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Abstract: This research investigated the largest magnitude
of displacement and horizontal tensile strain in several
critical locations within the asphalt concrete (AC) layer in
both the flexible pavement highway (FPH) and asphaltic
overlayment track (AOT) structure using the numerical
modeling method. The role of the hauling loads, speed,
and loading cycles of freight truck’s dumps and freight
train’s wagons on the mechanical behavior of FPH and
AOT in terms of the permanent deformation and fatigue
cracking was examined. Furthermore, the performance of
the FPH and AOT in terms of permanent deformation and
fatigue cracking characteristics due to various magnitudes
of hauling loads, speed, and loading cycles of freight truck’s
dumps and freight train’s wagons was compared to deter-
mine the optimum infrastructure for the freight coal trans-
portation, based on the hauling capacity as well as the
magnitude of permanent deformation and the horizontal
tensile strain of the AC layer. According to the findings of
this study, it is suggested to choose the AOT structure with
fourth or sixth loading systems to run the freight coal
transportation with the highest magnitude of the hauling
capacity of 360,000 tons, since it produces the minimum
magnitude of the permanent deformation and fatigue
cracking of the AC layer. Future research should be con-
ducted to examine the potential and the characteristics of
fatigue cracking due to the contact between the edge of the
sleeper and the surface of the AC layer in AOT.
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1 Introduction

South Sumatra Province is one of the regions that has the
largest coal reserves in Indonesia, with a recorded poten-
tial of around 22.24 billion tons or +38% of the national
reserves, with details that have been measured at 1.97 bil-
lion tons, indicated at 19.95 hillion tons, and inferred of 0.32
billion tons. This potential is generally found in Muara
Enim, Lahat, Musi Banyuasin, and Musi Rawas Regencies.
The potential for coal has not been optimally exploited; this
is partly due to the limited capacity of the available trans-
portation network in South Sumatra Province [1,2]. In
order to optimize the coal potential of the province of
South Sumatra, a reliable and large-capacity transporta-
tion infrastructure network is mandatory [3].

In transporting and distributing the coal from the South
Sumatera to other areas such as Lampung Province, the
small companies use truck mode (Figure 1), while big com-
panies, namely, PT Bukit Asam Tbk, use the train mode
(Figure 2). However, the trucks carry coal cargo as much
as 25-30 tons, while the reasonable limit is only 10 tons.
Therefore, coal transportation from South Sumatra to Lam-
pung using truck mode damages road infrastructure due to
the overload and brings some negative effects detrimental
to society such as pollution, traffic congestion, and acci-
dents [2,4].

On another side, of the 8,357 km of total Indonesia’s
railway network in 2017, only 5,107 km is operated [5], and
most are traditional ballasted or conventional tracks such
as the railway networks available in South Sumatera and
Lampung Province. Unfortunately, the Indonesian railway
network remains of a low standard, with the maximum
axle load of 18 tons, the relatively light rail weight of
54kg/m (R54), and the low freight train operating speed
between 40 and 80 kph. Therefore, the load characteristics,
rail strength, carrying capacity, and the train operation
speed limit the capability of Indonesia’s railway network [6].
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Figure 1: Freight coal truck in South Sumatera, Indonesia [11].

Figure 2: Freight coal train in South Sumatera, Indonesia [12].

In addition, common damage to the ballast layer in the
existing conventional track in Indonesia is dirty ballast
material and lost or reduced ballast so that the stability of
the conventional track will decrease. Besides, the presence
of ballast pockets under the ballast can cause mud pumping
[4,7]. The conventional track may experience further bal-
last deformations and track misalignment [8]. Heavy
trains and environmental loads can cause a decline in
mechanical and geometrical performance of the ballast
structure layer [9,10].
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Therefore, Setiawan [13] compared the performance of
granular or ballasted track with the asphaltic overlayment
track (AOT) by predicting the service life of the asphalt
concrete (AC) layer and the subgrade layer using the
mechanistic-empirical software, KENTRACK, developed by
the University of Kentucky [14-16]. In AOT structure, ballast
is replaced by the AC layer, and the sleeper is located on top
of the AC layer. Setiawan [13] concluded that the AOT with a
minimum AC layer thickness of 350 mm and a minimum
sub-grade modulus of 82 MPa was a better option than bal-
lasted track for railway systems with high load repetition
per year (>500,000 train cars/year) and high axle load train
(>36 tons).

Asphalt’s durability makes it a popular choice for flex-
ible pavement highways (FPHs). However, large and slow
traffic loads may lead to deformation issues in the AC layer
from time to time [17]. According to Nagy et al [18], pave-
ment distress is an essential parameter of pavement design.
The majority of pavement distresses are caused by the defi-
ciencies in materials, construction, and maintenance. Rut-
ting, also known as permanent deformation (Figure 3), is
considered a primary distress mode in asphalt flexible pave-
ments and has always been a concern in the asphalt pave-
ment industry [19]. Rutting is also one of the typical failure
modes of semi-rigid base asphalt pavement in the high-tem-
perature area [20]. The presence of rutting on flexible pave-
ment structure has always been a concern that destructively
influences the performance of the pavement by shortening
its lifespan and creating a safety hazard for vehicles [21].
Permanent deformation can also incline to severe traffic
accidents under some adverse driving circumstances such
as rain and curve section [22].

