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Abstract: As prestressed concrete sleepers are continuously exposed to various environmental
and loading conditions, it is increasingly crucial to analyse their current and future serviceability
performance. In practice, the main cause of cracking in prestressed concrete sleepers is usually
induced by impact loads. The most heavily influenced sections are the midspan and rail-seat area
of sleepers. This paper investigates the effects of time-dependent concrete strength degradation on
the capacity of prestressed concrete sleepers. The factors affecting concrete strength degradation are
analysed in order to evaluate the crack behaviour of prestressed concrete sleepers. A finite element
modelling approach is developed for prestressed concrete sleepers, which is used to assess the effects
of structural behaviour in railway sleepers. The sleeper model has been calibrated and validated.
This research firstly discusses time-dependent behaviour using load–crack length responses. It is
shown that various cracking modes cause an overall increase in the maximum cracking length as
prestressed concrete sleepers age. This paper demonstrates that initial cracking loads and ultimate
crack lengths have significant change in first 20 years. After 40 years of service life, the crack
resistance of prestressed concrete sleepers becomes very weak which is only 61.32% of the new
sleeper. In long term, the initial cracking load keeps reducing, and the crack propagation rate
becomes sharp. The presented methodology and results can greatly assist in decision-making for
the repair or replacement of prestressed concrete sleepers and aid in the design of new prestressed
concrete sleepers considering their future performance.

Keywords: prestressed concrete sleeper; crack propagation; concrete degradation; time-dependent
behaviour; finite element method

1. Introduction

Nowadays, it is believed that railway transport is the safest transportation system
around world [1]. Railway sleepers are an important component of track systems, which
transfer and distribute loads from the train to subgrade of track [2]. Railway sleepers are
usually manufactured by timber, concrete, steel, and any other engineered materials. Pre-
stressed concrete is the most common type used in railway sleeper because of its durability,
low maintenance cost, and long lifespan [3–5]. Prestressed concrete sleepers are usually
designed for 50 years’ service life which is longer than timber and steel sleepers. However,
many prestressed concrete sleepers do not reach their expected life span due to damage
or deterioration [6,7]. The replacement of damaged concrete sleepers is an expensive and
time-consuming process. Under aggressive environmental conditions, prestressed con-
crete sleepers degrade with time similar to other concrete structures. The penetration of
chloride in a prestressed concrete sleeper could result in bar corrosion [8]. The cement of
concrete sleepers could react with soil and groundwater which contain sulphate of sodium,
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potassium, magnesium, and calcium. These reactions cause degradation of the concrete [9].
The aggregate of concrete sleepers could be attacked by alkali, which promoted cracking is
called alkali–aggregate reaction [10]. In cold environment, the damage of concrete sleepers
could be caused by the freeze–thaw cycles [11]. All those time-dependent behaviour affects
the serviceability performance of prestressed concrete sleepers. Since railway sleepers are a
necessity to the track systems, it is important to understand their degradation mechanisms
and consequent vulnerabilities that have the potential to cause or advance structural failure.

Dyk et al., conducted a worldwide survey that ranked the most common causes of
concrete sleeper failures [12]. Table 1 indicates the results obtained from their worldwide
surveys. It can be seen cracking from centre binding due to vertical dynamic loads is a
critical issue for concrete sleepers around the world. Most cracking occurs in prestressed
concrete sleepers usually caused by impact load [13]. Amount of experimental and numeri-
cal investigations were carried out by Kaewunruen and Remennikov in order to analyse
the effect of dynamic behaviour on prestressed concrete sleepers [14–18]. They presented
the typical magnitude of impact loads can vary between 100 kN and 750 kN. These high
magnitude impact loads are induced by high-speed trains with heavy haul or track irregu-
larities and imperfections in wheel–rail contact. The cracking and breakage could happen
in prestressed concrete sleepers under high magnitude impact loads.

Table 1. Most critical causes of concrete sleeper failures (ranked from 1 to 8, with 8 being the most
critical) [12].

