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Abstract: Indonesia has been developing a high-speed railway. Therefore, it is necessary to study slab track design
configuration, which is convenient and efficient, by considering the country's environmental, geological, and
geographical conditions. This paper discusses the effect of the layer thickness on the stress ratio and fatigue service
life of slab track layers. The finite element method (FEM) analysis was performed to numerically simulate the
maximum moment caused by 180 kN of axle load. Subsequently, the classic calculation of stress ratio and fatigue
service life was conducted for various layer thicknesses. The same materials specifications, axle load, and the value
of subgrade reaction were applied for all slab track configurations with various thicknesses. The results indicate that
the thicker each layer is, the lower stress ratio and the higher fatigue service life. The thicknesses influence the
contribution of each layer in resisting the axle load in the slab track system. The slab track design is still conservative
because friction between each layer of the slab track design configuration was not considered. The analysis was
conducted for plain concrete slab without any reinforcement. The results are interesting for practicing engineers and
researchers, and more case studies might be beneficial.
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1. Introduction

Infrastructure development is one of the strategic preferences to accelerate the growth and equity of the Indonesian
economy. In order to improve the position of infrastructure competitiveness, it is necessary to accelerate infrastructure
development to support the development of various cities. This strategy is in line with urbanization development in
Indonesia. In addition, infrastructure development could support basic services and economic and urban development.
The development aim was stated in National Medium-Term Development Plan for 2020 - 2024.

The main strategic issues and targets of national economic infrastructure development are railways connectivity to
support the main cities' urban agglomerations and conurbation corridors. This strategy has a high level of demand for
intercity travel. Furthermore, the strategic issue and target of urban infrastructure development are the need for the
availability of an urban mass public transport system in six metropolitan areas in Indonesia such as Jakarta, Surabaya,
Bandung, Medan, Semarang, and Makassar [1].
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In Indonesia, the speed of travel time is needed as part of railway transportation services to create reliable
connectivity. The maximum speed rate of the railway is determined based on the lowest full speed between the maximum
speed of the tracking capability and the train [2]. The average railway speed in Sumatera ranges from 25 to 40 km/h for
inner-city lines and from 45 to 55 km/h for regional lines, and the maximum allowable speed is only around 70 km/h [3].
In Java, the average train speed reaches 70-90 km/h. However, the maximum allowable speed limit is 120 km/h [4]. This
speed limitation is influenced by the ability of locomotives and infrastructure availability, such as rail lines with a rail
width of 1.067 mm, rail lines with ballast - sub-ballast that do not the requirements comply, locations at several points
that are prone to landslides and prone to subsidence, level crossings and vertical alignments.

With a faster train trip time, it will further increase community mobility. The acceleration of the travel time can be
created by increasing the speed of the infrastructure traversed by the train. It means the railway facilities such as
locomotives and trains can go faster on the same path yet still prioritize the safety of the trip. Several efforts can be made
to improve the quality of train travel. One of which is the construction of a double-track on the southern route of Java
which eliminates railroad crossings to speed up travel times. In addition, there are optimizing train speeds on curved
tracks according to the curved design. Make improvements according to the optimal design on the arch so that the train's
speed can be increased and also engineer the operating pattern by rearrangement of the duration of the stopping train at
the station. Existing railway lines were carried out to improve the quality of rail materials, such as replacing bearings,
rails, and drafts. Rail bearings that were originally still using wood or steel have now been replaced with concrete.
Subsequently, the previously unfit rails have been repaired, and the R.42 or R.50 type rails are replaced with R.54 type
rails which can accommodate higher train speeds. Another innovation that can be implemented is to replace the rail track
ballast system with a ballast-less track system that uses a track slab as a place for rails to rest.

Slab track systems have many advantages, including the capabilities to serve these high-speed routes more efficiently
than ballasted tracks, mainly due to their higher structural stability, significantly lower need for maintenance, and longer
life cycle [5]-[7]. Higher track availability for the operator as a result of fewer maintenance requirements, superior
stability and track alignment/geometry characteristics, and trafficability with road vehicles [8] may reduce noise and
vibration in urban areas, minimize track maintenance costs and maintain track geometry [9].

This paper analyses of various thicknesses of slab track layers to find the relationship between the stress ratio and
the fatigue service life for each layer. This paper is expected to accelerate railway development technology in Indonesia,
especially for the high-speed railway technology.