Fatigue cracking is also a key issue in AC pavements
because it reduces ride comfort and fuel efficiency and
creates a pathway for water penetration, which causes a
pavement system to degrade fast [24]. Figure 4 illustrates
the mechanism of alligator cracking or fatigue cracking.
List of researchers studied this phenomenon because it
significantly affects the road function and gives discomfort
to the users and try to solve this problem. Due to repeated
loading on asphalt pavement, accumulation of damage
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Figure 3: Cross-section of rutting or permanent deformation [23].
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Figure 4: Mechanism of alligator cracking or fatigue cracking.

occurred, which causes one of the primary distresses
known as fatigue cracking [25].

When the pavement has reached the end of its useful life
and the asphalt binder is rigid, fatigue cracking develops. It is
a load-related crack that developed as a result of constant
loading. In order to create microcracks, the horizontal tensile
stresses at the bottom of the pavement layer have to be
greater than the tensile strength of the pavement [26-28].
Alligator or fatigue is a macrocrack that develops when these
fractures spread [26,28,29].

It is a well-known fact that asphalt material is a vital
part of the pavement. However, the loading conditions and
functional requirements for the pavement structure are
totally different between road and railway transport sys-
tems [30]. Moreover, there are limited studies that focus on
permanent deformation and fatigue cracking behavior and

Tire Load

1530 mm

\m’mv 100 mm

200 mm

400 mm

800 mm

Subgrade

3000 mm

a

Figure 5: (a) FPH structure and (b) AOT structure.

Effect of truck and train loading on permanent deformation == 3

characteristics of the AC layer in the AOT structure. Also,
there is limited research that compares the loading char-
acteristics of freight trucks and freight trains and their
contribution to the permanent deformation and fatigue
cracking behavior of the AC layer in FPH and AOT struc-
tures. Therefore, this research was conducted to compare
the fatigue cracking and the permanent deformation beha-
vior of the AC layer in FPH and AOT structures, as well as to
compare the performance and the response of FPH and
AOT to the different level of loading systems (LSs) by
varying the hauling loads, speed, and loading cycles of
freight coal trucks and freight coal trains. The ABAQUS
software was used to create the cyclic loading from the
passing freight coal trucks and freight coal trains and to
develop the two-dimensional model of FPH and AOT struc-
tures with the same geometric (width and thicknesses) and
the same material properties of AC surface course, AC base
course, unbound granular sub-base or sub-ballast layers,
as well as soil subgrade layers.

2 Methods

2.1 Geometry of flexible pavement and AOT

The structural configuration of FPH and asphaltic overlay-
ment for rail track (AOT) is provided in Figure 5a and b,
respectively. In this research, the FPH consists of AC sur-
face course, AC base course, sub-base, and subgrade, while
the AOT includes the rails (left and right) and concrete
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sleeper (200 mm length and 220 mm height) laid on top of
the AC surface course, AC base course, sub-ballast, and
subgrade. Both FPH and AOT have the same width and
height, which are 3,000 and 1,500 mm, respectively.

2.1.1 LSs and configurations based on freight truck and
freight train

The pressure loading in the form of cyclic load from single-
unit two-axle freight truck load was considered and applied to
the surface of the flexible pavement. The distance between the
center of the left and the right tire is 1,530 mm, while the
distance between two axles is 3,400 mm (Figures 5a and 6).
Figure 7a and b presents the contact area between freight
truck’s tires and the pavement surface as well as its equivalent
contact area. Since L is 389 mm, 1 (one) wheel has a rectangular
area conversion of 0.5227 L2 with a length of 339 mm and a
width of 234 mm [17].

In other side, the concentrated loading in the form of
cyclic load from the wheelset of freight trains was consid-
ered and applied to the left and the right rails of AOT. The
distance between the point load of the left and the right
wheelset is 1,067 mm, while the distance between two axles
is 11,000 mm (Figures 5b and 8).

The construction of LSs from the passing freight trucks
was based on three variations in hauling loads (10, 25, and
36 tons/truck), three variations in running speeds (40, 60,
and 80 kph), and two variations in loading cycles (5,000
and 10,000 times). As shown in Table 1, in total, there
were nine model variations that have been constructed
for flexible pavement design and analysis. On the other
hand, the development of LSs from the passing freight
trains was in accordance with three variations in hauling
loads (72 and 36 tons/train), three variations in running
speeds (40, 60, and 80 kph), and two variations in loading
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Figure 7: (a) Contact area between tires and the pavement surface and
(b) equivalent contact area [17].

cycles (5,000 and 10,000 times). As presented in Table 2, in
total, there were six model variations that have been con-
structed for AOT design and analysis.