Main Causes Problems Worldwide Response

Lateral load
Abrasion on rail-seat 3.15

Shoulder/fastening system wear
or fatigue 5.5

Vertical dynamic load
Cracking from dynamic loads 5.21

Derailment damage 4.57
Cracking from centre binding 5.36

Manufacturing and
maintenance defects

Tamping damage 6.14
Others (e.g., manufactured defects) 4.09

Environmental considerations Cracking from environmental or
chemical degradation 4.67

In the concrete sleeper design, the bending moments at rail-seat and midspan are
the most critical that are the most likely sections for cracking [13]. Rail-seat cracking
could be caused by positive bending moment, abrasion, hydro erosion, hydraulic pressure,
and freeze–thaw etc. [14]. The continuous support caused by ballast changes could result
in the central section presented the maximum bending moment that leads to crack [15].
Previous research stated the centre cracking is observed more commonly occurring in
prestressed concrete sleepers [16,17]. Therefore, crack propagation at centre section of the
prestressed concrete sleeper is investigated.

Fracture mechanics of concrete structures has been extensively studied in terms of ma-
terial properties. However, very few studies focused on prestressed concrete sleepers [18].
Farnam and Rezaie investigated the propagation of mode I crack in prestressed concrete
sleepers by fracture mechanics’ approach [19]. They conducted the experimental and nu-
merical analysis of crack parameters of prestressed concrete sleepers [20]. Jokūbaitis et al.,
discussed possible causes of cracking of prestressed concrete sleepers [21]. Montalbán
Domingo et al., analysed the effect of cracked concrete sleepers under static loading [13].
Previous investigations focused on structural performance and did not consider the effect of
time-dependent actions in crack behaviour of prestressed concrete sleepers. In actual track
systems, the durability and serviceability performance of prestressed concrete sleepers vary
with time. The concrete strength degrades under aggressive environmental conditions.

This paper aims to study the crack propagation of prestressed concrete sleepers at
midspan subject to concrete degradation. The structural responses of degraded concrete
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sleepers are characterised for 50 years under centre static loading in order to compare
the crack lengths in different periods. The variation of concrete strength due to time-
dependent actions is also investigated. A numerical study is rigorously conducted to
comprehensively assess the structural performance of prestressed concrete sleepers exposed
to concrete degradation. The three-dimensional model of prestressed concrete sleeper has
been developed in order to simulate the crack propagation at midspan. The static capacity
experiment of prestressed concrete sleepers conducted by Jing is used for the verification
of numerical crack results [22]. This paper reinforces the time-dependent design guideline
for prestressed concrete sleepers to suit any local track.

2. Fracture Analysis and Assessment Method
2.1. Fracture Mechanics

Fracture mechanics investigates the cracking behaviour of a structure under applied
loads. It involves correlating analytical predictions of crack propagation and failure with
experimental results. The analytical predictions are made by determining fracture parame-
ters such as stress intensity factor (SIF) in the crack area. The stress intensity factor which
determines the fracture toughness subject to linear-elastic fracture mechanics (LEFM) is a
function of the stress on the flaw, flaw size, and structural geometry. The three basic modes
of fracture associated with stress intensity factors are shown in Figure 1. In this study,
Mode I is considered as the crack pattern for analysis of crack propagation of prestressed
concrete sleepers. The stress intensity factor can be calculated as follows [23]:

KIC = σβ
√

πα (1)

where σ is the applied stress; β is the dimensionless correction factor dependent on speci-
men geometry; and α is the crack length.

Sustainability 2022, 14, x FOR PEER REVIEW 3 of 19 
 

sleepers vary with time. The concrete strength degrades under aggressive environmental 
conditions.  

This paper aims to study the crack propagation of prestressed concrete sleepers at 
midspan subject to concrete degradation. The structural responses of degraded concrete 
sleepers are characterised for 50 years under centre static loading in order to compare the 
crack lengths in different periods. The variation of concrete strength due to time-depend-
ent actions is also investigated. A numerical study is rigorously conducted to comprehen-
sively assess the structural performance of prestressed concrete sleepers exposed to con-
crete degradation. The three-dimensional model of prestressed concrete sleeper has been 
developed in order to simulate the crack propagation at midspan. The static capacity ex-
periment of prestressed concrete sleepers conducted by Jing is used for the verification of 
numerical crack results [22]. This paper reinforces the time-dependent design guideline 
for prestressed concrete sleepers to suit any local track.  

