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The load characteristics in terms of the carrying capacity and the train operation speed limit Indonesia’s 
conventional track capability. In this study, the behaviors of Indonesia’s conventional tracks and the proposed 
asphaltic underlayment tracks under cyclic loading conditions of the low-speed Babaranjang (long-chain coal) 
freight trains have been evaluated using the finite element package Abaqus/CAE considering linear elastic 
behavior of materials. The numerical modeling was applied on three different layer thicknesses of sub-ballast in 
Indonesia’s conventional tracks and three different layer thicknesses of asphalt in asphaltic underlayment tracks to 
investigate the vertical compressive stress, horizontal-vertical-maximum strain, and deformation behaviors. 
According to the numerical simulation, the measurements indicate that the asphaltic underlayment tracks are 
superior to Indonesia’s conventional tracks. Furthermore, a 15 cm of asphalt layer in the asphaltic underlayment 
tracks demonstrates promising performance in the future of Indonesia’s railway systems. The asphaltic 
underlayment tracks are expected to serve the heavier and higher speed Babaranjang freight trains with longer 
service life and lower life cycle cost than Indonesia’s conventional tracks. 

Keywords: asphaltic underlayment track, conventional track, freight trains, mechanistic, deformation, vertical 
compressive stress 

1 INTRODUCTION 

The Indonesian government has adopted the MP3EI master plan, a strategic economic corridor approach, to 
expand and accelerate Indonesian economic development. One of the approaches promoted and adopted by 
Indonesia’s Ministry of Transportation is the rail modal shift to achieve green logistics, in other words, to reduce 
greenhouse gas emissions in the long term. Along with the many activities involving the realization of economic 
development through the strategic corridors, priority projects at the top level promote the rail modal shift. Within the 
MP3EI, several strategies aim to expand freight rail transportation systems. On Sumatra railway lines, the aim is to 
increase rail capacity to support palm oil, coal, and steel industries. Rail construction is also planned on Kalimantan 
Island to transport coal [1;2]. To achieve it, in 2011-2015, Indonesia’s government had improved the role of trains 
to handle long-distance cargo transport on Sumatra and Java Islands. In 2016-2020, Trans Sumatra Railway was 
developed to connect production centers and transport nodes. By 2021-2025, it is expected that rail transport will 
carry out effective operations as the main alternative to road freight [2;3]. It is anticipated that the transport of 
freight by rail will increase network capacity, in addition to reducing the negative impacts caused by the dominance 
of road freight, including congestion and infrastructure damage. It has potential benefits for infrastructure 
managers, suppliers, and passengers.  
Of the 8,357 km of total Indonesia’s railway network in 2017, only 5,107 km are operated [4], and most are 
traditional ballasted tracks. Unfortunately, the Indonesian railway network remains of a low standard, with the 
maximum axle load of 18 tons, the relatively light rail weight of 54 kg/m (R54) (see Table 1), and the low freight 
train operating speed between 45 km/h to 70 km/h. Therefore, the load characteristics, rail strength, carrying 
capacity, and the train operation speed limit the capability of Indonesia’s railway network. 

Table 1.Indonesia’s conventional tracks for narrow gauge 1,067 mm [5] 

Rail track 
class 

Passing 
tonnage 
(tons/year) 

Design 
speed 
(km/hour) 

Axle 
load 
(tons) 

Rail type 
Sleeper type Ballast 

thickness 
(cm) 

Distance between 
sleeper (mm) 

I > 20.106 120 

18 

R.60/R.54 
Concrete 

30 
600 

II 10.106 - 20.106 110 R.54/R.50 
Concrete/Wooden 

30 
600 
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Rail track 
class 

Passing 
tonnage 
(tons/year) 

Design 
speed 
(km/hour) 

Axle 
load 
(tons) 

Rail type 
Sleeper type Ballast 

thickness 
(cm) 

Distance between 
sleeper (mm) 