2.2 Construction of the model

The details of the FPH and AOT model using ABAQUS soft-
ware can be seen in Figures 9a and b, respectively. To
simplify both models, the interaction of each layer is con-
sidered as glued. In FPH model, a 3-node linear plane strain
triangle (CPE3) was used for the AC surface course (struc-
tured), AC base course (free), and sub-base layer (struc-
tured), while a 4-node bilinear plane strain quadrilateral
(CPE4) was used for the subgrade layer. The mesh with the
size of 0.025m x 0.025m was applied to the model below
tire footprints, where 0.025 m x 0.05 m was assigned for the
AC surface course, 0.05m x 0.05m for both the AC base
course and sub-base layer, and 0.05m x 0.1 m for the sub-
grade layer of the flexible arterial pavement. Therefore, a
total of 2,624 elements were created for this model.

In AOT model, two rails (left and right) and a concrete
sleeper were laid on top of the AOT structure. The sleeper
is anchored and fixed at the top of the AC surface layer. A
CPE3 was assigned for the rails (free), AC surface course
(structured), AC base course (structured), and sub-ballast
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Figure 6: Single-unit two-axle truck load.
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Figure 8: Freight train wagons.

Table 1: LSs based on combination of freight truck’s speed, axle load,
and loading cycles

LS Speed Axle Loading Freight Number  Freight
(km/h) load cycles truck’s of truck
(tons) capacity passing  hauling
(tons/ truck capacity
truck) (tons)
140 5 5,000 10 5,000 50,000
2 60
3 80
4 40 12.5 10,000 25 10,000 250,000
5 60
6 80
7 40 18 10,000 36 10,000 360,000
8 60
9 80

layer (structured). On the other hand, a CPE4 was used for
the sleeper and subgrade layer. The mesh with the size of
0.015 m x 0.015 m was constructed for rails, 0.0525 m x 0.05 m
for the sleeper, 0.025m x 0.05 for the AC surface course,
0.05m x 0.05m for the AC base course and sub-ballast layer,
and 01m x 0.05m for the subgrade layer of the AOT.
Therefore, a total of 2,755 elements were created to construct

1067 mm

this model. Furthermore, the concentrated force is applied
around 0.015m from the inner edges of the rail head.

The measuring nodes, in yellow dots (to obtain the
horizontal tensile strain and the displacement at the top
of the AC surface course) and green dots (to obtain the
horizontal tensile strain and the displacement at the bottom
of the AC base course) within both FPH and AOT models,
also presented in Figures 9a and b, respectively. There are
six pairs of measuring nodes that were assigned to six dif-
ferent key locations in FPH model. They are located parallel
to or below the left edge of the outer tire (node 1-A), below
the right edge of the outer tire (node 2-B), between the outer
and the inner tire (node 3-C), below the left edge of the inner
tire (node 4-D), below the right edge of the inner tire (node
5-E), and at the center of the FPH structure (node 6-F). In
other side, there are five pairs of the measuring nodes that
were assigned to five different key locations in AOT model.
They are located parallel to or below the left edge of the
sleeper (node 1-A), below the left edge of the left rail (node
2-B), at the center of the left rail (node 3-C), below the right
edge of the left rail (node 4-D), and at the center of the AOT
structure (node 5-E). Moreover, the permanent deformation
of the total AC layer is obtained as the relative displacement
between the top of AC surface and the bottom of AC base
course.

Table 2: LS based on combination of freight trains speed, axle load, and loading cycles

LSs Speed Axle Loading cycles Freight truck’s capacity Number of passing Freight truck hauling
(km/h) load (tons) (tons/truck) truck capacity (tons)

1 40 36 5,000 72 5,000 360,000

2 60

3 80

4 40 18 10,000 36 10,000 360,000

5 60

6 80
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Figure 9: (a) FPH model and measuring nodes and (b) AOT model and measuring nodes.

2.3 Material properties

In this study, the top part of both FPH and AOT consists of
AC surface course and AC base course with the same mate-
rial properties, considering the linear viscoelastic constitu-
tive relationship based on Lee et al. [31]. The elastic modulus of
the AC surface and AC base course is 25,201.2 MPa and
22,903.8 MPa, respectively, while both AC materials have the
same value of Poisson’s ratio and density, which are 0.35 and
2,345.35 kg/m®, respectively. The subgrade layer in both
FPH and AOT has the following properties: elastic mod-
ulus of 60 MPa, Poisson’s ratio of 0.25, and density of
2,000 kg/m>. In addition, the material properties for sub-
base in FPH were the same material properties as sub-
ballast in AOT: elastic modulus of 120 MPa, Poisson’s ratio
of 0.30, and density of 1,900 kg/m>. Special for AOT struc-
ture, a pair of rails (elastic modulus of 206,000 MPa, Pois-
son’s ratio of 0.30, and density of 7,800 kg/m3), and a

concrete sleeper (elastic modulus of 30,000 MPa, Poisson’s ratio
of 0.20, and density of 1,833.33 kg/m®) are required to transfer
the load from the freight trains to the AOT structure.