2. Fracture Analysis and Assessment Method 
2.1. Fracture Mechanics 

Fracture mechanics investigates the cracking behaviour of a structure under applied 
loads. It involves correlating analytical predictions of crack propagation and failure with 
experimental results. The analytical predictions are made by determining fracture param-
eters such as stress intensity factor (SIF) in the crack area. The stress intensity factor which 
determines the fracture toughness subject to linear-elastic fracture mechanics (LEFM) is a 
function of the stress on the flaw, flaw size, and structural geometry. The three basic 
modes of fracture associated with stress intensity factors are shown in Figure 1. In this 
study, Mode I is considered as the crack pattern for analysis of crack propagation of pre-
stressed concrete sleepers. The stress intensity factor can be calculated as follows [23]: 𝐾ூ = 𝜎𝛽√𝜋𝛼 (1)

where 𝜎  is the applied stress; 𝛽  is the dimensionless correction factor dependent on 
specimen geometry; and 𝛼 is the crack length. 

 
Figure 1. Three basic modes of fracture. 

2.2. Numerical Crack Assessment Method 
In crack simulation, two models are utilised: traditional cohesive zone modelling 

(CZM) and extended finite element method (XFEM) [24]. CZM is mostly used for simu-
lating debonding between surfaces attached adhesively. However, CZM is generally not 
suitable for simulating crack propagating in the bulk of a material. XFEM is more recently 
used in crack calculations instead of CZM, as XFEM eliminates the need for remeshing 
crack tip regions and it defines an extended finite element enrichment area around a crack 
tip and in regions where it is plausible that the crack tip might grow [25]. In this way, a 
finer mesh by splitting existing cells is created instead of remeshing. The disadvantage of 
XFEM is the enrichment area usually takes a long time to compute, and so in large projects 
with large enrichment areas, the simulation becomes very slow. 

Figure 1. Three basic modes of fracture.

2.2. Numerical Crack Assessment Method

In crack simulation, two models are utilised: traditional cohesive zone modelling
(CZM) and extended finite element method (XFEM) [24]. CZM is mostly used for simulating
debonding between surfaces attached adhesively. However, CZM is generally not suitable
for simulating crack propagating in the bulk of a material. XFEM is more recently used in
crack calculations instead of CZM, as XFEM eliminates the need for remeshing crack tip
regions and it defines an extended finite element enrichment area around a crack tip and in
regions where it is plausible that the crack tip might grow [25]. In this way, a finer mesh by
splitting existing cells is created instead of remeshing. The disadvantage of XFEM is the
enrichment area usually takes a long time to compute, and so in large projects with large
enrichment areas, the simulation becomes very slow.

To assess crack behaviour, the commercial finite element package, ANSYS Workbench,
is employed. The new feature in ANSYS is Separating Morphing and Adaptive Remeshing
Technology (SMART) crack growth simulation, which is based on the new Unstructured
Mesh Method (UMM). The UMM generates all-tetrahedral (tet) mesh automatically for
crack fronts which is easier to use than previous fracture simulation method. It also reduces
pre-processing time. SMART updates the mesh from crack-geometry changes due to crack
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growth automatically at each solution step instead of using the enrichment area (splitting)
of XFEM. Unlike XFEM, SMART can be scaled up for larger projects because remeshing
is limited to a small area around the crack tip at each iteration. The SMART crack growth
aims to simulate static or fatigue crack growth.

3. Time-Dependent Concrete Strength Model

Concrete strength of structures is not constant with time during service life. The me-
chanical properties of the concrete structure gradually degrade due to various time-
dependent actions. The most significant factors affecting concrete strength are chloride
corrosion, sulphate attack, freeze–thaw cycle, carbonation, alkali attack, and effect of tem-
perature etc [26]. These factors could occur simultaneously and the combined actions of
loading and environmental conditions accelerates degradation of the concrete. In practice,
prestressed concrete sleepers as a concrete structure also experience in harsh environments.
The factors affecting concrete strength result in concrete degradation which causes pre-
mature cracking in prestressed concrete sleepers. Therefore, it is important to understand
the time-dependent concrete strength behaviour before analysis of crack propagation of
prestressed concrete sleepers.