III 5.106 - 10.106 100 R.54/R.50/R.42 
Concrete/Wooden 

30 
600 

IV 2.5.106 - 5.106 90 R.54/R.50/R.42 
Concrete/Wooden 

25 
600 

V < 2.5.106 80 R.42 
Wooden/Steel 

25 
600 

Indonesia’s current rail freight market is small due to the total freight load limited by low permitted train operating 
speed and axle load capacity. According to Dikun [6], despite a better-integrated system on Java Island, the rail 
freight figure is lower. The train operation on Java Island is dominated by the high passenger capacity with 95% of 
the national level, and 90 billion tons of goods lifted in 2008 were delivered by rail freight on Sumatra and Java 
Islands. Eighty percent of goods lifted are on Sumatra Island, with over 15 billion tons of goods. In addition, there 
has been an increase in rail freight use in Sumatra since 2007 due to coal transported by Babaranjang (Long Chain 
Coal) trains (Fig. 1), fertilizers, palm oil, cement, and container traffic [2]. 

 

Fig. 1. Babaranjang (long chain coal) train in South Sumatera, Indonesia 

The conventional ballasted track-bed is still an important option for Indonesia’s railway substructures due to its low 
cost and easy construction. However, most freight train derailments on Sumatra rail lines are caused by 
conventional track deterioration, weak performance, and poor construction and maintenance work. The latest 
freight train accidents occurred near MuaraEnim Regency, South Sumatera Province, on December 11, 2021 [7] 
and March 17, 2018 [8]. Therefore, there is an urgent need to develop and consider alternative rail track types that 
can provide stronger and better structures in minimizing permanent structural deformation and, at the same time, 
increasing the safety of train operation. 
In Indonesia, maintenance of traditional ballasted tracks is both costly and difficult to be managed effectively. 
Hence, Track Quality Index (TQI) has been adopted to quantify and monitor conventional track degradation. Based 
on the results of track line geometry measurement by the track recording car, a geometry tolerant value is given to 
decide the follow-up of measurement, whether it needs to perform immediate maintenance, train speed restriction-
reduction, or track rehabilitation [9]. However, most of the TQI calculations have suggested Indonesia’s railway 
maintenance stakeholder increase the thickness of the ballast layer in several black spots where the train 
derailments have occurred, from 30 cm as a regular value to 50 cm, to mitigate structural deformation and rail 
irregularities. Unfortunately, no further research investigated Indonesia’s conventional track performance with a 
ballast layer almost two times thicker than the regular thickness. 
Several works have been performed with the aims to enhance the conventional ballasted track-bed performance to 
prevent structural deterioration due to the passing of trains with higher speed and heavier axle load [10-24]. In 
addition, various studies have been conducted to develop unconventional rail track-bed designs and evaluate their 
performance to meet the requirements of high-speed railway systems in terms of track vibration, noise, and service 
life [25-41]. 
However, there are still a limited number of studies aiming to investigate the behavior of conventional and 
unconventional tracks subjected to heavy and low-speed freight trains. Unconventional tracks mainly refer to 
concrete or asphalt that replaces ballast material, which can be found largely in civil structures for high-speed and 
light rail lines. The main reason for the limited use of concrete on the slab track is due to the high construction 
costs associated with its foundation preparations, which are 2.5 times higher than conventional tracks [42]. 
Asphaltic underlayment tracks were selected as one of the rail track types studied. Based on several studies and 
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field experiences, the asphalt layer laid below the ballast layer could dampen the vibration and reduce the stress 
level on the subgrade, leading to a reduction in the maintenance needs [32; 43-46]. 
This paper focuses on the full-mechanistic approach in analyzing the performance of Indonesia’s conventional 
tracks subjected to the heavy and low-speed Babaranjang freight trains and compares the results with the 
response of the asphaltic underlayment tracks. A method of modeling the conventional and asphaltic underlayment 
tracks is presented here using the commercial finite element software Abaqus to investigate the effect of various 
sub-ballast and asphalt layer thicknesses on the mechanical characteristics of Indonesia’s conventional tracks and 
the proposed-new rail track-type design, asphaltic underlayment tracks, in terms of vertical compressive stress, 
horizontal-vertical strain, and deformation 

2 RESEARCH METHOD 

2.1 Geometric and dimension of rail tracks 

As presented in Table 2, the thickness in Case 1A represents the thin sub-ballast layer in the conventional tracks, 
Case 1B depicts the normal sub-ballast layer in the conventional tracks (classified as the 1st Class in Indonesia’s 
railway systems), and Case 1C portrays the thick sub-ballast layer in the conventional tracks. 