3 Results and discussion

As a standard convention, the negative strain is known as
compressive, while the positive strain is known as tensile.
In the following section, several analyses and evaluation
methods were conducted, starting with the largest magni-
tude of displacement and then the horizontal tensile strain
in several important locations within the AC layer in both
the FPH and AOT structure. Then, the role of the load,
speed, and loading cycles of freight truck and freight train
on the mechanical behavior of FPH and AOT in terms of the
permanent deformation and fatigue cracking potential was
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Figure 10: Permanent deformation of the AC layer below six key locations within the FPH structure due to first LSs from freight truck dumps.
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Figure 11: Permanent deformation of the AC layer below five key locations within the AOT structure due to first LSs from freight train wagons.

examined. Finally, the performance of the FPH and AOT in
terms of permanent deformation and fatigue cracking
characteristics due to various magnitudes of loads, speed,
and loading cycles of freight trucks (first to ninth LSs) and
freight trains (first to sixth LSs) was compared to predict and
suggest the most optimum as well as the alternative infra-
structure for the freight transportation in South Sumatera,
Indonesia, based on the engineering point of view.

3.1 Permanent deformation potential in
several key locations within AC layer

According to Lee et al. [31], the thicker AC layer deforms
slightly more than the thinner layer. Figure 10 illustrates
the development of permanent deformation of the AC layer
in six key locations within the FPH structure due to the first
LSs from the freight truck dumps. The largest permanent

deformation was found between the outer and the inner
tire, followed by the permanent deformation below the
right edge of the outer tire, below the left edge of the inner
tire, below the left edge of the outer tire, below the right
edge of the inner tire, and finally the permanent deforma-
tion at the location parallel to the center of the pavement
structure.

The development of permanent deformation of AC
layer in five key locations within the AOT structure due
to the first LSs from the freight trains wagons is provided
by Figure 11. The largest permanent deformation was
obtained below the right edge of the left rail, followed by
the permanent deformation below the center of the left
rail, below the left edge of the left rail, parallel to the center
of the track, and finally the permanent deformation below
left edge of the sleeper.

As shown in Figure 12a, the area of the AC layer in FPH
between the outer and the inner tire shows a key location
that is prone to permanent deformation. In other side, the

Figure 12: Vertical displacement within the AC layer due to the first LSs: (a) FPH and (b) AOT.
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Figure 13: Largest permanent deformation of the AC layer in the FPH structure due to different LS combinations (first to ninth).

area between the left and the right rails in AOT (Figure 12b)
has the highest potential to experience the permanent
deformation.

3.2 Role of tonnage, speed, and loading
cycles of freight truck and freight train
on total permanent deformation of AC
layer in FPH and AOT

The next stage of this study is the evaluation of permanent
deformation of the AC layer in FPH and AOT structures as
the effect of various levels and magnitudes of speed,

hauling loads, and loading cycles (number of passing) of
freight truck dumps and freight train wagons. Figure 13
presents the largest permanent deformation of the AC
layer in the FPH due to nine different LSs. It can be con-
cluded that the seventh LS produces the largest permanent
deformation among nine cases of LSs. Besides, the fourth
and the ninth LSs have almost similar magnitude of per-
manent deformation at 10,000 loading cycles. It can also be
predicted that at certain level of loading cycles (>10,000),
the magnitude of permanent deformation due to the fourth
LS will overtake the magnitude of permanent deformation
due to the ninth LS. As expected, the lower the freight truck
speed and the heavier the freight truck load, the larger the
permanent deformation of the AC layer in FPH structure.
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Figure 14: Largest permanent deformation of the AC layer in the AOT structure due to different LS combinations (first to sixth).



DE GRUYTER

Figure 14 presents the largest permanent deformation
of the AC layer in the AOT due to six different LSs. In
terms of permanent deformation behavior analysis in
this study, it is better to run the freight trains with 50%
lighter hauling loads but 100% more loading cycles (red
line, AOT Case 4), than run the freight trains with 100%
heavier hauling loads, but 50% less loading cycles (orange
line, AOT Case 2). The LSs from Case 1 produce the largest
permanent deformation among six cases LSs. Although
Case 1 has only 5,000 loading cycles, it has 72 tons/trucks
of hauling loads and but it has the slowest speed of
40 kph. In addition, Case 2 and Case 4 have almost similar
magnitude of permanent deformation, even though Case
4 has a 50% lighter hauling loads, but it has 33% slower
speed and 100% more loading cycles. It was also found
that Case 4 has a larger magnitude of permanent defor-
mation than Case 3, even though Case 3 has 100% faster
speed and 50% less loading cycles, but it has 100% heavier
hauling loads. Case 3 also has a larger magnitude of per-
manent deformation than Case 5, even though Case 5 has
100% more loading cycles, but it also has 25% slower
speed and 50% lighter hauling loads. Again, as expected,
the lower the freight train speed and the heavier the
freight train load, the larger the permanent deformation
of the AC layer in the AOT structure.