There are many existing time-dependent concrete strength models. However, most
of models consider incomprehensive factors in the laboratory. The main existing time-
dependent concrete strength models are presented as follows [27–33].

CEB-FIP model:

fc(t) = f ′ces(1−
√

28
t ) (2)

where f ′c is the mean value of concrete compressive strength in 28 days; s is the factor
determined by cement type and mineral additives.

AFREM model:
fc(t) =

t
1.5 + 0.95t

f ′c (3)

where f ′c is the mean value of concrete compressive strength in 28 days.
ACI model:

fc(t) =
t

α + βt
f ′c (4)

where f ′c is the mean value of concrete compressive strength in 28 days; α is the constant
that depends on the cement type; β is the constant that depends on the curing method.
For general purpose Portland cement, α and β are 4.0 and 0.85 respectively for moist cured
concrete. α and β are 1.0 and 0.95 respectively for steam cured concrete.

Plowman model:
fc(t) = [a + b log(t)] f ′c (5)

where D and b are the factors dependent on cement type; f ′c is the mean value of concrete
compressive strength in 28 days.

Nykanen model:
fc(t) = fult[1− exp(−kt)] (6)

where k is the factor dependent on cement type; fult is the concrete ultimate strength.
Freiesleben and Pederson model:

fc(t) = fult exp
[
−
(τ

t

)α]
(7)

where τ and α are the factors dependent on cement type; fult is the concrete ultimate
strength.

Lew and Reichard model:

fc(t) =
fult

1 + D· log(t− t0)
b (8)
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where D and b are the factors dependent on cement type.
These models are normally based on experiential equations and experimental data

under laboratory conditions. The field investigation related time-dependent concrete
strength conducted by Gao et al. [34] studied more than 400 existing concrete structures
service life between 1 to 60 years. Field data are the best solution for analysis of time-
dependent concrete strength in concrete structures. Therefore, Gao’s model is adopted
for investigation of crack propagation of prestressed concrete sleepers. The predicting
time-dependent concrete strength model is given by:

fcu = fcu,k

(
−0.0003t2 + 0.281t + 0.8822

)
(9)

where fcu,k is the cubic compressive strength standard value of concrete.

4. Structural Details of Prestressed Concrete Sleeper
4.1. Geometric and Material Details of the Prestressed Concrete Sleeper

In this study, the 2600 mm long Chinese Type III prestressed concrete sleeper is
assessed using experimental and numerical method to analyse crack behaviour subject to
concrete degradation. This type of sleeper is widely used for high-speed railways in China,
Africa, Southeast Asia etc. The concrete sleeper meets the technical requirements of EN
13230 [35–37]. The dimension of the sleeper is approximately 2600 mm× 320 mm× 260 mm
including 10 prestressing tendons with 7 mm diameters. The material properties are shown
in Table 2 and the geometric details of concrete sleeper are illustrated in Figure 2.

Table 2. Material properties of the Chinese Type III prestressed concrete sleeper.

Material Properties Basic Variables Value

Concrete
Mean compressive strength 65 Mpa

Modulus of elasticity 33 Gpa

Prestressed wire
Yield strength 1570 Mpa

Modulus of elasticity 200 Gpa
Prestressing force 420 kN

4.2. Finite Element Sleeper Model

In this study, the finite element model of Chinese Type III prestressed concrete sleeper
is developed using ANSYS Workbench. The geometry of the sleeper model is established
the same as the real product with minimal differences. The concrete of sleeper is modelled
as solid elements with most of these elements being 10-node tetrahedron elements, while the
prestressed tendons are modelled as beam elements. It should be noted that the tetrahedron
element is the only supported element type in the simulation. In this study, three mesh sizes
(20 mm, 30 mm, 40 mm) are attempted to analyse crack propagation. Cracking simulation
usually takes a long time, thus a proper mesh size of elements for analysing the FE sleeper
model also determines due to computational time considerations. The Bonded contact type
is applied to prestressing tendons and concrete of the sleeper model, in which no slip or
separation between concrete and tendons is allowed. The prestressing force is modelled
using Thermal Condition in the tendon elements.

