horizontal plane: this plane is termed the plane of 299 

equal settlement. Above this plane, no differential settlement occurs, indicating that the vertical 300 

stress above this plane is not disturbed. However, below this plane, the embankment settlement 301 

over point A increases to a maximum value, while it reduces to almost zero over point B. It 302 

implies that the soil arching exists below the plane of equal settlement due to the differential 303 

settlement of the embankment fill over point A and point B. 304 

As shown in Figure 6(a), after a certain embankment height (5 m for this study) there is no 305 

differential settlement (i.e., the existence of plane of equal settlement). It is observed that the 306 

plane of equal settlement is located at the normalized embankment height of 1.75 (i.e., h = 3.78 307 

m) and soil arching develops under this height. It is worth noting that the settlement on point 308 

A increases with an increase in h. 309 

In addition, Figure 6(b) shows that the settlement contour for different pile spacing. It is 310 

observed that settlement increases with an increase in s. For s = 2 and 2.5 m, the plane of equal 311 

settlement occurs corresponding to the normalized height of 1.34 and 1.6, respectively. 312 

However, no plane exists for s = 3.5 m owing to the non-formation of soil arching. 313 

3.4 Settlement ratio (δem/δp) 314 

The differential settlement at the embankment top is defined as the difference between the 315 

maximum settlement at the top surface of the embankment above point A and B (refer Figure 316 

1) (i.e., δem-δp). However, the settlement ratio (δem/δp) can be employed to represent the 317 
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differential settlement. As evident, the settlement ratio (δem/δp) at the surface of the 318 

embankment is practically significant, in view of the embankment stability. 319 

Figure 7(a) shows the settlement ratio variation with normalized embankment height (h/s). For 320 

(h/s) > 1.7, δem/δp becomes one, implying uniform settlement. As h decreases, δem/δp increases, 321 

while showing a steep increase for (h/s) < 1. Figure 7(b) demonstrates the increase in settlement 322 

ratio at point A (δem/δs), with an increase in h/s for the entire range of pile spacing (s) considered 323 

in this study. For s = 3.5 m and low embankment height (h ≤ 3.5 m), δem/δs decreases as the 324 

soil arching is not fully developed. However, for higher embankment (h > 3.5 m), soil arching 325 

is fully developed as indicated by the increase in δem/δs. 326 

3.5 Lateral stress coefficient (K) 327 

The lateral stress coefficient (K) [Eq. (9)] is plotted on a vertical profile at point A and point 328 

B, further demonstrating soil arching. Figure 8 shows the lateral stress coefficient (K) profiles 329 

for a range of h and s, plotted with vertical distance upwards from the base of the embankment 330 

(h) normalized by (s-d). The results do not extend to the top of the embankment for higher 331 

embankments. Only the values of 0.25(s-d), 0.5s and 1.5(s-d) are highlighted on the Y-axis; 332 

and K = Ka (= 0.33); K0 (= 0.5) and Kp (= 3.0, considering the standard Rankine passive value 333 

and ignoring the small value of cohesion) on the X-axis. Figures 8(a) and 8(b) represent the K 334 

profile for varied h and s = 2.5 m at point A and point B respectively, whereas Figures 8(c) and 335 

8(d) show the equivalent plot for h = 3.5 m at different s. 336 

                                                              𝐾𝐾 = 𝜎𝜎ℎ′

𝜎𝜎𝑣𝑣′                                                                 (9) 337 

Referring to Figure 8(a) for [h/(s-d)] > 1.5, K is deduced to K0 and is not influenced by soil 338 

arching. For the embankment height (h) > 2.5, K increases with depth for h/(s-d) < 1.5, 339 

approaching Kp when h = 0.25(s-d). Although for h =2.5, K tends to approach the K0 stage; 340 
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however, the complete K0 stage is not achieved due to lower h (undeveloped soil arching). The 341 

lower embankments (i.e., h < 2.4) show that stress along the entire height of the embankment 342 

is under the passive state. Figure 8(b) shows K profile at point B, an active state observed for 343 

higher embankments when h/(s-d) < 1.0, and K returns to K0 at a similar height to Figure 8(a) 344 

which implies that for embankment (h) > 3.5, no stress disturbance occurred. 345 

As discussed earlier, Figure 8(c) shows K profile at point A for h = 3.5 m at different s, resulting 346 

in the outer boundary of arch being dependent on s. The inner boundary remains the same for 347 

different s, also referred to in Figure 4(b). Moreover, Figure 8(d) shows the equivalent plot at 348 

point B for different s. The K profile returns to at rest (K0) after the active state for s = 2 m, and 349 