Figure 15 shows the comparison between the perma-
nent deformation of the AC layer produced by the set of LSs
with the lowest speed and heaviest hauling loads of freight
truck (LSs from Cases 1, 4, and 7 for FPH) and freight trains
(LSs from Cases 1 and 4 for AOT). We also need to note that
the multiplication between the hauling loads (tons/truck

Effect of truck and train loading on permanent deformation =— 9

dumps or tons/train wagons) and the loading cycles
(number of passing truck dumps or train wagons) will
produce the parameter of hauling capacity (tons), as
shown in Tables 1 and 2.

The permanent deformation of the AC layer in the FPH
structure due to the LSs from Case 7 (blue line, 36 tons/
truck dump; 10,000 loading cycles, equals to the hauling
capacity of 360,000 tons) is similar to the permanent defor-
mation of the AC layer in the AOT structure due to the LSs
from Case 4 (orange line, 36 tons/truck dump; 10,000
loading cycles, also equals to the hauling capacity of
360,000 tons). In addition, the permanent deformation of
the AC layer in the AOT structure due to the LSs from Case 1
(red line, 72 tons/train wagon; 5,000 loading cycles, equals
to hauling capacity of 360,000 tons) is still around 25%
larger than the permanent deformation of the AC layer
in the AOT structure due to the LSs from Case 4 (orange
line, 36 tons/train wagon; 10,000 loading cycles, also equals
to hauling capacity of 360,000 tons) even though Case 1 has
50% less loading cycles. Because at the same time, Case 1
also has 100% heavier hauling loads than Case 4.

As expected, the permanent deformation of the AC
layer in the FPH structure due to the LSs from Case 1 (light
green, 10 tons/truck dump; 5,000 loading cycles, equals to
hauling capacity of 50,000 tons) is 86% smaller than the
permanent deformation of the AC layer in AOT structures
due to the LSs from Case 1 (red line, 72 tons/train wagon;
5,000 loading cycles, equals to hauling capacity of 360,000
tons), which has 86% heavier hauling capacity. The same
comparison condition also applies to AOT Case 4 versus
FPH Case 4 as well as FPH Case 7 versus FPH Case 4.
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Figure 15: Comparison of the largest permanent deformation of AC layer due to the LSs with the lowest speed of 40 kph (Cases 1, 4, and 7 for FPH and

Cases 1 and 4 for AOT).
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In terms of the minimum magnitude of the permanent
deformation of the AC layer in both FPH and AOT struc-
tures and in order to run the freight transportation, either
truck or train, with the highest magnitude of the hauling
capacity considered in this study (Tables 1 and 2), 360,000
tons, it is suggested to use and construct either the FPH
structure with seventh LS (blue line in Figure 15) or the
AOT structure with fourth LSs (orange line in Figure 15).

3.3 Fatigue cracking potential in several key
locations within AC layer

Figure 16 depicts the development of horizontal tensile and
compressive strain at the top of AC surface course below
six key locations within the FPH structure due to the first
LSs from the freight truck dumps. The largest compressive
strain (negative strain) at the top of AC surface course of
FPH was found between the outer and the inner tire, fol-
lowed by the compressive strain below the right edge
of the outer tire, below the left edge of the inner tire, below
the left edge of the outer tire, and below the right edge of
the inner tire. In other side, the largest horizontal tensile
strain (positive strain) at the top of AC surface course of
FPH was obtained at the location parallel to the center of
the pavement structure.

The development of horizontal tensile strain and com-
pressive strain at the bottom of AC base course below six
key locations within the FPH structure due to the first LSs
from the freight truck dumps is shown in Figure 17. The
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largest compressive strain at the bottom of the AC base
course of FHP was found at the location parallel to the
center of the pavement structure. The magnitudes of the
horizontal tensile strain below the right edge of the outer
tire, between the outer and the inner tire, and below the
left edge of the inner tire are similar and are the largest,
followed by the horizontal tensile strain below the left edge
of the outer tire and below the right edge of the inner tire.
On the other side, the largest compressive strain at the
bottom of AC base course of FPH is at the location parallel
to the center of the pavement structure.

As shown in Figure 18, the largest horizontal tensile
strain at the top of the AC surface course of AOT is located
below the left edge of the sleeper. On the other hand, the
largest compressive strain at the top of AC surface course
of AOT is located parallel to the center of the AOT struc-
ture, followed by the compressive strain below the right
edge of the left rail, parallel to the center of the left rail,
and below the left edge of the left rail.

The largest horizontal tensile strain at the bottom of
AC base course of AOT is located below the right edge of the
left rail, followed by the horizontal tensile strain parallel to
the center of the left rail, below the left edge of left rail, and
parallel to the center of the AOT structure (Figure 19).
Besides, the largest compressive strain at the bottom of
AC base course of AOT is located below the left edge of
the sleeper.

