
Performance improvement of ballasted railway tracks 
using geocells: present state of the art 

Sanjay Nimbalkar1[0000-0002-1538-3396], Piyush Punetha1[0000-0002-0812-4708] and Sakdirat 
Kaewunruen2[0000-0003-2153-3538] 

1 University of Technology Sydney, NSW 2007, Australia 
2 The University of Birmingham, Edgbaston, B152TT UK 

Email: Sanjay.Nimbalkar@uts.edu.au 

Abstract. The dramatic increase in the axle load and speed of the rolling stock 
over the recent years has posed several challenges in terms of maintaining the 
stability and performance of the railway tracks. Consequently, the rail track en-
gineers are exploring suitable measures to improve the performance of the tracks. 
The geocells can offer a cost-effective and technically viable alternative for en-
hancing the track performance. Although the performance of geocells in numer-
ous geotechnical applications such as reinforced retaining walls, slopes, embank-
ments, pavements, etc. is well proven, their application to the railway tracks is 
still in the nascent stage. The present chapter examines the potential benefits of 
using geocells in the railway tracks. The results of the numerous experimental, 
numerical and field studies are critically reviewed. The influence of geocell rein-
forcement on the parameters (or material properties) essential for the track sta-
bility have been discussed. The past studies indicate that the geocells can be ef-
fectively used to improve the performance of the railway tracks. The geocells 
provide confinement which increases the strength and stiffness of the infill ma-
terials. Moreover, the geocell reinforcement significantly reduces the irrecovera-
ble deformations of the track granular media, both vertically and laterally. How-
ever, the effectiveness of their use is influenced by several parameters such as 
the properties of the geocell, infill, subgrade and the location of the geocell rein-
forced layer. This chapter elucidate the role of these influencing parameters in 
the track stability. Furthermore, the satisfactory performance of geocells in the 
field substantiates their enormous applications in the railway tracks. 

Keywords: Geocell, Railways, Resilient modulus, Permanent deformation, 
Confinement, Analytical model. 

1 Introduction 

The rapid growth in population has substantially increased the transportation of passen-
ger, resources, and goods throughout the world [1]. Therefore, the demand on the trans-
portation facilities is escalating tremendously [2]. To cater to such huge demands, the 
existing modes of transportation are undergoing a rapid expansion in their infrastructure 
[3]. Consequently, the number of road vehicles, trains and aircrafts has significantly 
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increased. However, the increase in the number of vehicles has resulted in a tremendous 
amount of congestion and air pollution [4-6]. 

The rail transport, on the other hand, is considered as an environment-friendly mode 
of transportation for the conveyance of a large volume of freight and a large number of 
passengers over long distances [6]. Similar to its counterparts, the railway transport has 
adopted modern technologies to increase the speed of passenger trains and to improve 
the capacity of the freight trains in order to meet the ever-growing demands [2]. Con-
sequently, the frequency and magnitude of the load on existing railway tracks have 
dramatically increased [7]. However, most of the existing tracks have not been designed 
to meet these additional load requirements. Therefore, the stability of the track may get 
compromised in most of the conventional tracks [3]. 

The stability of a railway track is inevitable for the smooth and safe operation of the 
railway traffic, whether it be a passenger train, a freight train or other rolling stock. The 
track deterioration poses severe consequences on the safety of the trains [8]. Moreover, 
track instability reduces the comfort of the passengers and may even endanger their 
lives.  

The stability of a railway track depends on the hydraulic and mechanical behavior 
of the constituent materials (such as ballast, subballast (popularly known as capping in 
Australia), structural fill and general fill) and the soil subgrade (prepared and natural 
subgrade) under the train-induced quasi-static and dynamic loading. Throughout the 
service life, the track is subjected to repetitive loads due to the movement of the trains. 
With an increase in the frequency and magnitude of the load, the subgrade and the 
constituent materials undergo a substantial amount of deformation and deterioration 
[9]. This degradation leads to unacceptable differential settlements, lateral instability 
and a loss of track geometry [10]. Consequently, the track loses its efficiency resulting 
in reduced train speed or costly maintenance and upgrade [9]. 

The maintenance work usually involves the replacement of the deteriorated constit-
uent materials. However, the disposal of a massive quantity of the degraded material 
poses a serious challenge to the rail authorities due to the strict regulations imposed by 
the environment protection agency [11]. An alternative is to recycle the degraded ma-
terial and re-use it for the construction of the tracks. The locally available materials 
could also be used to reduce the overall maintenance costs [4]. However, the recycled 
and locally available materials often possess inadequate strength and stiffness. There-
fore, the use of these inferior quality materials may be detrimental for the track perfor-
mance and may lead to extensive lateral spreading and differential settlements.  

The geosynthetics can offer an economical and feasible solution for improving the 
performance of the railway tracks [4, 12-15]. Geosynthetics are the polymeric materials 
that are used for numerous applications such as soil reinforcement, slope stabilization, 
filtration, drainage, etc. [16]. They have become an indispensable component in most 
of the geotechnical engineering projects. Moreover, the geosynthetics such as geogrids, 
geotextiles, and geocomposites have been used successfully for a long period in the 
railways for improving the stability of the tracks on soft subgrade [17].  

The railway tracks often exhibit a significant amount of lateral spreading due to lack 
of sufficient confinement, especially when the subgrade is stiff [4]. The geosynthetics, 
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such as geocell can reduce this lateral deformation by confining the constituent materi-
als. Geocell is a three-dimensional honey-comb shaped polymeric material that is used 
to improve the strength and stiffness of the granular materials by providing additional 
confinement [18]. The geocells have been used for the construction of slopes, embank-
ments, retaining walls, pavements, etc., however, their application to the field of rail-
ways is still minimal (e.g., [19, 20]. This is probably due to the lack of proper design 
guidelines or due to the conservative approach adopted by the railroad track designers 
[21]. Several studies have reported the beneficial role of geocell (e.g. [4, 18, 21-29]. 
However, most of these studies primarily focus on the pavements with only a few deal-
ing with the railways. 

The present chapter aims to explore the beneficial role of geocell in enhancing the 
stability of the railway tracks. The chapter is presented in the following sequence: the 
first section discusses the basic concepts for track design. This section helps the readers 
to develop a basic understanding of the track structure and the different types of loads 
that are exerted on the tracks. This knowledge is inevitable before the application of 
geocells in the railway tracks. The subsequent sections describe the potential benefits 
of using geocell in railways such as improvement in resilient modulus, reduction in 
plastic deformation, additional confinement, etc. and the mathematical models that can 
be used for their quantification. Finally, the case studies on the use of geocells in the 
railway tracks are discussed. 

2 Railway Track - Basic Concepts 

The railway track is the structure on which the trains and other rolling stocks move. 
The primary function of a railway track is to provide a stable and robust bed for the 
movement of the trains. The track must be able to transfer the traffic induced loads 
safely to the subgrade soil. Safety implies that the stresses transferred to the soil must 
be within the permissible limits, enabling a sufficient safety margin for various risks 
and uncertainties [30]. 

2.1 Structure of the Ballasted Railway Track 

The ballasted railway tracks employ multiple layers of unbound granular material to 
transfer the train-induced loads safely to the subgrade. These tracks consist of two es-
sential components: superstructure and substructure. The superstructure comprises 
rails, rail pads, sleepers (or ties) and the fasteners. Moreover, the substructure consti-
tutes ballast, subballast (capping), structural fill, general fill and soil subgrade (prepared 
and natural subgrade or formation). Fig. 1 shows a typical cross-section of the ballasted 
track. 

The rail is a longitudinal steel member which is supported by sleepers at regular 
intervals. It provides a firm base for the movement of trains. It must possess adequate 
strength and stiffness to resist the forces exerted by the rolling stock without undergoing 
significant deformation. The rail primarily accommodates the wheel and transfers the 
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load from the train to the sleepers. Moreover, it may also serve as an electric signal 
conductor in an electrified line [7, 31]. 

 
Fig. 1. Ballasted track structure 

The fasteners are used to maintain the position of the rail on the sleepers. They resist a 
combination of train-induced vertical, lateral and longitudinal forces in addition to the 
overturning moments [31]. 

The rail pads are often provided below the rail to filter out or dampen the dynamic 
forces generated from the movement of the high-speed rolling stock [7]. Therefore, they 
reduce the amount of vibration transmitted to the sleeper and the substructure. 

The sleepers (or ties) are the transverse beams that support the rails and transfer the 
traffic induced vertical, lateral and longitudinal forces to the substructure [32]. The 
sleepers can be manufactured using steel, concrete or timber. However, the pre-stressed 
concrete sleepers are the most commonly used sleepers due to their high strength and 
durability [31]. 

The ballast bed is a layer of coarse-aggregates that provides support to the sleepers. 
It comprises crushed stones and gravel with a typical particle size ranging between 20-
60 mm [30]. The primary functions of the ballast bed are to provide a stiff bearing 
surface for the sleepers and to transfer the imposed superstructure loads safely to the 
underlying layers and the subgrade [32]. Moreover, the ballast bed facilitates the drain-
age of water away from the track, reduces vibrations and absorbs the noise [8].  

The subballast bed (capping) is a layer of granular material that acts as a filter to 
prevent the movement of fines from the underlying layers to the ballast. Moreover, it 
arrests the penetration of the ballast into the bottom layers and drains water away from 
the subgrade into the ditches. The subballast layer also distributes the traffic induced 
stresses uniformly over a wide area of the subgrade or the embankment fill [7]. 
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The railway tracks are laid on embankments to maintain the vertical alignment either 
in the case of low-lying areas or areas where deposits of soft/weak subgrade are en-
countered. The embankments usually comprise structural fill and general fill. The struc-
tural fill is a layer of compacted material lying below the subballast bed whose thick-
ness depends on the strength of the underlying layers [33]. The general fill is a layer of 
compacted material that is provided between the structural fill and the subgrade. The 
general fill material usually possesses lower strength than the structural fill material 
[33]. 