2.5 m. Further increments in s will not result in the K value returning to K0 owing to the non-350 

formation of soil arching. 351 

The results observed in Figure 8 are consistent with the three-dimensional arch theory proposed 352 

by Hewlett and Randolph [12] in that the terms of active and passive conditions are perceived 353 

above point B and at the crown of the arch (at least near the inner boundary), respectively. 354 

These conditions are associated with the punching of the pile into the base of the embankment 355 

(for the active condition) and failure of the arch at the mid-span (for the passive condition), 356 

respectively. It may be observed that the effect on the stress state throughout the embankment 357 

fill is more widespread (higher) than the proposed discrete hemispherical boundaries since 358 

there is a gradual (rather than instantaneous) transition to K0 as h increases. 359 

4. Parametric study 360 

A parametric study is incorporated to see the effect of different material parameters on the size 361 

and shape of soil arching. Once the basic plane strain model is verified by the results available 362 

from past studies, the analysis is further extended for the effect of a range of input parameters 363 

on soil arching. It will help to understand the effect of different input parameters on soil 364 
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arching. Only one parameter is changed at a time, while the others are kept at standard case 365 

values. The details of these parameters were given in Table 1. 366 

4.1 Settlement ratio (δem/δp) 367 

For settlement ratio, embankment height is taken as 3.5 m (h is fixed) whereas pile spacing is 368 

varied (s = 2.0, 2.5 and 3.0 m). The effect of pile modulus (Ep) and embankment modulus (Eem) 369 

on the ratio (δem/δp) for pile spacing 2.5 m is demonstrated in Figure 9(a). It shows a trend 370 

which is depending on the Eem value (i.e., the settlement ratio increases 2 % with an increase 371 

in Ep when the Eem has a minimum value, while the settlement ratio decrease by 3 % with an 372 

increase in Ep when the Eem has maximum value). It implies that the pile modulus (Ep) should 373 

be enough with maximum embankment modulus (Eem) to reduce the differential settlement at 374 

embankment surface. A similar trend has been found for s = 2 and 3.5 m. Figure 8(b) indicates 375 

the effect of friction angle (φ′) and dilation angle (ψ) for s = 2.5 m. It can be seen that the 376 

settlement ratio increases by 17 % with an increase in friction angle. The dilation angle does 377 

not affect much δem/δp. However, for higher friction angle with lower dilation angle shows a 378 

higher value of the settlement ratio. An increase in pile spacing (s) leads to an increase in 379 

(δem/δp).  380 

Thus, the settlement ratio (i.e., differential settlement) is substantially affected by the input 381 

parameters; the pile and embankment modulii, embankment height (refer Figure 7a) and pile 382 

spacing. A pile spacing equal to 2 m and 2.5 m follows the serviceability condition, which 383 

means there is no differential settlement on the embankment surface. 384 

4.2 Soil arching ratio (SAR) 385 

The effect of pile modulus (Ep) and embankment modulus (Eem) is shown in Figure 10(a). The 386 

SAR negligible effects with an increase in Ep. Further, SAR decreases (i.e., the tenancy of stress 387 
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transfer to pile increase) by up to 61 % with an increase in Eem from 15 to 30 MPa, which 388 

implies that a specific value of Eem is required for maximum stress transfer to pile. The effect 389 

of friction angle (φ′) and dilation angle (ψ) is demonstrated in Figure 10(b). It shows that SAR 390 

decreases up to 30 % with an increase in friction angle from 30° to 45° and the effect of dilation 391 

angle is found to be negligible. However, SAR increases up to 7 % with an increase in dilation 392 

angle, at the lower friction angle. Which means that soil arching increases with an increase in 393 

φ′.  394 

4.3 Efficacy (Estr) 395 

The effect of pile modulus (Ep) and embankment modulus (Eem) on efficacy is shown in Figure 396 

11(a). The effect of pile modulus on efficacy is found to be negligible, and efficacy increases 397 

up to 87 % with an increase in embankment modulus. It implies that efficacy is dependent on 398 

Eem, and it should be up to a specific value (25 MPa for this study) for maximum efficacy. 399 

Figure 11(b) shows the effect of friction angle (φ′) and dilation angle (ψ) on efficacy. It shows 400 

that efficacy increases up to 20% with an increase in friction angle from 30° to 45° and the 401 

effect of dilation is found to be negligible. Resulting, the effect of friction angle is more 402 

pronounced as soil arching increases with an increase of φ′. 403 

4.4 Effect on arching height (harch) 404 

The soil arching height is defined as the minimum height required for the development of full 405 

soil arching. According to BS8006-1 [36], soil arching will occur when the embankment height 406 

is equal to 1.4(s-d), whereas EBGEO [37] suggested 0.7ld. where s is the centre to centre pile 407 

spacing, d is the pile width, and ld is the diagonal length. 408 

The influence of the embankment height (h) on the height of the soil arch for different spacing 409 