As presented in Figure 20a, the top area of AC surface
course parallel to the center of flexible pavement structure
shows a key location that is prone to the top-down fatigue
cracking (yellow-red contour), while the bottom area of AC
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Figure 16: Horizontal tensile strain and compressive strain at the top of the AC surface course below six key locations within the FPH structure due to

first LSs from freight truck dumps.



DE GRUYTER

Effect of truck and train loading on permanent deformation 1"

m Left Edge of Outer Tire o Right Edge of Outer Tire ¢ Between Outer and Inner Tire
4 Left Edge of Inner Tire x Right Edge of Inner Tire Center of Pavement Structure
0.0006 +0.000493
T XX es?
0.0004 ..‘...0000“" +0.000493
0.0002 ceeec?’ I e T T T LT LLLLLL Lol oo
° es°2 !!!!!!Qgg;gxxxxxxxxxxxxx*x
= 0.0000 o= T T T T T T T T T d
©
-0.0002
-0.0004
-0.0006
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Number of Passing Freight Truck Dumps (Loading Cycles)

Figure 17: Horizontal tensile strain and compressive strain at the bottom of the AC base course below six key locations within the FPH structure due to

first LSs from freight truck dumps.
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Figure 18: Horizontal tensile strain and compressive strain at the top of AC surface course below five key locations within the AOT structure due to first

LSs from freight train wagons.

base course below the tire tread has the highest potential
to experience the bottom-up fatigue cracking (also yellow-
red contour). On the other hand, the side-top area of the AC
surface course in the AOT structure (starting from the left-
right edge of the sleeper to the left-right boundary of the
model) exhibits a key location that is prone to the top-down
fatigue cracking, while the bottom area of AC base course
below the left and right rails has the highest potential to
experience the bottom-up fatigue cracking (Figure 20b).

3.4 Role of tonnage, speed, and loading
cycles of freight truck and freight train
on fatigue cracking of AC layer in FPH
and AOT

The next stage of this study is the evaluation of horizontal
tensile strain at the top of AC surface course as well as at
the bottom of the AC base course in FPH and AOT struc-
tures as the effect of various levels and magnitudes of
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Figure 19: Horizontal tensile strain and compressive strain at the bottom of AC base course below five key locations within the AOT structure due to

first LSs from freight train wagons.

speed, hauling loads, and loading cycles (number of pas-
sing) of freight truck dumps and freight train wagons. The
largest horizontal tensile strains at the top of AC surface
course as well as at the bottom of the AC base course in the
FPH structure due to first to ninth LS combinations are
presented in Figures 21 and 22, respectively. It can be con-
cluded that the seventh LS produces the largest horizontal
tensile strain at the top of AC surface course (Figure 21) as
well as the largest horizontal tensile strain at the bottom of
AC base course (Figure 22) among nine cases of LSs. It also
can be seen that, within the same magnitude of freight
truck’s hauling loads and the same number of passing
trucks (Case 1 vs Case 2 vs Case 3; Case 4 vs Case 5 vs
Case 6; and Case 7 vs Case 8 vs Case 9), the lower the freight
truck’s speed, the larger the horizontal tensile strain both
at the top of AC surface course (Figure 21) and at the
bottom of the AC base course (Figure 22), respectively.

Figures 23 and 24 show the largest horizontal tensile
strain at the top of AC surface course as well as at the
bottom of the AC base course in the AOT structure due to
first to sixth LS combinations, respectively. There are two
distinct groups of horizontal tensile strain development in
both Figure 23 (at the top of AC surface course) and Figure
24 (at the bottom of AC base course), which are Case 1
through 3 and Case 4 through 6. Each group has the
same magnitude of freight train’s hauling loads (72 tons/
train wagons for the first group; 36 tons/train wagons for
the second group) and loading cycles (5,000 times for the
first group; 10,000 times for the second group).

As shown in Figure 23, after the loading cycles of the
freight train’s wagons reach around 3,500 times, the hor-
izontal tensile strain development due to the third and
sixth LSs overtakes the other LSs in their groups and finally
becomes the LSs that produce the largest horizontal tensile

Figure 20: Horizontal tensile strain and compressive strain within the AC layer due to the first LSs: (a) FPH and (b) AOT.
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Figure 21:

Largest horizontal tensile strain at the top of AC surface course in the FPH structure due to different LS combinations (first to ninth).
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Figure 22: Largest horizontal tensile strain at the bottom of AC base course in the FPH structure due to different LS combinations (first to ninth).

strain at the top of the AC surface course at the loading
cycles of 5,000 times and 10,000 times, respectively. More-
over, increasing the freight trains’ speed 50% from 40 to 60
kph and 33% from 60 to 80 kph, but with the same magni-
tudes of freight trains’ hauling loads (76 tons/train wagons)
and loading cycles (5,000 times), will increase the hori-
zontal tensile strain at the top of AC surface approximately
8% and 5%, respectively. In other side, increasing the
freight trains’ speed 50% from 40 to 60kph and 33%
from 60 to 80 kph, but with the same magnitudes of freight
trains’ hauling loads (36 tons/train wagons) and loading
cycles (10,000 times), will increase the horizontal tensile
strain at the top of AC surface approximately 51% and