Figure 3 shows the finite element prestressed concrete sleeper model.
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4.3. Model Validation

The material and structural performance of the FE sleeper model needs to be validated.
Previous research has presented the validation of the FE sleeper model in reference [4].
The experimental static load–deflection response is presented for comparing with numerical
results. The results of the negative bending moment test at midspan using the digital image
correlation method (DIC) are used for validation [22]. Comparison between experimental
and numerical load–deflection responses is plotted in Figure 4. The numerical results show
a good agreement with experimental results. The mesh study of FE sleeper model is also
carried out for the models with 20 mm, 30 mm, and 40 mm mesh size. The results between
each mesh size are quite similar whereas the average maximum error rate is only 6% in
experimental results.
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In crack analysis, initial cracking point needs to be confirmed. Therefore, the failure
mode of the FE sleeper model is validated. As we know, concrete starts cracking when
the load exceeds maximum tensile strength. The theoretical tensile strength according to
Eurocode 2 is calculated in order to determine initial cracking point. The theoretical tensile
strength is input in numerical load–deflection curve to find initial cracking deflection. In the
theoretical calculation, initial crack occurs at 4.49 MPa with 1.09 mm deflection shown in
Figure 5. Therefore, the initial cracking point of FE sleeper model converted into force is
42.16 kN. In comparison with experimental initial cracking force (45 kN), the deviation is
only 6.30%.
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5. Experimental and Numerical Studies into Crack Propagation Assessment in Related
with Concrete Degradation for Prestressed Concrete Sleepers
5.1. Crack Propagations
5.1.1. Experimental Investigations

A number of centre bending moment tests, in accordance with EN 13230-2 (shown in
Figure 6) conducted in collaboration with Beijing Jiaotong University, have been investi-
gated to assess crack propagation of the Chinese Type III prestressed concrete sleeper [22,36].
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Figure 6. Centre bending moment test of the concrete sleeper.

Loading is applied at the midspan of the prestressed concrete sleeper and load surface
is fitted by resilient pad. Two supports are rigid and articulated respectively placed at each
rail-seat area. Two rail pads are applied between sleeper and each support. During the
tests, the portable microscope is used to identify cracking propagation. Sadeghi and Barati
stated that the normal failure load of concrete sleepers is 140 kN [38], thus the applied
load range was between 0 to 140 kN. According to EN13230-2, the maximum loading rate
for centre bending test is 120 kN/min. The recommended minimum bending moment is
22.7 kNm, therefore the minimum flexural strength of the prestressed concrete sleeper is
calculated as 32 kN [39].

This experiment presented the initial crack occurred at 45 kN and the two crack
propagations were observed and recorded. The experimental results are used for validation
of crack model. Figure 7a illustrates the crack patterns and propagation, while the DIC test
setup is presented in Figure 7b. Table 3 indicates the experimental results of load–crack
length responses.

Table 3. Experimental results of load–crack length response.

Load
(kN)

Crack Length—Left
(mm)

Crack Length—Right
(mm)

45 0 0
55 18 43
65 21 48
75 27 51
80 36 60
90 46 82

100 91 84
115 100 110
120 103 116
125 106 120
130 110 123
135 112 127
140 116 130
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5.1.2. Crack Model Validation

The simulation of crack propagation is conducted in ANSYS Workbench using the
SMART crack growth model. All loading conditions follow experimental procedures.
The applied load is controlled by displacement in order to agree with the experimental
load–deflection results. In experimental, there were two cracks observed at midspan of the
prestressed concrete sleeper. Therefore, cracks are created in the small notches according to
actual experimental crack positions (Figure 8). The notches are only used for determining
crack positions and the size of notches can be neglected. The notches have no influence on
the structural performance of the prestressed concrete sleeper.
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Crack propagation of the prestressed concrete sleeper under centre bending load
is simulated shown in Figure 9. This simulation focuses on the experimental results of
cracking behaviour of the prestressed concrete sleepers. According to the experimental
results, the ultimate required load at midspan is determined as failure load which is
140 kN [22,38]. It should be noted that both cracks propagate symmetrically in simulation,
thus the experimental results of left crack propagation are used for crack model validation.
The numerical results indicate the load–crack length response of the FE sleeper model
under centre bending load. From Figure 9, crack propagation follows the vertical direction.
With the increase of loading, the crack starts to propagate to the side direction.