(s) is presented in Figure 12(a), which shows that the height of the soil arch (harch) is closely 410 
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related to h. For a specific s, it increases with an increase in h up to a certain height (5·0 m in 411 

this study) and then remains constant beyond this critical embankment height. It can be verified 412 

by Figures 4(a), 6(a), and 8(a) for s = 2.5 m. 413 

The influence of the clear spacing between the piles (s-d) on the height of the soil arch for 414 

different h can be observed in Figure 12(b). It is evident that (s-d) has a significant effect on 415 

the height of the soil arch. For a specific h, (harch) has been found to increase with an increase 416 

in (s-d) within the range from 1.5 to 3.5 m. It also shows that plot (harch) versus (s-d) are almost 417 

the same trend when h is higher than its critical height (5m for this study). 418 

The results of the (harch) plotted against the internal friction angle (φ′) of the embankment fill 419 

are given in Figure 12(c). It can be seen that (harch) increases with an increase in the φ′ value. 420 

When s = 2 m, the (harch) value is dramatically increased after 40° friction angle. The effect of 421 

h and (s-d) on the arching height are consistent with Yang et al. [38] findings. 422 

4.5 Influence of train speed 423 

Figure 13 refers to the effect of vertical stress (σt) induced by a range of train speeds (V) on the 424 

differential settlement and SAR. Figure 13(a) shows that the settlement ratio (δem/δp) increases 425 

with an increase in h/(s-d) (due to reduction in s). The settlement ratio decreases with an 426 

increase in train speed (V) for a given value of h/(s-d). As Table 3 indicates, the increased train 427 

speed implies increased σt on the top of the railway embankment. The effect of vertical stress 428 

(σt) is evident in Figure 13(b). It implies that for smaller pile spacing, SAR decreases with an 429 

increase in train speed (i.e., the tenancy of stress transfer to pile increase). However, the effect 430 

on SAR found to be negligible for larger pile spacing. 431 

4.6 Shape of soil arching 432 
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A precisely defined soil arch shape is the essential requirement to perceive the soil arching 433 

effect accurately. In the literature, some assumed arch shapes are used to develop the analytical 434 

models of the soil arching effect. These models are summarized by Van Eekelen et al. [39] as 435 

(a) rigid arch models, where the shape of the soil arch is assumed to be 2D or 3D triangular. 436 

Additionally, it is assumed that the entire load above the soil arch is directly transferred to the 437 

pile head, and the subsoil and reinforcements carry the weight of the soil below to the soil arch. 438 

(b) Limit state equilibrium models: these models are based on the failure condition either at the 439 

crown or the pile head of the soil arch. Commonly two limit-state equilibrium models are used 440 

in piled embankment design. One is explained by Hewlett and Randolph [12] as the shape of 441 

soil arch semicircular in 2D and a hemispherical dome in 3D  which was adopted in the French 442 

ASIRI guidelines and in the suggested BS8006-1 [36] and was recently extended by Zhang et 443 

al. [23] by considering the triangular arrangement of the piles. The other is the multi-shell 444 

arching theory models proposed by Kempfert et al. [40], in which a set of multi-shell domes 445 

represent the soil arch. The multi-shell arching theory was adopted in the German guidelines 446 

EBGEO [37] and Dutch guidelines. (c) Frictional models [9, 41]: In these models, the soil arch 447 

had no definite shape and is considered the plane of equal settlement. Thus, the existing 448 

analytical models of soil arching give a variation in the results for the same condition. One of 449 

the primary reasons for this may be related to the assumed shape of the soil arch. Therefore, 450 

the shape of the soil arch needs to be further evaluated. The effect of the input parameters on 451 

the shape of the soil arch is illustrated in Figure 14. 452 

To demonstrate the shape of arch inside the embankment fill, the vertical stress profile along 453 

different vertical planes in the clear pile spacing (s-d) is used. The height of the maximum 454 

vertical stress from the embankment base for individual planes is considered to be the height 455 

of the outer boundary of the soil arch whereas the height of the minimum vertical stress 456 

represents the inner boundary of the soil arch. 457 
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The vertical stress profile decreases at the height of 1.3 m [h/(s-d) = 0.6] above the base of the 458 

embankment and then again starts to increase at the height of 0.54 m [h/(s-d) = 0.25] above the 459 

embankment base. It means the thickness of the arch is about 0.76 m at the crown of the arch. 460 