20%, respectively (Figure 23). Furthermore, decreasing the
freight train’s hauling loads 50% from 72 to 36 tons/train
wagons and increasing the loading cycles 100% from 5,000
to 10,000 times, but still with the same level of speed, 40, 60,
or 80 kph, respectively, will reduce the magnitude of the
horizontal tensile strain at the top of the AC surface course
about 65, 52, and 45%, respectively (Figure 23). In terms of
the minimum magnitude of the horizontal tensile strain at
the top of AC surface in AOT and in order to run the freight
trains with the same magnitude of the hauling capacity,
360,000 tons, it is suggested to apply the fourth, fifth, or sixth
LSs (36 tons/train wagons; 10,000 number of passing train
wagons, with different operational speed, 40, 60, or 80 kph).
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Figure 23: Largest horizontal tensile strain at the top of AC surface course in the AOT due to different LS combinations (first to sixth).

As presented in Figure 24, within the same magnitude
of freight train’s hauling loads and loading cycles, both
Case 1 and Case 4 became the LSs in their group that pro-
duce the largest horizontal tensile strain at the bottom of
AC base course in the AOT structure. Besides, increasing
the freight trains’ speed 50% from 40 to 60 kph and 33%
from 60 to 80 kph, but with the same magnitudes of freight
trains’ hauling loads (76 tons/train wagons) and loading
cycles (5,000 times), will decrease the horizontal tensile
strain at the bottom of AC base course approximately 15
and 8%, respectively. In other side, increasing the freight
trains’ speed 50% from 40 to 60 kph and 33% from 60 to
80 kph, but with the same magnitudes of freight trains’

hauling loads (36 tons/train wagons) and loading cycles
(10,000 times), will increase the horizontal tensile strain
at the bottom of AC base approximately 13% and 7%,
respectively (Figure 24). Also, decreasing the freight train’s
hauling loads 50% from 72 to 36 tons/train wagons and
increasing the loading cycles 100% from 5,000 to 10,000
times, but still with the same level of speed, 40, 60, or
80 kph, respectively, will decrease the magnitude of the
horizontal tensile strain at the bottom of AC base course
about 25, 23, and 21%, respectively (Figure 24). Although the
third LSs (green line) have 50% less freight train’s loading
cycles than the fourth LSs (red line), but the third LSs
produce higher magnitude of horizontal tensile strain at
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Figure 24: Largest horizontal tensile strain at the bottom of AC base course in the AOT due to different LS combinations (first to sixth).
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Figure 25: Comparison of the largest horizontal tensile strain at the top of AC surface course due to the LSs with the lowest speed of 40 kph (Cases 1,

4, and 7 for FPH; Cases 3 and 6 for AOT).

the bottom of AC base than the fourth LSs, since the third
LSs have 100% heavier freight train’s hauling loads and
100% faster freight train’s speed. In terms of the minimum
magnitude of the horizontal tensile strain at the bottom of
AC base in AOT and in order to run the freight trains with
the same magnitude of the hauling capacity, 360,000 tons,
it is suggested to apply the sixth, fifth, or fourth LSs (36
tons/train wagons; 10,000 number of passing train wagons,
with different operational speed, 80, 60, or 40 kph).

Soto et al. [32] found that the horizontal tensile strain
of the AC layer in an asphaltic rail track due to the passing

vehicle with 8 tons of axle load was 53% lower than the
horizontal tensile strain of the AC layer in a flexible pave-
ment due to the passing train with the same magnitude of
axle loads. Figure 25 shows the comparison between the
horizontal tensile strain at the top of AC surface course
produced by the set of LSs with the lowest speed and hea-
viest hauling loads of freight truck (LSs from Cases 1, 4, and
7 for FPH) and freight trains (LSs from Cases 3 and 6 for
AOT). In terms of the minimum magnitude of the hori-
zontal tensile strain at the top of AC surface course in
both FPH and AOT structure and in order to run the freight
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Figure 26: Comparison of the largest horizontal tensile strain at the bottom of AC base course due to the LSs with the lowest speed of 40 kph (Cases 1,

4, and 7 for FPH; Cases 1 and 4 for AQT).
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transportation, either truck or train, with the highest mag-
nitude of the hauling capacity considered in this study
(Table 1 and 2), 360,000 tons, it is suggested to use and
construct the AOT structure with sixth LS (orange line in
Figure 25).

Figure 26 illustrates the comparison between the hor-
izontal tensile strains at the bottom of AC base course
produced by the set of LSs with the lowest speed and hea-
viest hauling loads of freight truck (LSs from Case 1, 4,
and 7 for FPH) and freight trains (LSs from Cases 1 and 4
for AOT). In terms of the minimum magnitude of the hor-
izontal tensile strain at the bottom of AC base course in
both FPH and AOT structures and in order to run the
freight transportation, either truck or train, with the highest
magnitude of the hauling capacity considered in this study
(Tables 1 and 2), 360,000 tons, once again, it is suggested to
use and construct the AOT structure with sixth LS (orange
line in Figure 26).