The subgrade is the lowermost part of the railway track that ultimately bears the 
weight of the track and the traffic induced loads. The safety and long-term performance 
of a track primarily depend on the mechanical and hydraulic behavior of the subgrade. 
Therefore, it must possess adequate strength (bearing capacity), stiffness and drainage 
ability. However, some natural subgrades such as soft compressible clays possess poor 
engineering properties and require engineering treatment before the construction of the 
overlying track layers. The treated layer with enhanced engineering properties is known 
as the prepared subgrade. 

2.2 Loads on a Track 

A railway track withstands a combination of loads in vertical, lateral and longitudinal 
directions resulting from the traffic, track condition and temperature. The vertical load 
is primarily due to the weight of the rolling stock. In addition to the weight, the vertical 
forces also emerge due to the movement of the vehicle on the track with geometrical 
irregularities. These forces are known as the dynamic forces, and their magnitude and 
frequency depend on the amount of rail/wheel irregularities [31]. The lateral loading 
arises from the wind, train’s reaction to geometric deviations in the track, centrifugal 
force in curves, buckling reaction force on the rail (at high rail temperatures), etc. [7]. 
Moreover, the longitudinal loading originates from the traction and braking forces from 
the trains, thermal effects and wave action of rail [8]. 

Vertical Load. The vertical load is a combination of moving static and dynamic loads 
[30]. The total vertical load on a railway track is given as: 

𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑃𝑃𝑞𝑞𝑞𝑞𝑡𝑡𝑞𝑞𝑞𝑞−𝑞𝑞𝑡𝑡𝑡𝑡𝑡𝑡𝑞𝑞𝑠𝑠 + 𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑡𝑡𝑑𝑑𝑞𝑞𝑠𝑠 (1) 

where Ptotal is the total vertical wheel load; Pquasi-static is the quasi-static wheel load, 
which is the sum of the static wheel load, wind load and non-compensated centrifugal 
force on the outer rail (in a curve); Pdynamic is the dynamic component of load that de-
pends on the speed of the train, quality of the track and the wheel, vehicle parameters 
(such as wheel diameter and unsprung mass), etc. 

𝑃𝑃𝑞𝑞𝑞𝑞𝑡𝑡𝑞𝑞𝑞𝑞−𝑞𝑞𝑡𝑡𝑡𝑡𝑡𝑡𝑞𝑞𝑠𝑠 = �
𝑃𝑃
2
� + 𝐻𝐻𝑤𝑤

𝑙𝑙𝑤𝑤
𝑏𝑏𝑡𝑡

+ 𝑃𝑃
𝑙𝑙𝑠𝑠
𝑏𝑏𝑡𝑡

2 �
𝑏𝑏𝑡𝑡𝑉𝑉2

𝑔𝑔𝑅𝑅𝑠𝑠
− ℎ𝑞𝑞� (2) 
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where P is the static axle load; Hw is the crosswind force; lw is the distance between 
center of rails and the resultant wind force; lc is the distance between rail top and center 
of gravity of the train; bt is the track width; V is the train speed; g is the acceleration 
due to gravity; Rc is the radius of curvature of track; hs is the super-elevation. 

The dynamic component of the load is very complex as it depends on a large number 
of parameters such as track geometry, train configuration, and speed, among others. 
Consequently, the dynamic effect is represented in the form of a factor which is a mul-
tiplier to the static wheel load (Eq. 3) [31, 32]. This factor is known as the dynamic 
amplification factor (DAF) or the impact factor. It depends on the parameters such as 
the train speed, quality (or condition) of the rail and wheel as well as the stiffness of 
subgrade [34]. The total design wheel load is calculated using the following equation. 

𝑃𝑃𝑑𝑑 = 𝜑𝜑𝑃𝑃0 (3) 

where Pd is the design wheel load; φ is the DAF (always greater than 1); P0 is the static 
wheel load. Table 1 shows the different empirical equations to evaluate the DAF. More 
details of these methods can be found elsewhere [7, 32, 35]. 

Table 1. Empirical equations to calculate the impact factor or DAF 

Method Equation Remarks 
AREA1 [36] 

𝜑𝜑 = 1 + 0.00521∙𝑉𝑉
𝐷𝐷𝑤𝑤

  
V is the speed of the train (km/h); Dw 
is the diameter of wheel (m). 

Eisenmann [37]  
𝜑𝜑 = 1 + 𝛿𝛿𝛿𝛿𝛿𝛿  

𝛿𝛿 = 1  
for V< 60 km/h 
𝛿𝛿 = �1 + 𝑉𝑉−60

140
�  

for 60 ≤ V ≤ 200 km/h 

δ is a factor that depends on the track 
condition; η is a factor that depends 
on the speed of the vehicle; t is a fac-
tor that depends on the upper confi-
dence limit. 

ORE2 [32, 38]  
𝜑𝜑 = 1 + 𝛼𝛼′ + 𝛽𝛽′ + 𝛾𝛾′  

𝛼𝛼′ = 0.04 � 𝑉𝑉
100

�
3
  

𝛽𝛽′ = V2(2ℎ+ℎ𝑠𝑠)
127R𝑐𝑐𝑡𝑡𝑔𝑔

− 2ℎ𝑠𝑠ℎ
𝑡𝑡𝑔𝑔2

  

𝛾𝛾′ = 0.1 + 0.017 � 𝑉𝑉
100

�
3
  

α′ is a coefficient that depends on the 
track irregularities, train suspension, 
and speed; β′ is a coefficient that ac-
counts for the movement of train 
along a curve, γ′ is a coefficient that 
depends on the train speed and con-
figuration, and track condition; V is 
the speed of train (km/h), hd is the 
cant/super-elevation deficiency (m), 
lg is the gauge width (m), h is the ver-
tical distance from rail top to center 
of mass of train (m), hs is the super-
elevation (m), Rc is the radius of cur-
vature (m). 

                                                           
1  American Railway Engineering Association 
2  Office of Research and Experiments 
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Atalar et al. [39] 
𝜑𝜑 = �1 + 𝑉𝑉

100
� (1 + 𝐶𝐶)  

C is a coefficient (value ≈ 0.3); V is 
the speed of the train (km/h). 

British Railways 
[32] 𝜑𝜑 = 1 + 8.784(θ1+𝜃𝜃2)𝑉𝑉

𝑃𝑃0
�𝐾𝐾𝑗𝑗𝑊𝑊𝑢𝑢

g
�
0.5

  
(θ1+ θ2) is the total dip angle of the 
rail joint (radians); V is the train 
speed (km/h); P0 is the static wheel 
load (kN); 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). 

Indian Railways 
[32]  𝜑𝜑 = 1 + 𝑉𝑉

58.14(𝑘𝑘)0.5  
V is the speed of the train (km/h); k 
is the track modulus (MPa) 

German formula 
[32] 𝜑𝜑 = 1 + 𝑉𝑉2

3×104
  

for V ≤ 100 km/h 

𝜑𝜑 = 1 + 4.5 𝑉𝑉2

105
− 1.5 𝑉𝑉3

107
  

for V > 100 km/h 

V is the speed of train (km/h) 

South African 
formula [32] 𝜑𝜑 = 1 + 4.92∙𝑉𝑉

𝐷𝐷𝑤𝑤
  

Dw is the diameter of wheel (mm) 

WMATA3 [35]  
𝜑𝜑 = (1 + 0.0001𝑉𝑉2)0.67  

V is the speed of train (miles/h) 

Lateral Loads. The loads acting on the railhead in the lateral direction depend on the 
parameters such as the radius of curvature of the track, speed and configuration of the 
train, etc. [32]. Several empirical expressions have been developed based on the field 
investigations to evaluate the magnitude of the lateral load exerted by the wheel flange 
on the railhead while negotiating the curves. Some of the empirical expressions are 
discussed here [32]. 

ORE Formula. The ORE conducted field investigations to evaluate the magnitude of 
the lateral load exerted by the wheel flange on the railhead for different train configu-
rations, speed (up to 200 km/h) and curve radii. The results showed that the lateral force 
depends only on the radius of curvature of the track. Moreover, the following equation 
was developed to calculate the magnitude of the lateral load: 

𝐻𝐻 = 35 +
7400
𝑅𝑅𝑠𝑠

 (4) 

where H is the lateral load (kN). 

                                                           
3  Washington Metropolitan Area Transit Authority 
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Swedish Railways Formula. The Swedish Railways conducted similar field investiga-
tions to evaluate the magnitude of the lateral load exerted by the wheel flange on the 
railhead for different train configurations, speed and a curve radius of 600 m. The fol-
lowing empirical expression was developed: 

𝐻𝐻𝑑𝑑𝑚𝑚𝑡𝑡𝑑𝑑 = 17 +
𝑉𝑉

27.6
 (5) 

where Hmean is the mean lateral load (kN). 

British Railways Formula. The British Railways recommend the evaluation of the lat-
eral load using the following relationship [40]. 