However, Hewlett and Randolph [12] and BS8006-1 [36] assumed that the shape of the arch is 461 

semicircular with a uniform thickness which is equal to half of the pile head width. Thus, it 462 

confirms that the shape of the soil arch is not semicircular. The shape of the arch is very similar 463 

to the multi-shell arching theory proposed by Kempfert et al. [40]. The effect of the pile 464 

modulus (Ep) on the arching shape is shown in Figure 14(a). The shape of the arch negligible 465 

influenced at point A by increasing Ep. The effect of the embankment modulus (Eem) on the 466 

shape of the arch is shown in Figure 14(b), showing that the shape of the arch increases by 467 

increasing Eem. It may be concluded that Eem should be sufficient to develop soil arching. The 468 

friction angle (φ′) effect on the shape of the soil arch is evident in Figure 14(c). It implies that 469 

a more stable arch can be formed by increasing φ′ which is capable of transferring the maximum 470 

load onto the pile. The effect of dilation angle (ψ) on the shape of the soil arch is illustrated in 471 

Figure 14(d). It can be inferred that the thickness of the arch increases by increasing ψ. It may 472 

have practical importance as the thickness of the soil arch increases. 473 

5. Comparison with design methods 474 

Various analytical methods [9, 12, 36-37, 42] are available for piled embankment design. Table 475 

5 summarizes the different equations used in various design methods to calculate soil arching 476 

ratio (SAR) and efficacy (Estr). However, these design methods show variations in the arching 477 

results due to the use of different analytical models. In this study, the soil arching ratio (SAR) 478 

and efficacy (Estr) are compared using different analytical design methods for a range of 479 

normalized embankment heights (h/s). The pile spacing (s) is fixed (2.5 m) whereas the 480 

embankment height changes. Figure 15(a) shows the variation in soil arching ratio (SAR) using 481 
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these methods. It is observed in Figure 15(a) that the Guido method [42] is under-predicated. 482 

The Terzaghi [9] and BS8006 methods [36] are over-predicated. However, the Hewlett and 483 

Randolph method [12] shows nearly the same trend with an increase in embankment height. 484 

Figure 15(b) compares efficacy (Estr), showing that Terzaghi method [9] is very conservative. 485 

However, Hewlett and Randolph [12], and BS8006 [36] methods are shown closer prediction 486 

with higher embankment height. It also can be seen that for efficacy, Guido [42] shows the 487 

slightly higher result with all embankment height. Figure 15 confirms that the FE results are 488 

inconsistent with these methods. Also, different methods show the same trend in terms of soil 489 

arching which implies that each design method demonstrates soil arching in a certain term (i.e., 490 

SAR and Estr). Thus, there is a need to develop a method which could be considered globally 491 

for the design of a piled embankment. 492 

6. Practical implications 493 

Minimising differential settlement is the primary concern for the piled embankment design, 494 

and it has been acknowledged that soil arching help to reduce the differential settlement. In the 495 

literature, an optimum embankment height (hopt) is introduced to account for soil arching 496 

beyond which differential settlement is minimal [5]. In this study, the height of soil arching is 497 

given in terms of clear pile spacing (s-d), which can be used to determine the optimum 498 

embankment height. The parametric study is useful to identify the most critical piled 499 

embankment parameters and their correlation with the conditions mobilizing soil arching. The 500 

practical implications of this study are as follows:  501 

(i). The height of soil arching in the present study is summarized in Table 4, and it is verified 502 

with other published results. It is worth noting that in this study, the height of soil arching is 503 

1.04 times of clear pile spacing (s-d), which is applicable to all considered pile spacing (i.e., 504 

2.0 m, 2.5 m and 3.5 m). Above this embankment height, the uniform settlement is observed. 505 
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This implies that hopt should be equal to 1.04 times of clear pile spacing (s-d) for complete 506 

mobilization of soil arching. 507 

(ii). It is noteworthy to mention that soil arching is concerned with the optimum embankment 508 

height. However, FEM results of this study indicate that variations in the piled embankment 509 

parameters also have significant effects on the extent to which soil arching would be mobilized. 510 

Based on the parametric study results, it is evident that embankment modulus and friction angle 511 

play vital roles on the load transfer (e.g. soil arching) mechanism. Following relationships are 512 

established between soil arching ratio (SAR) and the embankment modulus and friction angle 513 

as below: 514 

                                                       𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑎𝑎 (𝐸𝐸𝑒𝑒𝑒𝑒)𝑏𝑏 + 𝑐𝑐                                                (10) 515 

where, a, b, c are coefficients and the values are 1.331e+6, -6.079, and 0.2803, respectively.  516 