4 Conclusions

In this article, several analyses and evaluation methods
have been conducted, starting with the largest magnitude
of displacement and then the horizontal tensile strain in
several important locations within the AC layer in both the
FPH and AOT structure using numerical modeling method.
Then, the role of the load, speed, and loading cycles of
freight truck and freight train on the mechanical behavior
of FPH and AOT in terms of the permanent deformation
and fatigue cracking potential was examined. Finally, the
performance of the FPH and AOT in terms of permanent
deformation and fatigue cracking characteristics due to
various magnitudes of loads, speed, and loading cycles of
freight trucks (first to ninth LSs) and freight trains (first to
sixth LSs) was compared to predict and suggest the most
optimum as well as the alternative infrastructure for the
freight coal transportation in South Sumatera, Indonesia,
based on the engineering point of view. Several conclu-
sions can be drawn based on the results of this study:

1. The largest permanent deformation of the AC layer in
FPH was found between the outer and the inner tire,
while the largest permanent deformation of the AC
layer in AOT was obtained below the right edge of
the left rail.

2. The largest horizontal tensile strain at the top of the AC
surface course of FPH was obtained at the location
parallel to the center of the pavement structure, while
the largest horizontal tensile strain at the bottom of the
AC base course of FPH was found between the outer
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and the inner tire. On the other hand, the largest hor-
izontal tensile strain at the top of AC surface course of
AOT was located below the left edge of the sleeper,
while the largest horizontal tensile strain at the bottom
of AC base course of AOT was below the right edge of
the left rail.

. The area of the AC layer in FPH between the outer and

the inner tire shows a key location that is prone to
permanent deformation. In other side, the area between
the left and the right rails in AOT has the highest poten-
tial to experience the permanent deformation.

. The top area of the AC surface course parallel to the

center of flexible pavement structure shows a key loca-
tion that is prone to the top-down fatigue cracking,
while the bottom area of the AC base course below
the tire tread has the highest potential to experience
the bottom-up fatigue cracking. In the other side, the
side-top area of the AC surface course in AOT structure,
starting from the left-right edge of the sleeper to the
left-right boundary of the model, exhibits a key loca-
tion that is prone to the top-down fatigue cracking,
while the bottom area of the AC base course below
the left and right rails has the highest potential to
experience the bottom-up fatigue cracking.

. The heavier the hauling loads, the lower the truck’s or

train’s speed, and the more loading cycles, will result in
larger permanent deformation of the AC layer in both
FPH and AOT, and within the same level of speed and
loading cycles, the increase in hauling loads is propor-
tional to the increase in the magnitude of permanent
deformation.

. With the same hauling capacity of 360,000 tons, the

permanent deformation of the AC layer in the FPH
structure due to the 36 tons/truck dump of hauling
loads, 40kph of truck’s speed, and 10,000 loading
cycles is similar to the permanent deformation of the
AC layer in the AOT structure due to the 36 tons/train
wagons, 40 kph of train’s speed, and 10,000 loading
cycles.

. In terms of the minimum magnitude of permanent

deformation of the AC layer and with the same hauling
capacity (360,000 tons) as well as the same speed, it is
better to run the freight trains with 36 tons/dumps of
hauling loads and 10,000 times of loading cycles, than
run the freight trains with 76 tons/wagons of hauling
loads and 5,000 times of loading cycles (1 loading cycle
equals to 1 truck dump or 1 train wagon).

. In addition, with the same hauling capacity (360,000

tons) as well as the same speed (40 kph), the perma-
nent deformation of the AC layer in the AOT structure
due to the 72 tons/train wagon of hauling loads and
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5,000 loading cycles is still around 25% larger than the
permanent deformation of the AC layer in the AOT
structure due to the 36 tons/train wagons of hauling
loads and 10,000 loading cycles.

. In terms of the minimum magnitude of the permanent

deformation of the AC layer in both FPH and AOT
structures and in order to run the freight transporta-
tion, either truck or train, with the highest magnitude of
the hauling capacity considered in this study, 360,000
tons, it is suggested to use and construct either the FPH
structure with seventh LS or the AOT structure with the
fourth LSs.

In terms of the minimum magnitude of the horizontal
tensile strain at the top of AC surface course as well as
at the bottom of AC base course in both FPH and AOT
structures and in order to run the freight transportation,
either truck or train, with the highest magnitude of the
hauling capacity considered in this study (360,000 tons),
it is suggested to use and construct the AOT structure
with the sixth LS.

Future research should be conducted to examine the
potential and the characteristics of fatigue cracking due
to the contact between the edge of the sleeper and the
surface of the AC layer in AOT. Since temperature var-
iations can influence the mechanical behavior and sus-
ceptibility to fracture of bituminous concrete, future
study may also investigate its thermal properties as
well as evaluate the effect of thermal loading on the
response of the FPH and AOT structures.
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