𝐻𝐻 = 𝑃𝑃𝐴𝐴𝑑𝑑 + 𝐴𝐴𝑑𝑑𝑉𝑉𝑑𝑑�
𝑀𝑀𝑞𝑞

𝑀𝑀𝑞𝑞 + 𝑀𝑀𝑑𝑑
�𝐾𝐾𝑑𝑑𝑀𝑀𝑞𝑞�

0.5
 (6) 

where Ad is the maximum normal operating cant deficiency angle (rad); Vm is the max-
imum normal operating speed (m/s); Mu is the effective lateral unsprung mass per axle 
(kg); Ay is the angle of lateral ramp discontinuity (0.0039 rad); My is the effective lateral 
rail mass per wheel (170 kg); Ky is the effective lateral rail stiffness per wheel (25 × 106 
N/m). As per the British standards [40], the total lateral load per axle on the track must 
not exceed 71 kN when a rolling stock negotiates a curve with a lateral ramp disconti-
nuity at maximum permissible speed and cant deficiency. The maximum permissible 
value of 71 kN corresponds to the lateral force theoretically induced by a Class 86/2 
electric locomotive travelling at a speed of 180 km/h over a curve with a lateral ramp 
in outer rail and a cant deficiency of 5.8° [41]. Moreover, the lateral load on the track 
per axle (sustained over a length ≥ 2 m) must never be greater than (P/3+10) kN. 

Longitudinal Loads. The longitudinal loads develop from the thermal expansion and 
contraction of the rails, wheel action, and the traction and braking forces from the 
wheel. The thermal effects can lead to the buckling of the rail and are much more pro-
nounced in the continuously welded rails. Moreover, the traction and braking result in 
excessive wear and tear on both rails and wheel [35]. 

Impact Loads. In addition to the quasi-static forces, the railway track is often subjected 
to impact loads due to inevitable track and train abnormalities. The impact loads are 
characterized by a high magnitude and short duration. Worn wheel/rail surface profile, 
wheel flats, bad welds, switches, dipped rails, joints, rail corrugation, turnouts, unsup-
ported sleepers, an abrupt change in track stiffness are some of the inevitable causative 
factors of the impact loads in a railway track [9, 31]. 

The impact loads generate two distinct force peaks. The first peak is characterized 
by a large magnitude and small duration (known as P1). Whereas, the second peak is 
characterized by a small magnitude and large duration (known as P2) [7]. The peak P1 
occurs due to the inertia of the rail and sleepers, and it doesn’t affect the track substruc-
ture. However, the peak P2 occurs due to the mechanical resistance offered by the track 
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substructure [7] and is responsible for the deterioration of the constituent materials of 
the track [42].  

The P2 force can be evaluated using the following formula [40]: 

𝑃𝑃2 = 𝑄𝑄 + (𝐴𝐴𝑧𝑧𝑉𝑉𝑑𝑑𝑀𝑀𝐶𝐶′𝐾𝐾) (7) 

where Q is the maximum static wheel load (N); Vm is the maximum normal operating 
speed of the train (m/s); Az is the total angle of vertical ramp discontinuity (0.02 rad). 

𝑀𝑀 = �
𝑀𝑀𝑣𝑣

𝑀𝑀𝑣𝑣 + 𝑀𝑀𝑧𝑧
�
0.5

 (8) 

𝐶𝐶′ = 1 − �
𝜋𝜋𝐶𝐶𝑧𝑧

4{𝐾𝐾𝑧𝑧(𝑀𝑀𝑣𝑣 + 𝑀𝑀𝑧𝑧)}0.5� (9) 

𝐾𝐾 = (K𝑧𝑧𝑀𝑀𝑣𝑣)0.5 (10) 

where Mv is effective vertical unsprung mass per wheel (kg); Mz is effective vertical 
rail mass per wheel (245 kg); Cz is effective vertical rail damping rate per wheel (55.4 
× 103 Ns/m); Kz is the effective vertical rail stiffness per wheel (62 × 106 N/m). 

The British standards restrict the maximum value of P2 force to 322 kN per wheel 
[40]. The maximum permissible value of 322 kN corresponds to the P2 force theoreti-
cally induced by the Class 55 Deltic locomotive while travelling over a dipped rail joint 
(total dip angle of 0.02 rad) with a speed of 161 km/h [41]. 

The impact loads induce vibrations and oscillations in the train body and the various 
track components. Additionally, they generate a considerable amount of noise. The vi-
brations affect the performance of the track as well as the passenger comfort. The mag-
nitude and nature of the vibration depend on the characteristics of the geometric irreg-
ularity of the track and the wheel. A geometric irregularity with a large wavelength 
(e.g., due to differential settlement of the track) primarily causes train body vibrations 
that reduce the comfort of the passengers. However, the irregularity with a small wave-
length (wheel or rail corrugations) primarily generates the wheel vibration. The wheel 
vibration leads to the fluctuation in axle weight and results in the vibration in the track 
[43]. Moreover, the vibrations produced due to the impact loads accelerate the deterio-
ration of the ballast and subballast bed (especially for stiff subgrade) and consequently, 
endanger the stability and efficiency of a track [9]. The impact loads may also lead to 
the differential track settlement due to the localized compaction of the subgrade at the 
impact location [44]. 

Fig. 2 shows an example of the impact loads generated near the bridge approach. A 
rail-road vehicle experiences an abrupt change in the track stiffness while approaching 
a bridge. This change leads to an amplification of the dynamic forces induced by the 
train-track interaction. These amplified dynamic forces are known as the impact forces. 
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Fig. 2. Impact loads generated near the bridge approach (Modified from [45]) 

The track substructure undergoes a considerable amount of deterioration due to these 
impact loads and ultimately results in undesirable differential settlements. The differ-
ential settlement further exacerbates the track stability and undermines the safety of the 
passengers [46]. Therefore, frequent maintenance is required near the bridge ap-
proaches to keep the track in an operating condition.  

A possible solution to this problem is to gradually increase the vertical track stiffness 
in the transition zone between the open track and the bridge. The gradual increase in 
the track stiffness reduces the magnitude of impact forces and preserves the track ge-
ometry over an extended period. The geocells can be used to increase the vertical track 
stiffness in the transition zones near the bridge ends. A case study regarding the use of 
geocells in the transition zones has been discussed later in the present chapter. 

2.3 Track Design 

The design of a ballasted railway track involves the determination of the stresses and 
settlements at critical locations within the track such as the sleeper-ballast, ballast-sub-
ballast, subballast-embankment fill and fill-subgrade interface. Subsequently, the mag-
nitude of the induced stresses and settlements are compared with the permissible values 
to arrive at a suitable factor of safety [32]. The dimensions of the sleepers and the thick-
ness of the granular layers (viz. ballast, subballast, structural fill and general fill) are 
then adjusted to control the magnitude of the stresses and settlements [32, 47]. Fig. 3 
shows the flowchart for the design of a ballasted railway track. 

The design technique uses semi-empirical equations to evaluate the load and defor-
mations in the track. This is primarily due to the complexity in the accurate prediction 
of the train-induced loads and the corresponding track response. The loads are complex 
combinations of moving static and dynamic components (as discussed in the previous 
sections). Moreover, the track structure increases this complexity manifolds since it 
comprises different layers with distinct properties. Consequently, the present track de-
sign techniques are still very conservative and require further development [12]. 
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Fig. 3. Flowchart for the design of conventional ballasted track (modified from [32]) 
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3 Beneficial Role of Geocell in Railways 

3.1 General 

The conventional ballasted tracks require frequent maintenance due to the deteriora-
tion/degradation of the granular layers under repeated traffic loading [30]. The degra-
dation primarily involves the crushing or churning up of the ballast particles which 
produces fines. The fines clog the voids and decrease the permeability of the ballast 
bed. Moreover, the track loses its geometry under repetitive loads due to inadequate 
confinement of the ballast/subballast bed. Additionally, the problems may arise due to 
mud pumping or the intrusion of clay and silt size particles from the subgrade (satu-
rated, soft subgrade) into the ballast bed, lateral buckling of rails due to insufficient 
track confinement, etc. [7]. In Fig. 4, a schematic diagram is shown which illustrates 
the associated key issues governing the track instability during the normal track opera-
tions. 

 
Fig. 4. Key problems governing the instability of ballasted railway tracks 

The maintenance work is not only expensive but also disrupts the traffic and reduces 
the availability and efficiency of the track. Therefore, the rail-track designers are ex-
ploring suitable measures to improve the performance of the tracks and reduce the fre-
quency of maintenance cycles. The geocells can provide a cost-effective solution in this 
aspect. 
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3.2 Potential Benefits of Using Geocells 

The use of geocell can be highly beneficial for the long-term stability of the railway 
tracks. As discussed above, the traffic-induced load (moving static and dynamic) leads 
to the degradation of the constituent materials. Consequently, the track loses its geom-
etry and efficiency and demands costly maintenance. The geocells provide confinement 
to the infill materials and may protect the track geometry for a long period and ulti-
mately, reduce the frequency of the maintenance cycles. 

Numerous experimental, numerical and analytical studies have indicated that the ge-
ocells can be used to improve the performance of a ballasted track [21, 29]. The results 
of the studies show that:  

• The geocell confines the infill material, which increases its strength and stiffness. 
Consequently, the traffic-induced stress gets uniformly distributed to a wide area 
[48, 49]. 

• The geocell confinement may reduce (redistributes) the shear stresses at the ballast 
(or subballast)-subgrade interface [27]. 

• The use of geocell preserves the track geometry by reducing the permanent defor-
mation in the subgrade. Moreover, it increases the strength and resilience of the infill 
material under cyclic loading [12, 19, 48]. 

• The confinement provided by the geocell reduces the lateral deformations in the 
track and thus, maintains the track shape [18]. 

3.3 Factors Affecting Geocell Applications in Railways 

The past studies indicate that the geocells can be effectively used to improve the stabil-
ity of the railway tracks. However, the degree of improvement depends on a large num-
ber of parameters. Some of the crucial parameters are discussed below. 