                                                  𝑆𝑆𝑆𝑆𝑆𝑆 = −0.0061φ′ + 0.4791                                         (11) 517 

Therefore, this study is beneficial to identify optimum embankment height as a function of 518 

clear pile spacing, and the most critical design parameters to the optimize embankment design 519 

(refer to Eq. 10 and 11). 520 

7. Limitations 521 

Following are the limitation of this study which can be incorporated in future study: 522 

(i). In this study, a linear elastic-perfectly plastic model with Mohr-Coulomb (MC) failure 523 

criterion was considered for soil.  It is acknowledged that the use of the Mohr-Coulomb model 524 

can result in overprediction of strength at higher normal stresses. However, the expected 525 

normal stresses in a typical traffic scenario would not be too large. The low stress at 526 

embankment top is meant for the gravity loading analysis (self-weight of embankment). The 527 
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low stress condition is applicable to stress state in embankment top during train loading when 528 

train-induced transient stresses attain peak values in the top layers of embankment. This is also 529 

evident in past through fully instrumented field studies in Australia [22, 43]. In the present 530 

study, the dynamic nature of train loading is not considered and hence the use of M-C model 531 

was considered appropriate for the modeling. The use of M-C model is also consistent with 532 

other past studies [27, 44]. Ye et al. [27] simulated embankment fill as linear elastic-perfectly 533 

plastic model with Mohr-Coulomb (MC) failure criterion considering surcharge. Li et al. [44] 534 

simulated a ballasted railway track with Mohr-Coulomb (MC) model for embankment 535 

considering train speed from 100 km/h to 440 km/h. 536 

(ii). The current study deals with the use of cohesive-frictional materials possessing high 537 

frictional strength and coarse-grained soil for embankment fill and gravel bed which can largely 538 

remain in a relatively dry state. The consolidation settlements are ignored in this study. 539 

However, the consolidation can be significant issue when dealing with soft saturated subsoils. 540 

8. Conclusions 541 

A numerical study on pile-supported railway embankment under the plane strain condition has 542 

been presented in this paper. The soil arching behavior was investigated using the plane strain 543 

model results. The study was further expanded to a parametric study to investigate the influence 544 

on the size and shape of soil arching with varying piled-embankment parameters, pile spacing 545 

and embankment height.  546 

Based on the FE analysis, the following conclusions may be drawn from the present study: 547 

• Arching was significantly affected by the piled railway embankment properties. Pile 548 

and embankment modulii and friction angle were found to play a vital role in soil 549 

arching behavior.  550 
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• The arch height was significantly affected by the embankment height and clear spacing 551 

between the piles and the friction angle. 552 

• The soil arching significantly increases with a decrease in pile spacing. Thus, pile 553 

spacing should be limited for efficient load transfer to the piles.  554 

• The shape of the soil arch is not semicircular with uniform thickness, rather, it follows 555 

the multi-arch theory. The formation of the soil arch starts from the lower boundary to 556 

the upper boundary. The shape and formation of the soil arch are still not understood 557 

well. Thus, more research is needed on the shape and formation of the soil arch, in 558 

particular. 559 

• The comparison of the plane strain numerical results with the available design methods 560 

shows inconsistencies. Further research needs to be carried out in order to improve the 561 

available design and analytical methods. 562 
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LIST OF TABLES: 666 

TABLE 1. Material parameters for Piled embankment 667 

Material Unit weight, 
γ  (kN/m3) 

Young's modulus, 
E (MPa) 

Poisson's 
ratio, v 

Cohesion 
c′ (kPa) 

Friction angle, 
φ′ (degree) 

Dilation angle, 
ψ (degree) 

Pile 24 20 × 103 (15 × 103 - 30 × 103) 0.15 - - - 

Embankment fill 20 20 (15 - 30) 0.25 0.1 30 (30 - 45) 0 (0 - 15) 

Gravel bed 21 25 0.25 0.1 35 5 

Subsoil 18.4 10 0.3 8 22 0 

Note: bold values are for standard case (h = 3.5 m and s = 2.5 m) 668 

 669 

Table 2. Dynamic Amplification Factor (DAF or 𝛷𝛷) calculation with different methods 670 

Method Equation Train speed, 
V (km/h) DAF Remarks 

AREA1 
𝛷𝛷 = 1 +

0.00521 ∙ 𝑉𝑉
𝐷𝐷𝑤𝑤

 

 
where, Dw = 0.97 

40 1.21 

Dw is the diameter of wheel (m) 