Table 2.Geometric and dimension of the conventional tracks 

Conventional track layer Case 1A Case 1B Case 1C 

Ballast 30 cm 30 cm 30 cm 

Sub-Ballast 30 cm 40 cm 50 cm 

Subgrade 330 cm 330 cm 330 cm 

Total 390 cm 400 cm 410 cm 

As displayed in Table 3, the asphalt layer thickness in Case 2A, Case 2B, and Case 2C illustrates the thin, 
medium, and thick asphalt layers in the asphaltic underlayment track systems. 

Table 3.Geometric and dimension of the asphaltic underlayment tracks 

Asphaltic underlayment 
track layer Case 2A Case 2B Case 2C 

Ballast 30 cm 30 cm 30 cm 

Asphalt Layer 15 cm 20 cm 25 cm 

Subgrade 330 cm 330 cm 330 cm 

Total 375 cm 380 cm 385 cm 

The measurement positions of vertical compressive stress at the top of the subgrade and displacement at the 
sleeper’s surface and the subgrade layer are demonstrated in Fig. 2 for the conventional tracks and Fig. 3 for the 
asphaltic underlayment tracks, respectively. 
2.2 Material properties 

All materials in the conventional and asphaltic underlayment tracks evaluated in this study are considered linear 
elastic behavior. The material parameters comprise the elastic modulus, Poisson’s ratio, and mass density. 
Material inputs for the conventional and asphaltic underlayment track simulation are exhibited in Table 4 and Table 
5, respectively. 
 

Table 4. Material inputs for modeling of the conventional tracks 

Conventional track layer Elastic modulus E 
(MPa) 

Mass density 𝝆𝝆 
(kg/m3) Poisson’s ratio ν 

Sleeper [47] 29,100 2,300 0.30 

Ballast [48] 130 1,900 0.20 

Sub-Ballast [48] 120 1,900 0.30 

Subgrade [47] 80 2,000 0.30 
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Table 5. Material inputs for modeling of the asphaltic underlayment tracks 

Asphaltic Underlayment Track 
Layer 

Elastic Modulus E 
(MPa) 

Mass Density 𝝆𝝆 
(kg/m3) Poisson’s Ratio ν 

Sleeper [47] 29,100 2,300 0.30 

Ballast [48] 130 1,900 0.20 

Asphalt Layer [48] 4000 2,400 0.35 

Subgrade [47] 80 2,000 0.30 

 

Fig. 2. 2D sketch of the conventional tracks and 
measurement position 

 

Fig. 3. 2D sketch of the asphaltic underlayment tracks 
and measurement position 

2.3 Cyclic loading 

The dynamic wheel load considered in this study was computed according to the Talbot Formula [49] using Eq. 1 
and Eq. 2. 

 

Fig. 4. Distance between two bogies (Lb) [50] 

𝐵𝐵𝑝𝑝 = 1 + 0.01 � 𝑉𝑉
1.609

− 5� (1) 

𝑃𝑃𝐼𝐼 = 𝑃𝑃𝑀𝑀 × 𝐵𝐵𝑝𝑝  (2) 

Description: 
𝐵𝐵𝑝𝑝  = Conversion Factor 

V = Design Speed, km/hour 
𝑃𝑃𝑀𝑀 = Static Wheel Load of a Train, kg 
𝑃𝑃𝐼𝐼  = Dynamic Wheel Load of a Train, kg 
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Fig. 5. Cyclic loading configuration 

A speed parameter V was applied for 70 km/hr with a static wheel load of 9,000 kg (axle load of 18,000 kg) or 88.3 
kN to compute the dynamic wheel load. Then, based on Eq. 1 and Eq. 2, the dynamic wheel load of the 
Babaranjang freight trains was 12,465 kg or 122 kN. Eq. 3 was utilized to calculate the loading frequency based on 
the Babaranjang freight train operating speed, 70 km/h, and the distance between the axis of two bogies of the 
train, 17,733 m (please see Fig. 4). 