2. Methodology
2.1 Slab Track Specifications

The main structural components of slab track consist of rail, surface layer, middle layer, and bottom layer of slab
track, as shown in Fig. 1 [10]. Design requirements, model geometry, and mechanical properties are needed to define the
slab track. The data obtained are from the literature review. The properties for all the structural components needed to
build the model are clearly shown in Table 1. These numbers were used to simulate numerically and adapted with the
applicable standards. The constitutive equation for concrete design only consisted of elastic concrete material with a
specific concrete compressive strength, Young’s modulus, and Poisson’s ratio. The Young’s modulus input in SAP2000
was computed using ACI 318-19/SNI 2847-19 standard for the ultimate strength criteria.

——— Rail

234+ Surface Layer
. — Middle Layer

# — Bottom Layer

Fig. 1 - Components of track slabs [10] Fig. 2 - Loading of slab track model

2.2 Finite Element Analysis

In order to study the characteristics of slab track, an analysis model was established by three-dimensional finite
element software [10]-[14]. The components of the slab track were simulated by various elements, respectively. Rail was
simulated by beam element, and solid element will be used to model the surface layer, middle layer, and bottom layer of
slab track. Every layer is connected with two joint roller rigid links to transfer the load from the upper layer to the bottom
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layer. In the finite element model, the bottom surface, which is the bed plate, is constrained by spring with a value of
stiffness is 62,500 N/mm.

Numerical analysis using the finite element method was done by inputting all parameters (model, mechanical
properties, load, and load combination). In this case, the static load is used to analyse the numerical simulation. For the
dynamic moving load analysis, a dynamic load allowance (DLA) was known and was used to scale up the static axle load
in the analysis for design purposes. Fig. 2 illustrates the loads applied in a static model with 180 kN in each axle loads
with a 0.5 dynamic load factor. In case of the fatigue simulation, the load combination used from Indonesian National
Standard (SNI) 1725:2016 about loading for bridges which is 1.0 D + 1 (1.0 + 0.5) L and the ultimate load combination
is 1.3D + 1.8 (1.0 + 0.5) L; where D represents dead load and L represents live-load.

2.3 Stress Control

According to the numerical simulation results, the mechanical characteristics of the structure can be defined. The
stress and moment of each component become the main elements for design optimization calculations. The stress was
then investigated by calculating the stress ratio. The stress ratio can be affected by the modulus of rupture and maximum
stress from the result of numerical simulation. In the ACI 318-19 Code, the calculation of modulus rupture can be defined
in eq. (1) [15], and the stress ratio is calculated by eq. (2). According to the numerical simulation result, the maximum
structure moment is needed to calculate the stress ratio. In Asia, the value of the stress ratio is less than 0.4.

foy =0.62f7¢ (1)
R=Z @

where f.,, = modulus rupture, " = compressive strength of concrete, R = stress ratio, and s, = maximum stress of the
structure.

Table 1 - Properties of the slab track model components

Length Width Height Concrete Elasticity  p, ocon’s Density Stiffness

Components = ) (mm) (mm) Strength M°4UIUS " potio (kg/m’) ~ (MPa/m)
(MPa)
Track Slab 5,000 2,500 200 F'c50 33,234 0.2 2,500
sCC 5000 2,500 100 F'c30 25742 0.2 2,500
Bed Plate 5000 2,700 200 F'c25 23,500 0.2 2,500
Support Layer 1,000

2.4 Fatigue Check-In Concrete

Fatigue in concrete can be defined as the incremental damage due to subsequent propagation of cracks under repeat
loading [16]. Fatigue in concrete can be performed by laboratory tests with an investigation of the behaviour of concrete
under cyclic tension [17] and presented in eq. (3).

log N
fn] :kl/'fd ((l_ap)/fd(l_ 1g< )] 3)
where f.s = design fatigue strength, kiy= may be determined for compression and flexural compression (k= 0.85) and
for tension and flexural tension (k1= 1.0), f; = design strength of concrete, g,, = stress due to permanent loads, N = < 2
x 10°, and K = shall be taken as 10 for normal concrete.

2.5 Thickness Adjustment

The thickness of each component of the slab track greatly affects the design result, particularly the service life of the
structure. Simulation of each layer was done many times by iterating value thickness to obtain the optimal thickness.
While the track slab layer analysis was performed, the other layers were at a constant thickness. Therefore, in this paper,
three results show the relationship between the thickness and stress ratio and also the relationship between the thickness
and service life of slab track.