60 1.32 
80 1.43 

100 1.54 
120 1.64 
140 1.75 
160 1.86 

Eisenmann 

𝛷𝛷 = 1 + 𝛿𝛿𝛿𝛿𝛿𝛿 
 
where, δ =0.2 (for good track condition); t =1; 
 𝜂𝜂 = 1; for V< 60 km/h 
𝜂𝜂 = �1 + 𝑉𝑉−60

140
�; for 60 ≤ V ≤ 200 km/h 

40 1.20 

δ is a factor that depends on the track condition; 
t is a factor that depends on the upper confidence limit; 
𝜂𝜂 is factor that depends on the speed of the vehicle 

60 1.20 
80 1.23 

100 1.26 
120 1.29 
140 1.31 
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160 1.34 

ORE2 

𝛷𝛷 = 1 + 𝛼𝛼′ + 𝛽𝛽′ + 𝛾𝛾′ 
 

where, 𝛼𝛼′ = 0.04 � 𝑉𝑉
100

�
3
; 

𝛽𝛽′ = V2(2ℎ+ℎ𝑠𝑠)
127R𝑐𝑐𝑙𝑙𝑔𝑔

− 2ℎ𝑠𝑠ℎ
𝑙𝑙𝑔𝑔2

; 

𝛾𝛾′ = 𝛾𝛾𝑜𝑜 ∙ 𝑎𝑎𝑜𝑜 ∙ 𝑏𝑏𝑜𝑜;  

𝛾𝛾𝑜𝑜 = 0.1 + 0.017 �
𝑉𝑉

100
�
3
 

40 1.30 α′ is a coefficient that depends on the track irregularities, 
train suspension, and speed; β′ is a coefficient that accounts 
for the movement of train along a curve, γ′ is a coefficient 
that depends on the train speed and configuration, and track 
condition; hd is the cant/super-elevation deficiency (m), lg is 
the gauge width (m), h is the vertical distance from rail top 
to centre of gravity of train (m), hs is the super-elevation (m), 
Rc is the radius of curvature (m), ao and bo are the locomotive 
and track maintenance factors. 

60 1.30 
80 1.31 

100 1.33 
120 1.36 
140 1.40 

160 1.45 

Japanese 
Standard 

𝛷𝛷 = �1 + 0.3 ∙
𝑉𝑉

100
� (1 + 𝐶𝐶) 

 
where, 𝐶𝐶 ≈ 0.3 

40 1.46 

C is a coefficient 

60 1.53 
80 1.61 

100 1.70 
120 1.77 
140 1.84 
160 1.92 

British 
Railways 

𝛷𝛷 = 1 +
8.784(𝜃𝜃1 + 𝜃𝜃2)𝑉𝑉

𝑃𝑃0
�
𝐾𝐾𝑗𝑗𝑊𝑊𝑢𝑢

𝑔𝑔
�
0.5

 

 
where, (θ1+ θ2) = 0.005; Kj = 55; Wu = 
2.11×9.81; g = 9.81 

40 1.20 

(θ1+ θ2) is the total dip angle of the rail joint (radians); Kj is 
the track stiffness at joint (kN/mm); Wu is the unsprung 
weight at one wheel (kN); g is the acceleration due to gravity 
(m/s2). 

60 1.29 
80 1.38 

100 1.48 
120 1.58 
140 1.67 
160 1.77 

Indian 
Railways 

𝛷𝛷 = 1 +
𝑉𝑉

58.14(𝑘𝑘)0.5 

 
where, k = 60 

40 1.08 

k is the track modulus (MPa) 

60 1.13 
80 1.18 

100 1.22 
120 1.27 
140 1.31 
160 1.36 

South 
African 
formula 

𝛷𝛷 = 1 +
4.92 ∙ 𝑉𝑉
𝐷𝐷𝑤𝑤1

 

 

40 1.20 

Dw1 is the diameter of wheel (mm) 60 1.30 
80 1.40 

100 1.50 
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where, Dw1 = 970 120 1.60 
140 1.71 
160 1.81 

 
WMATA3 

𝛷𝛷 = (1 + 0.0001𝑉𝑉𝑜𝑜2)0.67 
 
where, Vo = V × 0.621371 

40 1.04  
 
Vo is the speed of train (miles/h) 
 
 
 
 

60 1.09 
80 1.16 

100 1.24 
120 1.34 
140 1.46 
160 1.58 

Chinese 
Standard 

(MORPRC, 
2009) 

𝛷𝛷 = 1 + α𝑉𝑉 
 
where, α = 0.003 

40 1.12 

- 

60 1.18 
80 1.24 

100 1.30 
120 1.36 
140 1.42 
160 1.48 

German 
formula 

(i) 𝛷𝛷 = 1 + 𝑉𝑉2

3×104
 ;  

for V ≤ 100 km/h 
 

(ii) 𝛷𝛷 = 1 + 4.5 𝑉𝑉2

105
− 1.5 𝑉𝑉3

107
 ;   

for V > 100 km/h 

40 1.06 

- 

60 1.13 
80 1.21 

100 1.30 
120 1.39 
140 1.47 
160 1.54 

Australian 
Standard 

(AS1085.1
4, 2012) 

𝛷𝛷 = 2.5 - 2.5 This value of 𝛷𝛷 may be taken when the data from field 
investigations is unavailable. 