𝑖𝑖𝑏𝑏 = 𝑉𝑉
𝐿𝐿𝑏𝑏

=
70 𝑘𝑘𝑚𝑚 ℎ�
17.733 𝑚𝑚

=
70,000 𝑚𝑚

3600 𝑀𝑀�
17.733 𝑚𝑚

= 1.1 1
𝑀𝑀

= 1.1 𝐻𝐻𝐻𝐻 ≈ 1 𝐻𝐻𝐻𝐻 (3) 

In this study, the cyclic loading was implemented with the maximum load of 12,465 kg or 122 kN, frequency 1.1 Hz, 
and 40,000 cycles, while the total loading time (period) was 40,000 cycles/1.1 Hz = 40,000 seconds, displayed in 
Fig. 5 and Table 6. 

Table 6. Loading time vs. loading amplitude 

Period (s) Load amplitude (N) 
0 5000 

0.909090909 122000 

1.818181818 5000 

2.727272727 122000 

~ ~ 

~ ~ 

36362.72727 122,000 

36363.63636 5,000 

2.4 Mechanistic approach 

The 2-dimensional modeling of conventional and asphaltic underlayment tracks was performed according to 
Abaqus/CAE’s finite element package. The 2D mesh of the conventional and the asphaltic underlayment tracks is 
drafted in Fig. 6. A suitable mesh was established for predicting the conventional and asphaltic underlayment track 
response under cyclic loading. The mesh 50 by 50 mm was used in the ballast, sub-ballast, and subgrade, while 
the mesh 55 by 50 mm was applied in the sleeper. 
Material inputs for the conventional and asphaltic underlayment track simulation are presented in Table 4 and 
Table 5, respectively. The material properties of the sleeper and subgrade for conventional and asphaltic 
underlayment tracks were adopted from Lee et al. [47], while the material properties of the ballast, sub-ballast, and 
asphalt were adopted from Hassan et al. [48]. The material properties of the conventional tracks implemented in 
this study were the typical value applied in Indonesia’s railway systems. 
In this numerical simulation, the vertical displacement at the bottom and the horizontal displacement at the side of 
the model were fixed because the boundary condition was specified as the soil box condition. In addition, the 
interactions between layers were expected to be fully bonded, and the sleeper was expected to be a rigid material. 
Therefore, the deformation in the conventional and asphaltic underlayment tracks was determined by subtracting 
the displacement at the top of the sleeper with the displacement at the top of the subgrade. 
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(a) (b) 

Fig. 6. 2Dmeshing of the conventional tracks (a) and the asphaltic underlayment tracks (b) 

3 RESULTS AND DISCUSSION 

3.1 Measurement of vertical compressive stress 

Vertical compressive stress was studied by Liu [51], Setiawan [52], and Setiawan [53] to predict the subgrade 
design life of the ballasted and asphaltic underlayment tracks using a mechanistic-empirical approach. Fig. 7 
illustrates the change in vertical compressive stress at the surface of the subgrade layer in conventional and 
asphaltic underlayment tracks and its magnitude after 40,000 loading cycles. Table 7 demonstrates the regression 
formula obtained from the numerical simulation results, used to predict the vertical compressive stress at the 
surface of the subgrade layer in the conventional and the asphaltic underlayment tracks as the loading reached 
500,000 times. 

 

Fig. 7. Change in vertical compressive stress at the surface of the subgrade 

Table 7. Vertical compressive stress (MPa) at the surface of the subgrade after 40,000 loading cycles and 
regression formula to predict vertical compressive stress after 500,000 loading cycles 

Track type Case 
Vertical compressive 
stress (MPa) after 
40,000 loading cycles 

Regression formula 
Predicted vertical 
compressive stress (MPa) 
after 500,000 loading 
cycles 