Geocell Properties. The stiffness, size, shape, seam strength are some of the properties 
that may influence the performance of the geocell. The stiffness of geocell is crucial for 
the long-term stability and the overall cost of the reinforced track. The use of stiffer 
materials usually improves the confinement. However, the stiffer materials may be 
more expensive as compared to the soft materials. Moreover, large strains are generated 
in the soft material as compared to the rigid material for the same amount of vertical 
load [21]. In soft material, the strains may even exceed the elastic limit and prevent the 
geocell from performing its intended function. 

The shape of the geocell significantly influences the response of the geocell rein-
forced layer. The layers with elliptical geocells are less stiff as compared to the layers 
with circular geocells [23]. Furthermore, the performance of the geocell reinforced 
layer decreases with an increase in the geocell pocket size [28]. 

Subgrade Properties. The subgrade strength and stiffness play a crucial role in the 
load-deformation behavior of the geocell reinforced track. The total deformation in a 
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railway track comprises ballast deformation (or subballast deformation) and the sub-
grade deformation. For soft subgrades, the contribution of subgrade deformation is 
much higher as compared to the ballast deformation. However, for the stiff subgrades, 
the contribution of ballast deformation is significant [32]. For stiff soils, the ballast (or 
subballast) layer tends to deform laterally which leads to the vertical deformation of the 
track. The geocells can significantly improve the performance of the track in this case 
by providing additional confinement to the ballast and reducing the lateral deformation. 
Moreover, for soft soils, the geocells distribute the loads over a wider area and reduce 
the subgrade stress [49]. Consequently, the settlement of subgrade decreases. 

Furthermore, the subgrade stiffness influences the magnitude of the strain developed 
in the geocell. A large amount of strain is developed in the geocell for very soft sub-
grades as compared to the soft subgrades [21]. 

Properties of Infill Materials. The performance of a geocell reinforced layer also de-
pends on the properties of the infill. Pokharel et al. [23] observed that the geocell con-
finement provides an apparent cohesion to the infill material. They reported that the 
benefit of using geocell reduces if the infill material contains a significant amount of 
cohesion. Conversely, repeated plate load tests by Pokharel et al. [25] showed that the 
geocell reinforcement also reduces the cumulative deformation in infill with fines as 
compared to the unreinforced case. Moreover, the use of low strength materials as infill 
increases the effectiveness of geocell [21]. Thus, the geocells may prove beneficial in 
the construction of tracks using inferior quality recycled and locally available materials. 

The Position of Geocells Within the Rail Track. The amount of improvement in the 
track stability depends on the placement position of the geocell. Several researchers 
have studied the performance of geocell reinforced infill layer at different locations 
within a track such as in the ballast bed, the subballast bed or in the soil subgrade [4, 
18, 29]. The ideal location of the geocell layer is in the ballast bed immediately below 
the sleepers. However, a minimum gap of 15 – 25 cm has to be maintained below the 
sleeper for the regular maintenance operations [18, 21]. Furthermore, the service life of 
the geocell may reduce when it is placed near the top of the ballast bed due to a large 
amount of bending incurred from a high magnitude of vertical stress [50]. 

The presence of geocell reinforced layer in the track substructure reduces the vertical 
stress which minimizes the settlement and lateral spreading of the bottom layers [50]. 
The effectiveness of using geocell in reducing the settlement may decrease with an 
increase in depth of the geocell layer from the top (or base of sleepers). Fig. 5 shows 
the variation of subgrade stress below a railway track with (a) unreinforced ballast bed; 
(b) ballast bed reinforced with geocell near the sleeper base; (c) ballast bed reinforced 
with geocell at the bottom. 
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Fig. 5. The vertical stress distribution in the subgrade for the ballasted track (a) without geocell 
layer; (b) geocell layer near the top of ballast bed; (c) geocell layer near the bottom of ballast 
bed. 

It is apparent that the load is distributed uniformly over a wide area of the subgrade for 
geocell reinforced ballast. Moreover, the load spread area is higher when the geocell is 
placed near the sleeper as compared to the case when it is situated near the subballast. 
This is because the geocell reinforced ballast is subjected to a high magnitude of vertical 
stress when it is placed near the top. Consequently, more confinement is mobilized and 
the load is spread over a wider area. Conversely, the high magnitude of vertical stress 
induces a large amount of bending in the geocell. Due to bending, high tensile stresses 
are generated near the bottom portion of the geocell layer [29]. These stresses may 
exceed the seam strength (which is usually smaller than the tensile strength) and lead 
to wear and tear in the geocell. This wear and tear ultimately reduce the service life of 
geocell. 

However, the geocell reinforced layer is subjected to low vertical stress when it is 
positioned near the base. Therefore, less confinement is mobilized, and the load is dis-
tributed over a small area. Nevertheless, the amount of load spread also depends on the 
relative stiffness between the subgrade and the geocell reinforced layer [21]. The stiff-
ness ratio between the geocell reinforced layer and subgrade must be large. However, 
there is an upper limit to the stiffness ratio because Leshchinsky and Ling [21] observed 
a non-uniform stress distribution at the subgrade due to the use of rigid (steel) geocell.  

Therefore, it is very challenging to decide the most suitable position of the geocell 
layer within the rail track. Factors such as the nature of subgrade, intended function of 
geocell (i.e., to reduce the subgrade stress or the lateral deformation of granular layers 
or both), geocell material, etc. may govern the selection of the most appropriate loca-
tion. 

It is clear that the geocells can improve the performance of the railway tracks. How-
ever, it is essential to critically evaluate the improvement in terms of the parameters (or 
material properties) that are crucial for the track stability before their installation in the 
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track. Therefore, the subsequent sections discuss the influence of geocells on the key 
parameters pertaining to track stability. 

4 Resilient Modulus 

4.1 Definition 

The resilient modulus is defined as the ratio of the cyclic deviator stress (σcyc) to the 
elastic vertical strain (resilient strain) during unloading (ε1

e) [51]. It is expressed as: 

𝑀𝑀𝑟𝑟 =
𝜎𝜎𝑠𝑠𝑑𝑑𝑠𝑠
𝜖𝜖1𝑚𝑚

 (11) 

The resilient modulus is most commonly determined using the cyclic triaxial tests with 
a constant value of confining pressure and a cyclic variation of the deviator stress [52]. 
However, it is often very challenging to conduct the laboratory testing on geomaterials 
prior to their use in rail or road applications. Therefore, several models (based on the 
experimental investigations) have been developed that can be used to directly evaluate 
the value of resilient modulus at specific physical states, loading conditions and stress 
states [52]. 

4.2 Resilient Modulus vs. Young’s Modulus 

The resilient modulus of the granular material is often confused with Young’s modulus. 
Although, both the terms measure the resistance against the elastic deformation, they 
distinctly differ in terms of evaluation and application. The resilient modulus is most 
commonly used to describe the behavior of granular materials under repeated (cyclic) 
loading. It is an essential parameter for the design of the pavements and the railway 
tracks [53]. 

The Young’s modulus of a material is the ratio of the stress to the strain under load-
ing, within the elastic limits. It is generally employed to describe the behavior of a 
material under monotonic loading conditions, and its value is constant for an isotropic 
material. The Young’s modulus is the slope of the linear (elastic) portion of the stress-
strain curve of the material, usually obtained from axial compression or tension tests. 
However, the soil (or granular material) often exhibit non-linear elastic behavior. 
Therefore, two Young’s moduli are used to describe its response: initial Young’s mod-
ulus (Ei) and secant Young’s modulus (Esec). The initial Young’s modulus is the slope 
of the initial portion of the stress-strain curve, whereas, the secant modulus is the slope 
of the line joining the origin to a particular level of stress (or strain) in the stress-strain 
curve [54].  

The behavior of the granular material (or soil) may change significantly under the 
cyclic load. When a granular material is subjected to cyclic loading, the amount of de-
formation in each cycle includes a resilient component (recoverable) and a plastic com-
ponent (irrecoverable) (refer to Fig. 6). The resilient (elastic) component for each cycle 
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is calculated by subtracting the maximum strain under the peak load with the permanent 
strain after unloading.  

Initially, the amount of plastic strain increment is much higher than the resilient 
strain. However, with an increase in the number of cycles, the magnitude of plastic 
strain increment decreases. Subsequently, a stage is reached (known as shakedown) 
when the plastic strain increment diminishes, and the elastic strain becomes virtually 
constant [8]. The corresponding ratio of the deviator stress to the recoverable (elastic) 
strain at this stage is termed as the resilient modulus of the material. It must be noted 
that the variation of plastic strain with the number of cycles also depends on the stress 
levels. The plastic strain may increase continuously with an increase in the number of 
cycles at high deviator stress and low confining pressure [55]. 

 The resilient modulus is usually determined after the completion of a certain number 
of cycles [8, 53]. However, it may also be calculated for each load cycle for the accurate 
(or more realistic) prediction of the material behavior under repeated loading. The mag-
nitude of the resilient modulus (if calculated for each cycle) increases with an increase 
in the number of load cycles and becomes almost constant after a particular value. 
Moreover, the material becomes progressively stiffer with an increase in the number of 
load cycles [55]. Consequently, the magnitude of the resilient modulus of a material 
may even exceed Young’s modulus. 