1American Railway Engineering Association  671 
2Office for Research and Experiments 672 
3Washington Metropolitan Area Transit Authority 673 

 674 
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TABLE 3. Summary of Induced vertical stress on embankment obtained using Trapezoidal method 675 

Stress calculation method Impact factor 
calculation method 

Vehicle speed, 
V (km/h) 

Vertical stress on 
subgrade, σt (kPa) 

Trapezoidal approximation 
(2:1 method) 

 
[𝝈𝝈𝒛𝒛 𝒎𝒎𝒎𝒎𝒎𝒎 = 𝑸𝑸

(𝒃𝒃+ĥ)( 𝒍𝒍𝟑𝟑+ĥ)
] 

ORE method 
 

[𝛷𝛷 = 1+α′+β′+γ′] 

40 105 
60 106 
80 107 

100 108 
120 110 
140 114 
160 118 

where, Q = 𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚 (Asb), l is sleeper length (m), α′ and β′ are related to the mean value of impact factor while γ′ is related to the standard deviation of the impact 676 

factor. 677 

 678 

TABLE 4. Soil arching height verified by various studies 679 

 Terzaghi [9] Bhasi and Rajagopal [15] Zhuang et al. 
[34] 

Potts and 
Zdravkovic [35] 

Present 
study 

Normalized length Void width (s-d) (s-d) Void width (s-d) 

Soil arching height in 
Plane strain 

2-3 2.9 3 3 2.25 

Note: All values in meter 680 

 681 

TABLE 5. Equations for calculating soil arching ratio (SAR) and efficacy (Estr) by different design methods 682 

Design 
method 

Soil arching ratio 
(SAR) Efficacy (Estr) 

Terzaghi 
[9] 𝑆𝑆𝑆𝑆𝑆𝑆 =

(𝑠𝑠2 − 𝑑𝑑2)
4ℎ𝑑𝑑𝑑𝑑 𝑡𝑡𝑡𝑡𝑡𝑡φ′

(1 − 𝑒𝑒(−4ℎ𝑑𝑑𝑑𝑑 𝑡𝑡𝑡𝑡𝑡𝑡φ′)/(𝑠𝑠2−𝑑𝑑2)) 𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠 = 1 −
(𝑆𝑆𝑆𝑆𝑆𝑆)(𝑠𝑠2 − 𝑑𝑑2)

𝑠𝑠2
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where, K = (1-sinφ′) 

Hewlett 
and 

Randolph 
[12] 

At the crown: 

𝑆𝑆𝑆𝑆𝑆𝑆 =   �1 −
𝑑𝑑
𝑠𝑠
�

(2𝐾𝐾𝑝𝑝−1)

�1−
2𝑠𝑠(𝐾𝐾𝑝𝑝 − 1)

√2ℎ(2𝐾𝐾𝑝𝑝 − 3)
� + �

2(𝑠𝑠 − 𝑑𝑑)�𝐾𝐾𝑝𝑝 − 1�
√2ℎ�2𝐾𝐾𝑝𝑝 − 3�

� 

At the pile top: 

𝑆𝑆𝑆𝑆𝑆𝑆 =

⎝

⎜
⎛ 1

�
2𝐾𝐾𝑝𝑝
𝐾𝐾𝑝𝑝 + 1� ��1 − 𝑑𝑑

𝑠𝑠�
�1−𝐾𝐾𝑝𝑝�

− �1 − 𝑑𝑑
𝑠𝑠� �1 + 𝑑𝑑

𝑠𝑠 𝐾𝐾𝑝𝑝��+ (1 − 𝑑𝑑2
𝑠𝑠2  )

⎠

⎟
⎞

 

where, 𝐾𝐾𝑝𝑝 = (1+𝑠𝑠𝑠𝑠𝑠𝑠φ′)
(1−𝑠𝑠𝑠𝑠𝑠𝑠φ′)

 

BS8006 
[36] 

For partial Arching: 