Conventional 

1A 6.8381 y = 7E-06x + 6.5484 10.0484 

1B 6.9950 y = 7E-06x + 6.7089 10.2089 

1C 7.3568 y = 7E-06x + 7.0875 10.5875 

Asphaltic 
Underlayment 

2A 6.1823 y = 7E-06x + 5.8915 9.3915 

2B 6.2473 y = 7E-06x + 5.9665 9.4665 

2C 6.3097 y = 7E-06x + 6.0380 9.5380 

As expected, the thicker ballast and sub-ballast in the conventional tracks, and the thicker ballast and asphalt layer 
in the asphaltic underlayment tracks, produced higher vertical compressive stress at the surface of the subgrade 
layer. The investigation results in Table 7 also depict the vertical compressive stress magnitudes of 6.8381 Mpa, 
6.9950 Mpa, and 7.3568 MPa for the conventional tracks, consisting of 30 cm (Case 1A), 40 cm (Case 1B), and 50 
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cm (Case 1C) of sub-ballast, respectively. In other words, the increase of sub-ballast thickness every 10 cm will 
increase the vertical compressive stress in the conventional tracks between 2% (from 6.8381 MPa in Case 1A to 
6.9950 MPa in Case 1B) and 5% (from 6.9950 MPa in Case 1B to 7.3568 MPa in Case 1C). 

  
(a) Case 1A (d)   Case 2A 

  
(b) Case 1B (e)  Case 2B 

  
(c) Case 1C (f)  Case 2C 

Fig. 8. Horizontal strain distribution in the conventional tracks (a, b, c) and the asphaltic underlayment tracks (d, e, f) 

On another side, for the asphaltic underlayment tracks with the asphalt layer thickness of 15 cm, 20 cm, and 25 
cm, the measurement outputs acquired vertical compressive stress of 6.1823 MPa (Case 2A), 6.2473 MPa (Case 
2B), and 6.3097 MPa (Case 2C), respectively, as the loading reached 40,000 times. Interestingly, increasing 
asphalt thickness every 5 cm will increase the vertical compressive stress in the asphaltic underlayment tracks in a 
uniform percentage, 1%.  
Table 7 displays the regression formula based on the numerical modeling outputs used to predict the vertical 
compressive stress magnitudes at the subgrade surface in the conventional and the asphaltic underlayment tracks 
as the loading reached 500,000 times. It was estimated that the vertical compressive stress in Case 1A, Case 1B, 
and Case 1C (conventional track) after 500,000 loading cycles was 10.0484 MPa, 10.2089 MPa, and 10.5875 
MPa. Meanwhile, the vertical compressive stress in Case 2A, Case 2B, and Case 2C (asphaltic underlayment 
tracks) obtained 9.3915 MPa, 9.4665 MPa, and 9.5380 MPa, respectively. 
As described in Fig. 7 and Table 7, the asphaltic underlayment tracks had a more uniform structural performance 
and produced lower vertical compressive stress at the surface of the subgrade layer. Although the asphaltic 
underlayment tracks had a structural thickness of 20 cm thinner than the conventional tracks, their performance 
was superior in reducing and transmitting the stress from the loading cycles of the Babaranjang trains. 
Setiawan [52] investigated and compared the response of all-granular tracks with various ballast and sub-ballast 
thicknesses (10.5 inches, 14 inches, and 21 inches) and asphaltic overlayment tracks with various asphalt layer 
thicknesses (7.87 inches, 10.63 inches, and 13.78 inches) subjected to different load repetitions (500,000; 
1,000,000; and 2,000,000) using the mechanistic-empirical approach. It was discovered that the asphaltic 
overlayment tracks better transmitted the top stresses, therefore reducing subgrade compressive stresses. 
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Setiawan [53] predicted the subgrade service life of ballasted, asphaltic underlayment, and combination tracks by 
varying the sub-ballast layer (0, 5, 10, 15, 20, 25, and 30 cm) and the asphalt layer thickness (0, 5, 10, 15, 20, 25, 
and 30 cm) according to the magnitude of compressive stress at the surface of the subgrade using the KENTRACK 
program. In summary, the asphaltic underlayment tracks had the longest subgrade service life, followed by the 
combination tracks and the all-granular tracks due to the lower compressive stress at the surface of the subgrade 
layer. 