 
Fig. 6. Young’s modulus and resilient modulus for soil 
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4.3 Resilient Modulus vs. Track Modulus 

The track modulus is defined as the force per unit deflection per unit length of the track 
[32]. It is a measure of the resistance against deflection, produced by the track when a 
static wheel load is applied on the rail. In other words, track modulus is the static wheel 
load per unit length of the rail that is required to produce unit deflection in the track. 
The magnitude of the track modulus primarily depends on the properties of both the 
substructure and the superstructure, such as rail size, quality, dimensions and spacing 
of sleepers, quality and degree of compaction of ballast, subballast, structural fill, gen-
eral fill and the subgrade [32]. Moreover, the train parameters such as speed and axle 
load also influence the magnitude of the track modulus [15]. 

The track modulus is a measure of the overall response of the railway track to a static 
wheel load whereas the resilient modulus is a measure of the response of a particular 
material layer (ballast, subballast or subgrade) to repeated loading. In other words, track 
modulus is the property on a global level, whereas, the resilient modulus is the property 
of individual components. 

4.4 Young’s Modulus vs. Stiffness 

The Young’s modulus of a material is the ratio of the stress to the strain within the 
elastic limit. It is a measure of the resistance offered by a material to the elastic defor-
mation under loading. It is a material property and doesn’t depend on the shape and size 
of the material under loading. The unit of Young’s modulus is identical to the units of 
stress, i.e., N/m2. 

The stiffness of the material is a measure of the resistance offered by the material 
against deformation under loading. It depends on the shape and size of the material. 
The unit of stiffness is N/m. 

4.5 Empirical Models for Resilient Modulus 

Several empirical models have been developed for the prediction of resilient modulus 
for soil [52]. Table 2 lists the various models. 

Table 2. Empirical models for the prediction of resilient modulus 

Type Model Reference Fitting  
parameters 

Bilinear 𝑀𝑀𝑟𝑟 = 𝐾𝐾1 + 𝐾𝐾2𝜎𝜎𝑑𝑑, for 𝜎𝜎𝑑𝑑 < 𝜎𝜎𝑑𝑑𝑞𝑞  Thompson and 
Robnett [56] 

K1, K2 
 𝑀𝑀𝑟𝑟 = 𝐾𝐾3 + 𝐾𝐾4𝜎𝜎𝑑𝑑, for 𝜎𝜎𝑑𝑑 > 𝜎𝜎𝑑𝑑𝑞𝑞  K3, K4 

Power 𝑀𝑀𝑟𝑟 = 𝑘𝑘∗𝜎𝜎𝑑𝑑𝑑𝑑  Moossazadeh and 
Witczak [57] k*, n 

Power 𝑀𝑀𝑟𝑟 = 𝑘𝑘∗ �𝜎𝜎𝑑𝑑
𝜎𝜎3′
�
𝑑𝑑

 , for saturated 
over-consolidated soils 

Brown et al. [58] k*, n 
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Semi-log 𝑀𝑀𝑟𝑟 = 10(𝑘𝑘∗−𝑑𝑑𝜎𝜎𝑑𝑑)  Fredlund et al. [59] k*, n 

Semi-log log(𝑀𝑀𝑟𝑟) = �𝑘𝑘∗ − 𝑛𝑛 𝜎𝜎𝑑𝑑
𝜎𝜎𝑑𝑑(𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑢𝑢𝑓𝑓𝑓𝑓)

�  Raymond et al. [60] k*, n 

Hyperbolic 𝑀𝑀𝑟𝑟 = 𝑘𝑘∗+𝑑𝑑𝜎𝜎𝑑𝑑
𝜎𝜎𝑑𝑑

  Drumm et al. [61] k*, n 

Octahedral 𝑀𝑀𝑟𝑟 = 𝑘𝑘∗ �𝜎𝜎𝑜𝑜𝑐𝑐𝑜𝑜
𝑛𝑛

𝜏𝜏𝑜𝑜𝑐𝑐𝑜𝑜
𝑚𝑚 �  Shackel [62] k*, m, n 

Stress- 
dependent 𝑀𝑀𝑟𝑟 = 𝑘𝑘1𝑃𝑃𝑡𝑡 �

𝜃𝜃
𝑃𝑃𝑓𝑓
�
𝑘𝑘2
�𝜏𝜏𝑜𝑜𝑐𝑐𝑜𝑜
𝑃𝑃𝑓𝑓

+ 1�
𝑘𝑘3

  Uzan [63] 
k1, k2, k3  
(k1 > 0, k2 ≥ 
0 and k3 ≤ 0) 

Here, σdi is the deviator stress at which slope of the resilient modulus (Mr) vs. deviator 
stress (σd) curve changes; σ3̍ is the effective confining stress; σoct and τoct are the octa-
hedral normal and shear stresses respectively; Pa is the atmospheric pressure; θ is the 
bulk stress. 

The stress-dependent model given by Uzan [63] (Table 2) is the most commonly 
used method to evaluate the resilient modulus. The bulk and octahedral shear stresses 
in this model can be evaluated using the following set of equations: 

𝜏𝜏𝑡𝑡𝑠𝑠𝑡𝑡 =
1
3
�(𝜎𝜎1 − 𝜎𝜎2)2 + (𝜎𝜎1 − 𝜎𝜎3)2 + (𝜎𝜎2 − 𝜎𝜎3)2 (12) 

𝜃𝜃 = 𝜎𝜎1 + 𝜎𝜎2 + 𝜎𝜎3 (13) 

where σ1, σ2 and σ3 are the major, intermediate and minor principal stresses, respec-
tively. It is interesting to note that the stress-dependent model by Uzan [63] applies to 
both coarse-grained and fine-grained soils [53]. The model includes both the increment 
of resilient modulus with bulk stress and the reduction with an increase in the deviator 
stress for the coarse-grained and fine-grained soils, respectively [56, 64]. 

The resilient modulus is a measure of the elastic stiffness of the geomaterials used 
for the construction of the track substructure [52]. Therefore, it can be used to predict 
the track performance (in terms of settlement) under repeated loads due to the rail traf-
fic. Consequently, its study is essential for the design of the railway tracks. The resilient 
modulus of the soil depends on: i) the properties of the material such as type, gradation, 
degree of compaction, moisture content; ii) state of stress such as confining stress; and 
iii) the loading parameters such as magnitude, frequency, duration and the number of 
load cycles [52, 65]. 
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4.6 Influence of Geocell Reinforcement on Resilient Modulus 

Several researchers have conducted experimental and numerical investigations to un-
derstand the effect of geocell reinforcement on the resilient modulus of geomaterials. 
Some of the investigations are briefly discussed below. 

Experimental and Field Investigations. The geocell reinforcement generally im-
proves the resilient modulus of the soil. However, the amount of improvement depends 
on the conditions, such as the type of soil (fine-grained or coarse-grained), moisture 
content, confining pressure, deviator stress, frequency, number of load cycles, etc. [4, 
64]. The experimental investigations by Edil and Bosscher [66] revealed that the resil-
ient modulus of sand increases with confinement. Moreover, the field investigations by 
Al-Qadi and Hughes [67] on a pavement in Pennsylvania showed that the combination 
of geocell, geotextile and geogrid can improve the resilient modulus of the aggregates. 

Mengelt et al. [64] conducted cyclic triaxial tests to study the influence of geocell 
reinforcement on the resilient modulus and plastic deformation behavior of the soil. 
The use of geocell increased the resilient modulus by 1.4-3.2 % and 16.5-17.9 % for 
the coarse-grained and fine-grained soils respectively. Thus, the results indicated that 
the improvement is highly dependent on the soil type. 

Tanyu et al. [26] conducted large-scale repeated load tests (in a 3 m × 3 m × 3.5 m 
reinforced concrete pit) on geocell reinforced gravel (which represents granular sub-
base layer for pavements). They observed a 40-50 % increase in the resilient modulus 
on reinforcing the gravel with the geocell. Moreover, the increment was dependent on 
the thickness of the geocell reinforced layer. They also stated that a higher degree of 
improvement might be observed in thin layers as compared to thick layers. 

Indraratna et al. [4] conducted repeated load tests on unreinforced and geocell rein-
forced subballast under plane-strain condition. The use of plane-strain condition gave 
a realistic approach to investigate the behavior of the subballast. The use of geocell 
increased the resilient modulus of the unreinforced subballast by 10-18 %. Moreover, 
the resilient modulus for both the reinforced and unreinforced specimens increased 
(about 20 %) with an increase in the confining pressure and the loading frequency. 
Furthermore, the effect of frequency was more pronounced in the geocell reinforced 
specimens. 

Numerical and Analytical Investigations. Yang and Han [28] observed that the use 
of geocell increases the resilient modulus of Unbound Granular Material (UGM). The 
amount of improvement in resilient modulus increased non-linearly with an increase in 
the tensile stiffness and the cyclic deviator stress. Moreover, the improvement also in-
creased with a reduction in geocell pocket size and an increment in dilation angle of the 
infill material. However, the improvement decreased with an increase in the resilient 
modulus of the infill material and the confining pressure.  

Liu et al. [50] studied the mechanical response of straight and curved geocell rein-
forced ballast embankment under monotonic and cyclic loading conditions using dis-
crete element method (DEM). The results showed an increase in stiffness of the ballast 
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bed under monotonic loading conditions and an increase in resilience under cyclic load-
ing conditions. 

 
Thus, the results from previous studies show that the geocells improve the resilient 

modulus of the granular materials. However, the degree of improvement depends on 
the parameters such as properties of the geocell, infill, subgrade, stress-state, and the 
loading conditions. 

5 Additional Confinement 

5.1 General 

The geocells provide an additional horizontal and vertical confinement to the infill ma-
terial and restrain the upward movement of the underlying material (material below the 
geocell layer) outside the loaded area (mattress effect) [24, 68]. The horizontal confine-
ment reduces the lateral deformation of the infill material. Moreover, the mattress effect 
results in a wider distribution of vehicle load which prevents excessive deformation (or 
failure) in soft subgrades [24].  