186



Pasadena et al., Int. Journal of Integrated Engineering Vol. 15 No. 6 (2023) p. 184-191

3. Results and Discussion
3.1 Surface Layer of Slab Track Analysis

The FEM model was established to obtain the maximum moment caused by 180 kN of axle load for each
configuration. Subsequently, the stress ratio and fatigue life service calculation for plain concrete slabs were conducted.
Therefore, the relationship graph will be exhibited between the thickness of each layer and the stress ratio. The stress
value was determined by the maximum moment caused by the load located on the nodal axle load. The color of the
surface layer of the slab track represents what occurs. For instance, the blue color shows that stress is a positive result,
while the purple color is a negative result. The results depend on the color scale, as shown in Fig. 3.

The slab track has become the most important layer in the system because it is the first layer to withstand the axle
load from a high-speed train. Thus, it is necessary to consider the track slab thickness according to the maximum stress
allowed in the concrete slab. The idea that the stress brought on by load is less than the flexural strength of the slab
concrete guides the calculation of the slab thickness [18]. However, it is also necessary to consider the fatigue life of the
concrete. The relationship between track slab layer thickness and the stress ratio, also with fatigue life service, is shown
in Fig. 4. It can be seen that the stress ratio initially builds up as the slab track thickness increases. However, after the
stress ratio reaches the maximum value, subsequently the stress ratio drops even though the slab track thickness is getting
bigger. As the thickness of the slab track increases, the fatigue service life also increases and shows a higher number.
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Fig. 3 - Stresses at the surface layer of slab track under loading type of 1.0D + 1.5L (a) M11 stress in a surface
layer of slab track on an X-axis, and; (b) M22 stress in a surface layer of slab track on a Y-axis

This phenomenon occurred because the slab track configuration consists of three functional layers that withstand the
load altogether. When the track slab layer is thinner, the maximum moment caused by axle load will be in the thicker
layer, such as the bed plate and SCC. Therefore, the bed plate will significantly contribute to resisting the applied load.
It is because of the thickest layer in the track slab system. In this case, the slab track does not really give a contribution
to resisting the applied load. However, after reaching 150 mm thickness, the slab track layer will gradually increase the
stress ratio and fatigue life service.
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Fig. 4 - Influence of slab track thickness (a) stress ratio, and; (b) fatigue service life

The R-value, as shown in Fig. 4(a) influenced by the maximum service stress carried out by the track slab and the
modulus of rupture of the concrete (f.,,). Furthermore, the modulus of rupture value is influenced by the compressive
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strength of concrete, which is the critical factor affecting the slab's ability to resist failure [15]. The safety limit on R-
value is 0.4; thus, if R > 0.4, it is necessary to conduct fatigue stress control to find out the fatigue service life. Fatigue
design analysis follows Standard Specification for Concrete Structures (2007) by Japan Society of Civil Engineers, where
the fatigue strength for concrete in compression, flexural compression, tension, and flexural tension, expressed as a
function of fatigue life N cycle and stress due to permanent loads [17].

Fig. 4(b) illustrates the relationship between track slab thickness and fatigue service life. It is seen that the thicker
the track slab layer is, the longer the fatigue service life could be. This can be understood because the N cycle value
influences the fatigue life of the concrete. The N cycle will increase if the life service also gets increases. However, it is
necessary to conduct more studies to find the reinforcement needed. Thus, the minimum track slab thickness and
reinforcement area needed according to the fatigue service life plan can be inferred.

3.2 Middle Layer of Slab Track Analysis

The middle layer of the slab track will be controlled against cyclic loads and allowable stresses. The main focus of
finding out the check is to make changes in the thickness of the middle layer of the slab track ranging thickness from 50
mm to 150 mm. When the thickness of the middle layer of the slab track is changed, other layers above and below it,
such as the surface layer and bottom layer of the slab track, remain with a thickness of 200 mm. The maximum moment
caused by the load is shown in Fig. 5. The relationship between the middle layer of slab track thickness and stress ratio,
also with the stress shown in Fig. 6.