  
(a) Case 1A (d)  Case 2A 

  
(b) Case 1B (e)  Case 2B 

  
(c) Case 1C (f)  Case 2C 

Fig. 9. Vertical strain distribution in the conventional tracks (a, b, c) and the asphaltic underlayment tracks (d, e, f) 

3.2 Measurement of strain component 

Fig. 8 demonstrates the numerical simulation results of horizontal strain distribution in the conventional and the 
asphaltic underlayment tracks as the loading reached 40,000 times. The horizontal strain distribution in the 
asphaltic underlayment tracks was more uniform and well-distributed than in the conventional ones, especially in 
the area below the sleeper. Also, there was almost no difference in the horizontal strain distribution between Case 
2A (15 cm of asphalt), Case 2B (20 cm of asphalt), and Case 2C (25 cm of asphalt). On another side, there was a 
quite significant difference in the horizontal strain distribution between Case 1A (30 cm of sub-ballast), Case 1B (40 
cm of sub-ballast), and Case 1C (50 cm of sub-ballast). 
The numerical simulation results of vertical strain distribution in the conventional and the asphaltic underlayment 
tracks as the loading reached 40,000 times are depicted in Fig. 9. It can be observed that both track types 
experienced more vertical compressive (-) strain than vertical tensile (+) strain. In the conventional tracks, only the 
sleeper and top part of the ballast experienced the vertical tensile (+) strain. In the asphaltic underlayment tracks, 
both the sleeper and asphalt layer and the top part of ballast experienced the vertical tensile (+) strain. 
The numerical simulation results of maximum strain in-plane principal distribution in the conventional and the 
asphaltic underlayment tracks after 40,000 loading cycles are presented in Fig. 10. In the conventional tracks, the 
maximum tensile (+) strain in-plane principal became lower, but its area became wider as the sub-ballast thickness 
became thicker. On another side, the maximum compressive (-) strain in-plane principal became higher, but its 
area got narrower as the sub-ballast thickness became thicker (please see Fig. 10a, Fig. 10b, and Fig. 10c). Also, it 
is obvious that the highest tensile (+) occurred and was concentrated at the interface between the sleeper’s side 
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and the ballast layer. It would grow to create a parabolic shape as the sub-ballast layer became thicker. 
Furthermore, the highest compressive (-) was concentrated from the edge-surface of the subgrade layer, where the 
boundary conditions were determined for the 2-dimension modeling developed in this study. 

  
(a) Case 1A (d)  Case 2A 

  
(b) Case 1B (e)  Case 2B 

  
(c) Case 1C (f)  Case 2C 

Fig. 10. Maximum strain in-plane principal distribution in the conventional tracks (a, b, c) and asphaltic 
underlayment tracks (d, e, f) 

In the asphaltic underlayment tracks, the maximum tensile (+) strain in-plane principal became higher, and its area 
became wider as the asphalt thickness became thicker. On the other hand, the maximum compressive (-) strain in-
plane principal became lower, and its area turned narrower as the asphalt thickness got thicker (please see Fig. 
10d, Fig. 10e, and Fig. 10f). In addition, the highest tensile (+) was concentrated near the interface area of the 
sleeper’s side and the ballast layer, developed until it reached the bottom part of the ballast layer. Furthermore, the 
highest compressive (-) was also concentrated from the edge-surface of the subgrade layer, where the boundary 
conditions were determined for the 2-dimension modeling developed in this study. 
Therefore, in general, the magnitude of both the maximum tensile and maximum compressive strain in-plane 
principal in the asphaltic underlayment tracks was lower than in the conventional tracks, and the distribution area of 
both the maximum tensile and maximum compressive strain in-plane principal in the asphaltic underlayment tracks 
was more uniform and well-distributed than in the conventional tracks. 
3.3 Measurement of deformation 

In this study, the deformation presented in Fig. 11 was based on the relative displacement between the surface of 
the sleeper and the surface of the subgrade. Fig. 11 exhibits the numerical simulation results of the ballast and the 
sub-ballast layers’ deformation in the conventional tracks (Fig. 11a, Fig. 11b, and Fig. 11c) and the ballast and the 
asphalt layers’ deformation in the asphaltic underlayment tracks (Fig. 11d, Fig. 11e, and Fig. 11f). 
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(a) Case 1A (d)   Case 2A 

  
(b) Case 1B (e)  Case 2B 

  
(c) Case 1C (f)  Case 2C 

Fig. 11. Numerical simulation results of ballast and sub-ballast layers’ deformation in the conventional tracks (a, b, 
c) and ballast and asphaltic layers’ deformation in the asphaltic underlayment tracks (d, e, f) 