𝑆𝑆𝑆𝑆𝑆𝑆 =  
2𝑠𝑠

(𝑠𝑠 + 𝑑𝑑)(𝑠𝑠2 − 𝑑𝑑2) �𝑠𝑠
2 − 𝑑𝑑2 �

𝑃𝑃𝑐𝑐
𝛾𝛾ℎ
�� 𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠 = 1 −  

1
𝑠𝑠2 �

𝑠𝑠2 − 𝑑𝑑2 �
𝑃𝑃𝑐𝑐
𝛾𝛾ℎ
�� 

For full arching: 

𝑆𝑆𝑆𝑆𝑆𝑆 =  
2.8𝑠𝑠

(𝑠𝑠 + 𝑑𝑑)2ℎ �
𝑠𝑠2 − 𝑑𝑑2 �

𝑃𝑃𝑐𝑐
𝛾𝛾ℎ
�� 

where, �𝑃𝑃𝑐𝑐
𝛾𝛾ℎ
� = �𝐶𝐶𝑐𝑐𝑑𝑑

ℎ
�
2
 

𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠 = 1 −  
1.4(𝑠𝑠 − 𝑑𝑑)

𝑠𝑠2ℎ �𝑠𝑠2

− 𝑑𝑑2 �
𝑃𝑃𝑐𝑐
𝛾𝛾ℎ
�� 

Guido [42] 𝑆𝑆𝑆𝑆𝑆𝑆 =
(𝑠𝑠 − 𝑑𝑑)
3√2 ℎ

  

where, s is pile spacing, d is pile width, h is the embankment height, and K is the lateral stress coefficient at rest (Ko), Kp is the passive lateral stress 683 

coefficient, φ′ is friction angle of embankment fill, Cc is the arching coefficient, Pc is vertical stress on the pile head and γ is the unit weight of 684 

embankment fill. 685 

  686 
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 713 

(a) 714 

 715 

(b) 716 

Figure 1: Considered embankment model, (a) typical cross-section profile, and (b) mesh 717 

profile of the modeled unit (s = 2.5 m, h = 3.5 m) 718 

 719 
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 720 

Figure 2: Model validation with experimental data reported by King et al. [31] 721 

 722 
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 723 

Figure 3: Comparison of two different pile arrangements 724 

 725 
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 726 

(a)  727 

 728 

(b) 729 

Figure 4: Vertical stress contour for varied; (a) embankment height, and (b) pile spacing 730 

 731 
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 732 

Figure 5: Comparison of FE results with Hewlett and Randolph method: normalized stress 733 

on point A vs. normalized embankment height 734 
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 736 

(a) 737 

 738 

(b) 739 

Figure 6: Normalized settlement contour for varied (a) embankment height, and (b) pile 740 

spacing 741 

 742 
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 743 

(a) 744 

 745 

(b) 746 

Figure 7: (a) Settlement ratio at the embankment top, (b) settlement ratio at point A 747 

 748 
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 749 

(a) 750 

 751 

(b) 752 
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 753 

(c) 754 

 755 

(d) 756 

Figure 8: Lateral stress coefficient (K) profile for varied; embankment height (a) at point 757 

A, (b) at point B, and pile spacing (c) at the point A, (d) at the point B 758 

 759 
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 760 

(a) 761 

 762 

(b) 763 

Figure 9: Influence on settlement ratio (δem/δp) due to (a) pile modulus and embankment 764 

modulus (b) friction angle, and dilation angle 765 

 766 
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 767 

(a) 768 

 769 

(b) 770 

Figure 10: Influence on soil arching ratio (SAR) due to (a) pile modulus and embankment 771 

modulus, (b) friction angle and dilation angle  772 

 773 
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 774 

(a) 775 

 776 

 (b) 777 

Figure 11: Influence on efficacy (Estr) due to (a) pile modulus and embankment modulus (b) 778 

friction angle and dilation angle 779 

 780 
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 781 

(a) 782 

 783 

(b) 784 

 785 

(c) 786 

Figure 12: Influence on arching height (harch) due to (a) embankment height, (b) pile spacing 787 

(s-d), and (c) friction angle  788 

        789 



48 
 

 790 

(a) 791 

 792 

(b) 793 

Figure 13: Influence of train speed on (a) settlement ratio, (b) soil arching ratio (SAR) 794 

 795 
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  796 

(a)      (b) 797 

  798 

(c)       (d) 799 

Figure 14: Influence on arching shape due to (a) pile modulus, (b) embankment modulus, (c) 800 

friction angle, and (d) dilation angle 801 

 802 
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 803 

(a) 804 

 805 

(b) 806 

Figure 15: Comparison of Present study with different design methods, (a) soil arching 807 

ratio (SAR), and (b) efficacy (Estr) 808 

 809 
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