Figure 10 presents the comparison between experimental and numerical crack prop-
agation of the prestressed concrete sleeper. In the experimental results, crack growth is
not uniform between 65 kN and 100 kN. When loading increases from 90 kN to 100 kN,
the crack length suddenly increased by 45 mm. The reason that the crack length suddenly
increases could be caused by the brittleness of concrete. In the experiment, cracking propa-
gation was hard to control, which concrete is a brittle material that can soon evolve into
brittle breakage. In the numerical results, mesh size of 20 mm, 30 mm, and 40 mm is applied
in the FE sleeper model to simulate cracking propagation. In Figure 10, the mesh size of
40 mm indicates the ultimate crack length propagates to 94.35 mm which the error rate
reaches up to 19.0%. In addition, the trend of cracking propagation for 40 mm mesh size is
slow in comparison with experimental results. For mesh sizes of 20 mm and 30 mm, the re-
sults of cracking propagation are similar, in which 30 mm mesh size is relatively higher
than 20 mm mesh size. Even the ultimate crack length of 30 mm mesh size is 117.77 mm
with a 1.10% error rate, the trend of crack propagation for 20 mm mesh size is the closet
to experimental results. Therefore, the mesh size 20 mm is adopted in order to obtain a
more accurate cracking simulation. The peak values of crack length between 20 mm mesh
size and experimental results show only 4.34% difference. In general, numerical model
provides a good correlation with the experimental results.
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Figure 9. Simulation of crack propagation in the FE sleeper model.
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Figure 10. Comparison between numerical and experimental crack propagation.

5.2. Crack Propagation in Related with Time-Dependent Concrete Degradation

In order to investigate the effect of the concrete degradation, the time-dependent
concrete strength of the prestressed concrete sleepers is calculated. As concrete sleepers
are usually designed for 50 years, the service life of 5, 10, 15, 20, 25, 30, 35, 40, 45, 50 years
is simulated. Field investigations conducted by Gao et al., provided the time-dependent
concrete model will be used to determine the concrete strength of the prestressed concrete
sleeper model. Table 4 indicates the concrete strength of the prestressed concrete sleeper
subject to degradation for 50 years. According to Eurocode 2 [40], the variation of elastic
modulus with time can be estimated as follows (Table 4).

Ec(t) =
[

fcm(t)
fcm

]0.3
Ec (10)
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Table 4. Variation of concrete strength and elastic modulus with time.

Time
(Year)

Concrete Strength
(MPa)

Elastic Modulus
(GPa)

0 68 39.10
5 59.10 37.48
10 52.95 36.27
15 48.54 35.33
20 45.31 34.62
25 42.84 34.06
30 41.23 33.65
35 40.05 33.36
40 39.31 33.17
45 38.98 33.09
50 38.96 33.08

It should be noted that the crack model can also be applied to assess different types of
prestressed concrete sleepers. This research focuses on time-dependent concrete degrada-
tion that the concrete strength of prestressed concrete sleepers decreases with time. In fact,
the change of concrete strength also affects other time-dependent behaviour such as creep
and shrinkage. For the further study, other time-dependent behaviour can be considered.