The displacement bulb was continuously developed through the ballast and sub-ballast layers in the conventional 
tracks. It was because both ballast and sub-ballast had similar mechanical properties in terms of elastic modulus 
(130 MPa vs. 120 MPa), Poisson’s ratio (0.20 vs. 0.30), and mass density (1,900 kg/m3 vs. 1900 kg/m3). On the 
other hand, a discontinuity can be seen in the displacement bulb inside the ballast and asphalt layers in the 
asphaltic underlayment tracks. It became more significant as the asphalt layer got thicker. It was because both 
ballast and asphalt used in this study had significantly different mechanical properties in terms of elastic modulus 
(130 MPa vs. 4000 MPa), Poisson’s ratio (0.20 vs. 0.35) and mass density (1,900 kg/m3 vs. 2400 kg/m3). 
Fig 12 illustrates the displacement at the top of the sleeper and the subgrade layer in the conventional tracks (Fig. 
12a, Fig. 12b, and Fig. 12c) and the asphaltic underlayment tracks (Fig. 12d, Fig. 12e, and Fig. 12f). It can be 
inferred that the thicker the sub-ballast layer in the conventional tracks, the higher the displacement at the top of 
the sleeper and the subgrade layer. In addition, the thicker the sub-ballast in the conventional tracks, the higher the 
displacement differences between the top of the sleeper and the surface of the subgrade layer. With the sub-ballast 
layer thickness of 30 cm (Case 1A), 40 cm (Case 1B), and 50 cm (Case 1C), the measurement results depicted the 
displacement at the top of the sleeper and the top of the subgrade of 385.76 mm and 356.39 mm for Case 1A (Fig. 
12a), 399.63 mm and 364.44 mm for Case 1B (Fig. 12b), and 413.93 mm and 372.63 mm for Case 1C (Fig. 12c), 
respectively, as the loading reached 40,000 times. 
The asphaltic underlayment tracks have demonstrated different trends. The displacement magnitude at the top of 
the sleeper and the top of the subgrade layer in Case 2A (Fig. 12d), Case 2B (Fig. 12e), and Case 2C (Fig. 12f) 
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was almost similar. With the asphalt layer thickness of 15 cm (Case 2A), 20 cm (Case 2B), and 25 cm (Case 2C), 
the measurement attained the displacement at the top of the sleeper and the top of the subgrade of 355.07 mm 
and 341.54 mm for Case 2A (Fig. 12d), 358.12 mm and 344.46 mm for Case 2B (Fig. 12e), and 361.12 mm and 
347.16 mm for Case 2C (Fig. 12f), respectively, as the loading reached 40,000 times. 

  
(a) Case 1A (d)   Case 2A 

  
(b) Case 1B (e)  Case 2B 

  
(c) Case 1C (f)  Case 2C 

Fig. 12. Displacement at the surface of the sleeper and the surface of the subgrade layer in the conventional tracks 
(a, b, c) and the asphaltic underlayment tracks (d, e, f) 

Fig. 13 illustrates the growth of the ballast and sub-ballast deformation in the conventional tracks and the growth of 
the ballast and asphalt deformation in the asphaltic underlayment tracks and their magnitude as the loading 
reached 40,000 times. Table 8 presents the regression formula based on the numerical simulation results used to 
predict the ballast and sub-ballast deformation in the conventional tracks and the ballast and asphalt deformation in 
the asphaltic underlayment tracks after 500,000 loading cycles. As displayed in Fig 13, the deformation in the 
asphaltic underlayment tracks is almost three times lower than that in the conventional tracks. Based on the 
numerical modeling outputs in Table 8, the increase of sub-ballast thickness every 10 cm will increase the 
deformation in the conventional tracks up to 20% (29.38 mm in Case 1A vs. 35.19 mm in Case 1B vs. 41.30 mm in 
Case 1C). However, the increase of asphalt thickness every 5 cm will increase the deformation in the asphaltic 
underlayment tracks only between 1% (from 13.52 mm in Case 2A to 13.66 mm in Case 2B) and 2% (from 13.66 
mm in Case 2B to 13.96 mm in Case 2C). In conclusion, the deformation magnitude of the asphaltic underlayment 
tracks in Case 2A, Case 2B, and Case 2C was almost similar.  
A Babaranjang train set consists of 50 coal cars. Forty thousand loading cycles in this study equal 20,000 coal 
carriages or the same with 400 Babaranjang train sets. Therefore, 500,000 loading cycles equal 250,000 coal 
carriages or the same with 5,000 Babaranjang train sets. Around ten Babaranjang trains are operated per day. 
Therefore, it was predicted that after serving 5,000 Babaranjang train sets, the conventional tracks in Case 1A, 
Case 1B, Case 1C would experience 47.72 mm, 58.29 mm, and 64.16 mm of deformation, respectively (please see 
Table 8 column 5). Meanwhile, the estimated deformation in the asphaltic underlayment tracks after serving 5,000 
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Babaranjang train sets are 22.62 mm (Case 2A), 22.75 mm (Case 2B), and 23.02 mm (Case 2C), respectively 
(please see Table 8 column 5). 