However, the magnitude of additional confinement depends on the properties of the 
geocell, infill and the loading conditions. Yang and Han [28] observed that the addi-
tional confining pressure provided by the geocell reinforcement decreases with an in-
crease in the geocell pocket size. This reduction is because the quantity of geocell ma-
terial that reinforces the infill decreases with an increase in pocket size.  
Moreover, the plane-strain cyclic loading tests by Indraratna et al. [4] revealed that the 
loading frequency and external confining pressure significantly affect the extra con-
finement offered by the geocell. The additional confinement increased with an increase 
in loading frequency. However, it decreased with an increase in the external confining 
pressure at a particular loading frequency. 

5.2 Models to Quantify Additional Confinement 

The confinement provided by the geocells to the infill is identical to the confinement 
provided by the membrane to the soil sample in a triaxial test. Therefore, the magnitude 
of additional confinement can be evaluated using the classical work of Henkel and Gil-
bert [69]. Henkel and Gilbert [69] quantified the additional confinement provided by 
the membrane (in a triaxial test) and its influence on the shear strength of the soil [64]. 

Tanyu et al. [26] used the theory developed by Henkel and Gilbert [69] to evaluate 
the additional confining stress produced by the geocells on the soil (Eq. 14). The geocell 
strain data collected from the experiments were used in Eq. 14 to determine the addi-
tional confining stress (Δσ3). 

∆𝜎𝜎3 =
2𝑀𝑀𝜀𝜀𝑠𝑠

𝑑𝑑(1 − 𝜀𝜀𝑡𝑡)
 (14) 
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where M is the modulus of the membrane (or geocell); εa is the axial strain of the spec-
imen (soil); d is the diameter of the specimen; εc is the circumferential strain which can 
be calculated using Eq. 15. 

𝜀𝜀𝑠𝑠 =
1 − �1 − 𝜀𝜀𝑡𝑡
�1 − 𝜀𝜀𝑡𝑡

 (15) 

Yang and Han [28] developed an analytical model to predict the additional confinement 
provided by the geocell in the repeated load triaxial tests. They suggested that the hoop 
stress developed in the geocell generates additional confining pressure within the infill 
material. Moreover, they assumed a uniform distribution of hoop stress along the height 
of the geocell. The additional confining pressure due to the incorporation of geocell 
was mathematically represented as: 

Δ𝜎𝜎3 =
𝑀𝑀𝑡𝑡

𝐷𝐷
�
−Δ𝜎𝜎3
𝑀𝑀𝑟𝑟,1

+
𝜎𝜎1 − (𝜎𝜎3 + Δ𝜎𝜎3)

𝑀𝑀𝑟𝑟,2
� �
𝜀𝜀0
𝜀𝜀𝑟𝑟
� 𝑒𝑒−�

𝜌𝜌
𝑁𝑁𝑓𝑓𝑓𝑓𝑚𝑚𝑓𝑓𝑜𝑜

�
𝛽𝛽

�
1 + 𝑠𝑠𝑠𝑠𝑛𝑛𝑠𝑠
1 − 𝑠𝑠𝑠𝑠𝑛𝑛𝑠𝑠

� (16) 

where Δσ3 is the additional confining pressure; Mt is the tensile stiffness of the geocell; 
D is the diameter of the sample; ψ is the dilation angle; ε0/εr, ρ and β are the fitting 
parameters that can be determined using the permanent deformation test curve of UGM; 
Nlimit is the number of load repetitions required to reach the resilient state; Mr,1 and Mr,2 
are the resilient modulus of the granular material corresponding to the first and second 
stages of repeated load triaxial tests, respectively. The first stage corresponds to the 
condition when the axial stress increases from σ3 to σ3+Δ σ3. The second stage corre-
sponds to the increase of axial stress from σ3+Δσ3 to σ1. 

However, Yang and Han [28] ignored the influence of loading frequency on the ad-
ditional confining pressure. Furthermore, the resilient modulus and dilation angle vary 
with the number of loading cycles [4]. Therefore, using a constant value of resilient 
modulus and dilation angle can limit the accuracy of the proposed model.   

Indraratna et al. [4] derived a semi-empirical model using hoop tension theory, to 
determine the additional confinement provided by the geocell to an infill under the 
plane-strain loading condition. They also incorporated the influence of loading fre-
quency and load cycles on the mobilized modulus of geocell and the mobilized dilation 
angle for the infill material. This was done by varying the mobilized geocell modulus 
and mobilized dilation angle in accordance with the strain reached during a particular 
loading cycle. The additional confinement was calculated as: 

Δ𝜎𝜎3′ = � �
2𝑀𝑀𝑑𝑑

𝐷𝐷𝑔𝑔
�
�1 − 𝜇𝜇𝑔𝑔�𝑘𝑘′ + 𝜇𝜇𝑔𝑔
�1 + 𝜇𝜇𝑔𝑔��1− 2𝜇𝜇𝑔𝑔�

� �
−𝜇𝜇𝑔𝑔𝜎𝜎𝑠𝑠𝑑𝑑𝑠𝑠
𝑑𝑑𝑀𝑀𝑟𝑟

+ 𝜀𝜀1,1
𝑝𝑝 �

𝑎𝑎∗

𝑁𝑁𝑡𝑡
+
𝑏𝑏′

𝑁𝑁𝑡𝑡
� �

1 + sin𝑠𝑠𝑑𝑑
1 − sin𝑠𝑠𝑑𝑑
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1

𝑑𝑑𝑁𝑁𝑡𝑡 (17) 

where Δσ̍3 is the additional confining pressure; Nl is the number of load cycles; Nlim is 
the number of cycles required to reach a stable zone; Mm and μg are the mobilized mod-
ulus and the Poisson’s ratio of the geocell, respectively; k´ is the ratio of circumferential 
strain to the radial strain in geocell; Dg is the diameter of the geocell opening (the geo-
cell opening is assumed circular); σcyc is the cyclic deviator stress; Mr is the resilient 
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modulus of infill; ε p
1,1 is the permanent axial strain after the first load cycle; a* and b' 

are the empirical coefficients; ψm is the mobilized dilation angle. 

6 Irrecoverable Deformations 

6.1 General 

The long-term performance of a railway track depends on the plastic deformations of 
its constituent materials. The excessive plastic deformation of the soil subgrade or the 
granular layers (ballast, subballast, structural fill and general fill) under repeated traffic 
loads is detrimental for the stability of a rail track. It demands frequent maintenance 
cycles and also leads to poor riding quality which decreases the passenger comfort [70]. 

The granular materials usually tend to densify under the application of cyclic or re-
peated loading [12, 13]. This densification is due to the reorientation and rearrangement 
of the particles, and also due to the particle breakage in response to the repeated loading. 
This response leads to permanent deformation in the track, and consequently, the track 
efficiency decreases. Nevertheless, the plastic response of the granular materials de-
pends on a large number of factors such as [55, 71-72]: 

• Stress levels – plastic deformation is directly proportional to the deviator stress and 
inversely proportional to the confining pressure. 

• Principal stress rotation - leads to larger permanent strain than those predicted by 
cyclic triaxial tests. 

• Number of load cycles. 
• Moisture content – plastic deformation may increase due to excessive positive pore 

water pressure or lubrication. 
• Density – deformation decreases with an increase in density. 
• Stress history. 
• Grading, type of aggregate and fine content. 

6.2 Influence of Geocell Reinforcement on Irrecoverable Deformations 

Pokharel et al. [68] conducted monotonic and repeated plate load tests on sand and 
reported that the geocell reinforcement reduces the permanent deformation, and in-
creases the stiffness and bearing capacity. Moreover, the moving wheel test conducted 
by Pokharel et al. [24] revealed that the geocell reinforcement increases the confine-
ment in infill and distributes the load over a wide area, which results in a reduction in 
subgrade stress and deformation. 

The studies by Yang and Han [28] revealed that the geocell reinforcement reduces 
the permanent deformation of the UGM. Moreover, they observed that the reduction in 
permanent deformation due to geocell reinforcement depends on the external confining 
pressure, tensile stiffness and the opening size of the geocell. The reduction in perma-
nent deformation: 

• Increased non-linearly with an increase in the tensile stiffness of geocell. 
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• Increased with a reduction in geocell size. 
• Increased with an increase in the dilation angle of the infill. 
• Decreased with an increase in the resilient modulus of the infill. 
• Decreased with an increase in confining pressure and cyclic deviator stress. 

Leshchinsky and Ling [29] conducted a series of model tests to investigate the influ-
ence of the number and location of the geocell layers on the strength and stiffness of an 
embankment of poorly graded gravel. The poorly graded gravel embankment was as-
sumed representative of the ballast bed in railways. The gravel embankment was loaded 
both monotonically and cyclically, and results of the tests with and without geocell 
reinforcement were compared. The experimental results showed that the reinforcement 
of gravel with geocell significantly reduces the vertical settlement and lateral defor-
mation in both monotonic and repeated loading tests. Interestingly, the results showed 
that the maximum amount of lateral spreading occurred just above the geocell layer. 
Subsequently, a parametric study was conducted using finite element analysis to inves-
tigate the influence of geocell stiffness, type of subgrade, and strength of gravel on the 
behavior of geocell reinforced gravel embankment. The results showed that the settle-
ment and subgrade stress reduced significantly with an increase in the geocell stiffness. 
However, the magnitude of stress reduction was dependent on the stiffness of the sub-
grade. No significant stress reduction was observed for a stiff subgrade. Nevertheless, 
the settlement reduced considerably for the stiff subgrade. Thus, the authors stated that 
the geocell might have a beneficial effect on both the soft and stiff subgrade. 