Using the relationships between time, concrete strength, and elastic modulus, the crack
propagation of the prestressed concrete sleeper related to time-dependent concrete degra-
dation can be simulated. Figure 11 shows the load–deflection responses of the prestressed
concrete sleeper at different time. To consider concrete degradation with time, it can be
found that the stiffness of prestressed concrete sleepers reduces with time. Therefore, longer
service life for prestressed concrete sleepers has more deflection when subject to the same
load. From Figure 11, the deflection is significantly affected by concrete degradation in
the first 20 years of service life. In comparison with 0 years and 20 years of service life of
prestressed concrete sleepers, the reduction of 30.88% load can reach the same deflection.
After 30 years, the load–deflection responses of prestressed concrete sleepers show little
change.
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The initial cracking load and crack propagation are also investigated. Figure 12
illustrates load–crack length responses of the prestressed concrete sleeper subject to concrete
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degradation at different time periods. Table 5 indicates the initial cracking loads and
ultimate crack length at different time periods. It can be seen that the initial cracking loads
decrease with time due to concrete degradation, while the ultimate crack lengths increase
with time. From Figure 12, it shows initial cracking loads and ultimate crack lengths have
significant change in first 20 years. After 40 years of service life, the crack resistance of
prestressed concrete sleepers becomes very weak which is only 61.32% of the new sleeper.
The crack propagation also demonstrates lower loads result in more crack length in the
long-term service life of prestressed concrete sleepers. In comparison with the new sleeper,
the ultimate crack length of 50 years of service life sleeper increases by 12.06%. However,
at the same load level, the crack length of the new sleeper only reaches 64.14% of 50 years
of service life sleeper.
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Table 5. Initial cracking loads and ultimate crack length at different time periods.

Time
(Year)

Initial Crack Load
(kN)

Ultimate Crack Length
(mm)

0 42.16 110.96
5 38.46 114.21
10 34.54 116.88
15 31.73 119.57
20 29.67 120.95
25 28.17 122.09
30 27.07 123.10
35 26.32 123.91
40 25.85 124.16
45 25.64 124.31
50 25.67 124.34

6. Conclusions

Cracking at midspan is one of the most common forms of railway sleeper damage in
conventional tracks, especially in heavy-duty railway tracks. The bending cracks in a pre-
stressed concrete sleeper are often detected at midspan and eventually reduce the structural
performance. Centre cracking is commonly related to axle load, support conditions, wheel-
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rail contact condition, and impact load etc. As a concrete structure, prestressed concrete
sleepers are also affected by environmental factors such as freeze–thaw, sulphate attack,
chloride corrosion, carbonation, and temperature effect. This paper presents experimental
and numerical investigations into the cracking behaviour of prestressed concrete sleepers
subject to time-dependent concrete degradation. The time-dependent concrete degradation
is studied and the existing predicting models of time-dependent concrete strength are
introduced in order to analyse cracking behaviour at various time periods. The Gao’s
model is applied as an input for time-dependent concrete strength in the sleeper cracking
modelling. In this study, a nonlinear 3D finite element sleeper model was developed to
simulate the cracking behaviour. FE sleeper model was validated by the centre negative
bending moment test. A new numerical crack model in accordance with fracture toughness
theory, Separating Morphing and Adaptive Remeshing Technology (SMART), is employed
for crack propagation simulation. The growth of crack simulation shows a fairly good
agreement with the experimental data.

The key findings are revealed by the obtained results as follows.

• Generally, time-dependent concrete degradation affects both material properties and
structural performance of prestressed concrete sleepers. The effect of time-dependent
concrete degradation for prestressed concrete sleepers has more significant change in
relative early age especially in first 20 years. The load–deflection curves indicate the
stiffness of sleeper reduces with time due to degradation.

• The initial cracking load of the prestressed concrete sleeper decreases with time. In the
first 20 years, the reduction of the initial cracking load is from 42.16 kN to 29.67 kN,
which the crack resistance reduces by 29.67%. After 40 years of service life, the crack
resistance of the sleeper only reaches 61.32% of a new one.

• Ultimate crack length at midspan increases with time. The ultimate crack in 50 years
increases by 12.45% in comparison with new sleepers. However, long-term crack prop-
agation shows that lower applied load causes higher crack length due to degradation.
The failure load also decreases with time.

• After 30 years, the effect of time-dependent concrete degradation in material properties
and structural performance of prestressed concrete sleepers do not have significant
change.

The results demonstrate that time-dependent concrete degradation significantly affects
the material properties and structural performance of prestressed concrete sleepers. There-
fore, the inspection of railway sleepers is essential especially for the service life of more
than 20 years. The findings can help railway operators evaluate the service performance of
prestressed concrete sleepers and provide a guideline for periodic maintenance of railways.
The outcome of this paper will enhance the inspection of prestressed concrete sleepers
in railway systems and mitigate the risk of unplanned maintenance. The railway sleeper
manufacturers could use the numerical model to assess their product designs.
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