 

Fig. 13. Growth of the ballast and sub-ballast deformation in the conventional tracks and the growth of the ballast 
and asphalt deformation in the asphaltic underlayment tracks 

Table 8. Deformation (mm) after 40,000 loading cycles and regression formula to predict deformation after 500,000 
loading cycles 

Track type Case 
Deformation (mm) 
after 40,000 Loading 
Cycles 

Regression 
Formula 

Predicted Deformation 
(mm) after 500,000 
Loading Cycles 

Conventional 

1A 29.38 y = 4E-05x + 27.72 47.72 

1B 35.19 y = 5E-05x + 33.29 58.29 

1C 41.30 y = 5E-05x + 39.16 64.16 

Asphaltic 
Underlayment 

2A 13.52 y = 2E-05x + 12.62 22.62 

2B 13.66 y = 2E-05x + 12.75 22.75 

2C 13.96 y = 2E-05x + 13.02 23.02 

By comparing Fig. 13 and Fig. 7,it can be inferred that the asphaltic underlayment tracks have a more uniform 
structural performance and lower deformation than the conventional tracks because the asphalt layer in the 
asphaltic underlayment is significantly stiffer than the sub-ballast layer in the conventional tracks. The thicker the 
sub-ballast and asphalt layer, the higher the possibility of deformation due to loading. Lee et al. [47] discovered that 
the thicker asphalt layer in the asphaltic overlayment tracks deforms slightly more than the thinner layer. 

4 CONCLUSIONS 

The behaviors of different structures of the conventional and asphaltic underlayment tracks under cyclic loading 
conditions of Babaranjang (long-chain coal) freight trains have been evaluated in this study using numerical 
simulation and by considering linear elastic behavior of all materials in both rail track types, characterized by the 
elastic modulus, Poisson’s Ratio, and mass density. This research investigated and analyzed the vertical 
compressive stress, horizontal-vertical strain, and deformation behavior. According to the numerical simulation, the 
measurement of vertical compressive stress indicates that the asphaltic underlayment track structure was superior 
in reducing and transmitting the stress generated by train loading. In addition, the measurement of horizontal-
vertical-maximum strain implies that the asphaltic underlayment tracks had a more uniform structural strength than 
the conventional tracks. Based on deformation measurement, asphaltic underlayment tracks had a more uniform 
structural performance and lower deformation than the conventional tracks. Moreover, increasing the thickness of 
the ballast and sub-ballast layers (more than the standard thickness, 30 cm) as the effort in reconstructing 
Indonesia’s conventional tracks after the train derailment could worsen its condition, resulting in higher deformation 
magnitude. Furthermore, the deformation magnitude of asphaltic underlayment tracks with 15 cm, 20 cm, and 25 
cm was almost similar. Therefore, asphalt thickness of 15 cm below the ballast layer seems appropriate to support 
the freight trainload. For future research, it is worth applying numerical simulation considering the linear viscoelastic 
behavior of asphalt layer in asphaltic underlayment tracks subjected to the heavy-low speed freight train loading in 
existing Indonesia’s railway systems and to the high-speed train loading in future Indonesia’s railway systems. 
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