With a thickness of 50 to 150 mm, the middle layer of the slab track is strong enough to be loaded with an unlimited
number of cyclic loads. Nevertheless, it is still required to check against its planned life. It was assumed that the slab
track operated for 50 years. With a plan life of 50 years and varying middle layer of slab track thickness, it is necessary
to check the stress on the middle layer of slab track with the allowable stress. From the results of the analysis, it was
found that with a thickness greater than 130 mm, the stress on the middle layer of slab track is smaller than the allowable
stress according to the Japan Society of Civil Engineers - Standard Specification for Concrete Structure 2007. Therefore,
the layer thickness starting from 130 mm is not appropriate to be applied on the slab track. This is due to as the thickness
of the middle layer of the slab track increases, and the service stress gets larger. This is also supported by the increase in
the magnitude of the bending moment on the middle layer of the slab track, yet the bending moment on the track slab
layer and bed plate is reduced so that a stress concentration occurs.

3.3 Bottom Layer of Slab Track Analysis

The bottom layer is located on the base of the track slab structure. This layer works to transmit the load from the
upper structure to the subgrade or other structure on elevated construction. Besides the axle load from the train, this layer
withstands extra dead load from the surface layer and middle layer structure itself. Similar to the other layers, the
maximum moment of the bottom layer is located on the nodal axel load, as shown in Fig. 7.

The calculation results of various thicknesses in the bottom layer are shown in Fig. 8. The results indicate that the
100 mm bottom layer has the smallest stress ratio, which is 0.3631. Based on the calculation to find out the design service
life. It is known that the design age is 14.3 years which is also the longest design age for the bottom layer. In the beginning,
the design age of the bottom layer suddenly dropped as the bottom layer thickness increased from 100 mm to 200 mm.
Subsequently, design age gradually increases as the bottom layer thickness increases, and it continuously increases. The
bottom layer with 200 mm thickness has the biggest stress ratio, which is 0.5051. However, its design age is the least at
0.55 years only. After 200 mm, then continuously add the thickness until 300 mm. In the thickness range of 200 mm to
300 mm, the stress ratio decreases to 0.4167.
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Fig. 5 - The stress of the middle layer of slab track on loading type 1.0D + 1.5L (a) M11 stress in the middle layer
of slab track in the X-axis, and; (b) M22 stress in the middle layer of slab track in the Y-axis
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Fig. 6 - The comparison of thickness middle layer of slab track with stress ratio and stress (a) thickness vs. stress
ratio, and; (b) allowable stress vs. service stress

On the thickness of 100 mm, the moment that occurs on the bottom layer doesn’t really affect the track slab system
that consists of the bottom layer, middle layer, and surface layer. This is because the bottom layer’s thickness is smaller
than two other layers, so the moment that impact, the slab track system spreads on the thicker layer. However, if the
thickness of the bottom layer is more than 200 mm, this layer is quite influential because of the biggest thickness of other
layers.
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Fig. 7 - The stress of the bottom layer of slab track on loading type 1.0D + 1.5L (a) M11 stress in the bottom
layer of slab track in the X-axis, and; (b) M22 stress in the bottom layer of slab track in the Y-axis
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Fig. 8 - The comparison of the bottom layer thickness of the slab track with stress ratio and design age (a) stress
ratio on the bottom layer; (b) design age on the bottom layer
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4. Concluding Remarks

The facts of the study concerning the effect of layer thickness on stress ratio and fatigue service life of plain concrete
slab track structure is obtained and presented as the following.

This paper describes aspects of layer thickness to the stress ratio and the design age of the slab track and life service.
The results obtained from the analysis indicate that each layer has its proportional thickness to contribute to withstand
the load altogether in the track slab structure configuration. For the slab track layer, the minimum thickness needed is
150 mm with an R-value of 0.533. The Middle layer of the slab track's function transfers the load to the bed plate and ties
the layers between the track slab and bed plate. SCC needs to be limited the thickness to 120 mm due to the allowable
stress calculated.

The minimum thickness depends on the stress value resisted by the bed plate. For the bottom layer of the slab track,
the minimum thickness is 200 mm with an R-value of 0.5051. If the R-value for minimum thickness exceeds 0.4, it is
necessary to add the reinforcement to achieve unlimited cycle loading or obtain the fatigue service life plan.

The thickness for each layer needs to be adjusted for all the layers that could contribute to withstand the load
altogether. However, more study about slab track configuration needs to be conducted regarding reinforcement and
fatigue service life plan.
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