Leshchinsky and Ling [21] used 3D finite element analyses to investigate the behav-
ior of ballasted railway track with and without geocell reinforcement under monotonic 
loading. The results showed that the reinforcement of ballast by geocell significantly 
reduces the vertical settlement of the track. However, the amount of reduction depends 
on the stiffness of geocell and subgrade in addition to the ballast strength. The decrease 
in the vertical settlement was more effective in case of soft or stiff subgrade, however, 
in very soft subgrade, there was a little benefit. This effect was probably due to the 
tendency of the ballast to undergo a significant amount of lateral deformation when a 
stiff subgrade underlies it. The geocell prevents this lateral deformation and hence, re-
duces the vertical settlement of the track. Moreover, the geocell stiffness had little in-
fluence on the vertical settlement and lateral deformation of the ballasted track. Fur-
thermore, the decrease in settlement and lateral deformation was more significant for 
low strength ballast as compared to high strength ballast on soft subgrades. 

The experimental investigation by Indraratna et al. [4] showed that the addition of 
geocells in the subballast layer decreases the permanent axial strain. Moreover, this 
beneficial role of geocell was more pronounced at low confining pressures (5-10 kPa). 
Furthermore, the reduction in permanent axial strain increased with an increase in the 
loading frequency. 

Satyal et al. [18] conducted cyclic plate load tests, and 3-D finite element analyses 
on geocell reinforced ballast over soft subgrade to assess the beneficial role of geocell 
in the railway tracks. They observed that the geocell reinforced ballast layer distributes 
the traffic induced load uniformly to a wide area in the soil subgrade and consequently, 
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reduces the plastic deformation. Moreover, the strain in the geocell was within the elas-
tic range, and no significant damage was observed in geocells. Subsequently, they val-
idated the numerical results with the experimental plate load tests and then conducted 
a parametric study. The parametric studies showed an overall 30% reduction in track 
settlement on reinforcing the ballast by geocell. Moreover, the amount of settlement 
reduction was dependent on the position and number of geocell layers. The use of two 
geocell layers one above the other produced the least settlement. Further, the effective-
ness of geocell reinforcement decreased with an increase in the strength of subgrades. 

The DEM analyses of geocell reinforced straight, and curved embankments by Liu 
et al. [50] showed that the application of geocell significantly reduce the vertical defor-
mation of ballasted embankment under both monotonic and cyclic loading. This effect 
was more pronounced if the layer was placed at some distance above the subgrade. 
Moreover, it was observed that at the initial stages of monotonic loading, the geocell 
confinement was not mobilized and both the unreinforced and reinforced embankments 
showed similar stiffness. However, after a particular value of the load, the stiffness of 
geocell reinforced embankment increased. Furthermore, the ballast inside the infill 
tends to move downwards, however, the ballast for unreinforced case tends to move 
sideways in addition to the vertical movement. 

The repeated plate loading tests by Pokharel et al. [25] showed that the use of geocell 
reduces the permanent deformation of a layer as compared to the unreinforced case. 

Therefore, the results from the aforementioned studies indicate that the geocell rein-
forcement significantly decreases the lateral and vertical deformation of the infill ma-
terials. However, the amount of reduction depends on the properties of the geocell, in-
fill, subgrade and the loading conditions. 

6.3 Empirical Models for Irrecoverable Deformations 

Several mathematical models are available to predict the plastic deformations of the 
soil subgrade and the granular layers under repeated loading. Some of the models are 
discussed below: 

Li and Selig [70] gave a power model to predict the cumulative plastic deformation 
in fine-grained subgrade soils under repeated loading. The model considered the influ-
ence of the number of load cycles, and the type, stress state (deviator stress) and phys-
ical state (dry density and moisture content) of the soil on the cumulative plastic strain 
(Eq. 18). 

𝜀𝜀𝑝𝑝 = 𝑎𝑎′ �
𝜎𝜎𝑑𝑑
𝜎𝜎𝑞𝑞
�
𝑑𝑑∗

𝑁𝑁𝑡𝑡𝑏𝑏 (18) 

where a′, m* and b are the material parameters; Nl is the number of load cycles; σs and 
σd are the static shear strength of the soil and deviator stress respectively; εp is the cu-
mulative plastic strain. The static shear strength of the soil represents the influence of 
the physical state on the cumulative plastic strain (and to some extent on the structure 
of the soil). The parameters a′, m* and b depend on the type of soil, and their average 
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values vary between 0.64-1.2, 1.7-2.4 and 0.1-0.18 respectively for the fine-grained 
soils (ML, MH, CL and CH (Unified soil classification system)) [70]. 

Yang and Han [28] proposed an analytical model to evaluate the permanent defor-
mation of geocell reinforced UGM under repeated load triaxial tests when it reaches 
the resilient state. 

𝜀𝜀1
𝑝𝑝 = �−

∆𝜎𝜎3
𝑀𝑀𝑟𝑟,1

+
𝜎𝜎1 − (𝜎𝜎3 + ∆𝜎𝜎3)

𝑀𝑀𝑟𝑟,2
� �
𝜀𝜀0
𝜀𝜀𝑟𝑟
� 𝑒𝑒−(𝜌𝜌/𝑁𝑁𝑓𝑓𝑓𝑓𝑚𝑚𝑓𝑓𝑜𝑜)𝛽𝛽  (19) 

where ε1
p is the permanent axial strain. The other parameters have the same meaning as 

in Eq. 16. Thus, to evaluate the permanent axial deformation, the additional confining 
pressure due to geocell need to be evaluated. Moreover, the parameters Mr,1 and Mr,2 
can be calculated using the equations in Table 2. 

Indraratna and Nimbalkar [13] proposed a model to evaluate the variation of perma-
nent axial strain in the ballast with the number of load cycles (Eq. 20). 

𝜀𝜀1
𝑝𝑝 = 𝜀𝜀1,1

𝑝𝑝 (1 + 𝑎𝑎∗ ln𝑁𝑁𝑡𝑡 + 0.5𝑏𝑏∗ (ln𝑁𝑁𝑡𝑡)2) (20) 

An attempt has been made to predict the variation of permanent deformation with the 
number of load cycles for different types of infill (for both unreinforced and geocell 
reinforced cases). The experimental data from the cyclic plate load tests conducted by 
different researchers were used to derive the empirical coefficients a* and b*. The per-
manent deformation was then predicted using the Eq. 20. The accuracy of the coeffi-
cients was then evaluated by comparing the back-fitted data with the experimental data. 
Table 3 gives the values of empirical coefficients (or model parameters) obtained for 
the unreinforced and geocell-reinforced cases. 

Table 3. Model parameters to predict permanent deformation 

S. 
no. 

Reference Infill Condition Model  
parameters 

a* b* 
1 Thakur et al. 

[73] 
Recycled  
asphalt 
pavement 
(RAP) 

Unreinforced  
 

0.148 1.820 

      

2 Thakur et al. 
[73] 

RAP Geocell reinforced  
 

0.155 0.591 

      

3 Leshchinsky 
and Ling [29] 

Gravel Unreinforced  
embankment 

32.89 6.459 

      

4 Leshchinsky 
and Ling [29] 

Gravel Geocell reinforced embankment  
(single layer) 

0.1 122.5 

      

5 Tanyu et al. 
[26]  

Grade-2 
gravel 

Unreinforced 0.05 0.68 

      

6 Tanyu et al. 
[26] 

Grade-2 
gravel 

Reinforced (geocell with 200 mm 
diameter and 200 mm height) 

1.386 0.461 
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7 Pokharel et al. 
[25]  

Aggregate 
base type 
3 (AB-3) 

Unreinforced (Maximum applied 
pressure - 552 kPa) 

0.217 0.026 

      

8 Pokharel et al. 
[25]  

AB-3 Geocell reinforced (single cell,  
maximum applied pressure - 552 
kPa) 

0.146 0.079 

      

9 Pokharel et al. 
[25]  

AB-3 Geocell reinforced (multiple cells,  
maximum applied pressure - 552 
kPa) 

0.415 0.050 

Fig. 7 shows the experimental vs. predicted results for the tests conducted by [25, 26, 
29, 73]. The permanent deformation has been normalized with the layer/specimen 
thickness to allow the comparison of results from the different studies. 

 
(a) 

 
(b) 

Fig. 7. Comparison of predicted and experimental results from previous studies 
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The figure shows that for all the cases, the geocell reinforcement significantly reduces 
the permanent deformation or settlement of the infill. Moreover, the results from model 
predictions are in close agreement with the experimental results. 

7 Field Performance of Geocells 

This section discusses a few case studies where geocells have been used for the stabili-
zation of the railway tracks. 

7.1 Reconstruction of Ballasted Track for Gantry Crane Using Geocells 

Raymond [19] reported the reconstruction of a ballasted track for a gantry crane in 
Canada. A 200 mm thick geocell reinforced subballast layer was provided below the 
sleepers (with a gap of 200 mm between the sleeper and geocell layer) during the re-
construction. The use of geocell reduced the settlement and lateral deformation of the 
track significantly. 

7.2 Retrofitting of a Portion of Amtrak’s North-East Corridor Railway Line 
Using Geocells 

Zarembski et al. [20] discussed the reconstruction of a portion of Amtrak’s north-east 
corridor railway line using geocell. The presence of soft subgrade in the site and exten-
sive ballast fouling resulted in significant loss in track geometry which demanded fre-
quent maintenance. Consequently, a layer of geocell was provided in the subballast to 
reduce the subgrade stress and the track geometry degradation. Furthermore, a part of 
the track was reconstructed without geocell to compare the results. The field investiga-
tions revealed that the geocell stabilized section showed a minimal amount of settle-
ment and subgrade stress as compared to the non-reinforced section. Moreover, the rate 
of track geometry degradation reduced for the geocell reinforced track. 

7.3 Construction of a Transition Zone Near a Railway Bridge on the South 
Coast of New South Wales, Australia 

Kaewunruen et al. [46] investigated the performance of a transition zone near a railway 
bridge on the south coast of New South Wales, Australia. The transition zone comprised 
geocells along with track superstructure elements such as resilient baseplates and sleep-
ers to mitigate the traffic induced vibrations and increase the stiffness of the track. Fig. 
8 shows the placement of the geocells below the ballast bed near the bridge end. 
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Fig. 8. Installation of geocells at the railway bridge ends on the south coast line of New South 

Wales, Australia (modified from [46]) 

Additionally, stiffness transfer sleepers with rail pads were provided after the geocell 
reinforced section. The rail pads were employed to dampen the traffic induced vibra-
tions. Accelerometers were used to monitor the vibrations generated in the rail, sleepers 
and the ballast at the bridge, bridge ends, the transition zone, the section with stiffness 
transfer sleepers and the region with ordinary sleepers.  Fig. 9 shows the placement 
positions of the geocells and superstructure elements (pads, sleepers) along the track. 
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Fig. 9. Track longitudinal profile showing the location of the geocells and superstructure ele-

ments (pads, sleepers) (modified from [46]) 

Figs. 10-12 show the typical Fourier amplitude spectra of the acceleration recorded in 
different components of a railway track at different sections (for the passage of three 
different trains) [46]. It is apparent from the figures that as the trains move from the 
region with ordinary sleepers towards the bridge, the vibration in the sleepers increases. 
However, the magnitude of rail vibration is almost identical at the bridge end and the 
geocell reinforced zone. This behavior may be attributed to the increased stiffness of 
the track by the use of geocells in the transition zone which mitigated the impact loads 
on the track. As explained in the previous section (section 2.2), an abrupt change in 
track stiffness generates the impact loads near the bridge ends which produce excessive 
vibrations and endangers the track stability [74]. However, the geocells reduced the 
stiffness difference near the bridge end and consequently, abated the magnitude of the 
impact loads. 

Moreover, Fig. 12 shows that the magnitude of vibration in the ballast is very small 
as compared to the sleepers. The higher rate of vibration attenuation with depth could 
be attributed to the use of vibration isolation fastening systems such as resilient 
baseplates. 
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Fig. 10. Typical Fourier amplitude spectrum for field accelerometer data recorded at the region 

with ordinary sleeper and stiffness transfer sleeper (adapted from [46]) 

Ordinary sleeper 

Stiffness transfer 
sleeper 
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Fig. 11. Fourier amplitude spectrum for field accelerometer data recorded in the geocell rein-

forced section and at the bridge end (adapted from [46]) 

Geocell reinforced 
section 

Bridge end 
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Fig. 12. Fourier amplitude spectrum for field accelerometer data recorded at the bridge and the 
ballast in geocell reinforced section (adapted from [46]). 

Fig. 13 shows the deviations in track geometry along the bridge after the construction 
of the transition zone. The data has been obtained from the axle-box accelerometers 
installed in an inspection vehicle [46]. The transition zone was constructed in late No-
vember 2012. The figure shows the track geometry measurements taken immediately 
after the construction, i.e. in December 2012 and after seven months of construction, 
i.e., in July 2013. The track was bi-directional, therefore, the data was taken in both up 

Bridge 

Ballast in geocell 
reinforced section 
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and down directions. The up and down directions correspond to the cases when the 
bridge end act as the exit end and the entrance end, respectively.  

The figure shows that the deviation in the track is almost identical for both the meas-
urements conducted in December 2012 and July 2013. This observation indicates that 
the rate of track geometry deterioration is very slow. This slow rate of deterioration is 
probably due to the mitigation of impact forces by the installation of the geocell layer 
in the transition zone. 

 
Fig. 13. Variation in track geometry data along the rail bridge after the construction of the tran-
sition zone (adapted from [46]) 

8 Summary 

The present chapter examined the potential for the use of geocells in the railway tracks. 
The following concluding remarks may be drawn from the present chapter: 

• The geocell confinement significantly improves the strength and stiffness of the 
granular infill materials in the track. The confinement reduces the track deformations 
in both lateral and vertical directions. Moreover, the geocell reinforced granular 
layer behaves as a rigid slab and distribute the train-induced loads uniformly over a 
wide area of the subgrade. Consequently, the settlement in the subgrade reduces and 
the track geometry is retained over an extended period. 

• The performance of a geocell reinforced layer depends on the properties of the geo-
cell, infill, subgrade, location of the layer within the track and the loading conditions. 
A thorough analysis of these parameters is essential for the selection of a suitable 
type of geocell. 

• The geocells increase the strength and resilience of the geomaterials under the cyclic 
loading. However, the amount of improvement depends on the properties of geocell, 
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infill and the loading conditions such as frequency and magnitude of the vertical 
load. 

• The geocell reinforcement decreases the amount and rate of plastic deformations in 
the track. This effect is beneficial for maintaining the track geometry over an ex-
tended period and reducing the frequency of maintenance cycles. However, the re-
duction in permanent deformation depends on several parameters such as the mag-
nitude and frequency of load, and the properties of the geocell, infill and subgrade. 

• Several analytical models have been developed to evaluate the increase in confining 
pressure due to geocell reinforcement. These models can be used effectively to pre-
dict the improvement in performance of a track layer when it is reinforced with the 
geocells. 

• The geocells are provided in the transition zones near the railway bridges to increase 
the stiffness of the track gradually. This increase in track stiffness reduces the mag-
nitude of the impact loads near the bridge ends and prevents the track geometry deg-
radation. 

 Thus, the geocell reinforcement possesses enormous applications in the railway 
tracks. Recently, the industry guidelines such as ARTC RTS 3430 [75] have recom-
mended the use of geocell immediately below the ballast layer for the stabilization of 
the subgrade with a CBR value of 1 or less. While Australia's coastal zone holds tre-
mendous national significance, it also suffers from thick deposits of soft compressible 
clays. In view of this, ARTC recommendation is a testimony of interest among railway 
industries for the dissemination of geocell technology in Australasian track practice. 

9 Notations 

 a*, b* , b′   empirical coefficients 
a′, m*, b    material parameters 
Ad      maximum normal operating cant deficiency angle 
Ay      angle of lateral ramp discontinuity  
Az      total angle of vertical ramp discontinuity 
bt       track width 
C      coefficient in Atalar et al. method 
Cz      effective vertical rail damping rate per wheel  
D       diameter of soil sample 
d       diameter of soil specimen in triaxial test 
Dg      diameter of geocell opening 
Dw      diameter of wheel 
Ei       initial Young’s modulus  
Esec     secant Young’s modulus 
g       acceleration due to gravity 
H       lateral load 
h       vertical distance from rail top to center of mass of train 
hd       cant/super-elevation deficiency  
Hmean     mean lateral load 
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hs       super-elevation 
Hw      crosswind force 
k       foundation coefficient or track modulus 
k*, k1, k2, k3  model parameters 
K1, K2, K3, K4  fitting parameters that depend on type and physical state of the soil  
Kj       track stiffness at joint 
Ky      effective lateral rail stiffness per wheel 
Kz      effective vertical rail stiffness per wheel 
lc       distance between centroid of rail and center of gravity of train 
lg       gauge width 
lw       distance between center of rail and the resultant wind force 
M       modulus of the membrane (or geocell) 
m, n     model parameters 
Mm      mobilized modulus of geocell 
Mr      resilient modulus 
Mt      tensile stiffness of the geocell 
Mu      effective lateral unsprung mass per axle 
Mv      effective vertical unsprung mass per wheel 
My      effective lateral rail mass per wheel  
Mz      effective vertical rail mass per wheel  
Nl       number of load cycles 
Nlim      number of load cycles required to reach stable zone 
Nlimit      number of load repetitions required to reach the resilient state 
P       static axle load 
P0      static wheel load 
Pa      atmospheric pressure 
Pd      design wheel load 
Pdynamic     dynamic component of load 
Pquasi-static    quasi-static wheel load 
Ptotal      total vertical wheel load 
Q       is the wheel load 
Rc      radius of curvature of track 
t       factor that depends on the upper confidence limit (UCL) 
V       train speed 
Vm      maximum normal operating speed 
Wu      unsprung weight at one wheel 
α′       coefficient relating track irregularities, train suspension and speed 
β′       coefficient accounting for the movement of train along a curve 
γ′       coefficient relating the train speed and design, track condition 
δ       factor that depends on the track condition  
Δσ3      additional confining stress due to geocell 
ε0/εr, ρ, β    fitting parameters for the permanent deformation of UGM 
ε1,1

p      plastic axial strain after the first load cycle 
ε1

p      plastic axial strain 
ε1

e      vertical resilient strain 
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εa       axial strain in soil specimen  
εc       circumferential strain  
εp       cumulative plastic strain 
η       factor that depends on the speed of vehicle 
θ       bulk stress 
θ1+ θ2     total dip angle of the rail joint 
μg       Poisson’s ratio of geocell 
σ1, σ2, σ3    major, intermediate and minor principal stresses 
σ′3      effective confining stress 
σcyc      cyclic deviator stress 
σd       deviator stress 
σoct      octahedral normal stress 
σs       static shear strength of the soil  
τoct      octahedral shear stress 
φ       dynamic amplification factor 
ψ      dilation angle 
ψm     mobilized dilation angle 
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