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1 INTRODUCTION 
 
Railway commonly provides the safest and the best 
transportation mode for both passenger and 
merchandise across the world. Conventional 
(ballasted) track consists of superstructure and 
substructure. The rails, rail pads, fastening systems 
and sleepers or ties make up the superstructure. The 
substructure consists of ballast, sub-ballast and 
formation layer. Distributing track loads from rail to 
ballast, sleepers play an essential role in track 
performance and safety. Now, prestressed concrete 
sleepers (PCSs), as the most commonly used types of 
sleepers (Okonta & Magagula, 2011), are popular and 
widely employed in many countries. With longer life 
cycle and lower maintenance costs, PCSs brought 
many technical and economic advantages to the 
railway engineering.  
While the dead load of sleepers is typically 
considered as negligible, sleepers are subjected to 
dynamic loads generated due to wheel and rail 
interactions. In ideal conditions of the track and train 
wheels, the magnitude of these loads is low, but the 
repetition is high (high cycle). Nevertheless, the 
magnitude of loads may increase considerably in the 
existence of rail irregularities, wheel abnormalities or 
even support discontinuities, but the repetition of 
these loads is low (low cycle). Reviewing published 

literature, Remennikov and Kaewunruen 
(Remennikov & Kaewunruen, 2008) found that the 
shape of dynamic loads in time domain varies with 
the sources and its magnitude significantly depends 
on the rolling speed. Further, it has been reported that 
the maximum magnitude of dynamic loads varies in 
the range of 100 to 750 kN, with a duration between 
1 and 12 ms and a frequency range of up to 2000 Hz. 
The static axle loads, however, vary from 50 kN to 
350 kN (Esveld, 2001).  
An allowable stress approach which relies on 
simplistic impact factors is recommended by many 
standards such as Australia (AS-1085.14, 2012), USA 
(AREMA, 2006) and Europe (EN-13230-2, 2009), as 
a general design approach of PCSs and the railway 
track. However, few researchers have criticised the 
allowable stress method as conservative, unrealistic 
and inadequate to design and evaluate PCSs and have 
tried to develop a limit state design methodology 
which consider the dynamic aspects of loads and their 
effects on structural behaviour of PCSs (Remennikov, 
Murray, & Kaewunruen, 2007), (Leong & Murray, 
2008) and (Nairn & Stevens, 2010). 
To cover the lack of knowledge and to provide better 
understanding in the field of dynamic behaviour of 
PCSs, a vast number of experimental and numerical 
research works have been conducted through the last 
two decades. These works have led to identification 
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of the dynamic responses of PCSs and their 
interactions with other components of track, 
especially with ballast, rails and rail pads (for more 
information, see (Taherinezhad, Sofi, Mendis, & 
Ngo, 2013)). However, some structural aspects, such 
as strain rate effects and dynamic cracking behaviour, 
of PCSs are still lacking. 
In this paper the influence of strain rate on cracking 
load of PCSs has been studied. Firstly, the effects of 
cracks on structural and durability behaviour of 
concrete are presented. Afterwards, the dependency 
of concrete behaviour, especially the tensile strength, 
on the strain rates is discussed based on the literature. 
Then, the levels of strain rates at both rail seat and 
midspan of a PCS are estimated based on strain 
variations in time domain that measured 
experimentally and published in the literature. For the 
next stage, a widely applied and well-studied sleeper 
has been optimised in length to obtain the maximum 
allowable axle load. Then, using a computer program, 
the magnitude of dynamic wheel loads which can 
cause crack initiation in the sleeper is estimated 
considering various parameters such as rolling speed, 
asymmetrical condition of loading and strain rate 
effects. The program has been developed to calculate 
both the tensile and compressive stresses of PCSs 
based on the design method prescribed by AS 
1085.14 (AS-1085.14, 2012). Finally, the influence of 
strain rate on crack initiation of concrete is described. 
 

 

2 CRACKING EFFECTS ON PCSS 

 
PCSs are expected to withstand high magnitude 
dynamic loads and harsh environments. While service 
loads can lead to micro-cracks in PCSs, the high 
magnitude dynamic loads even with a few years 
return period could cause cracks to propagate over the 
half of sleeper height and appear as visible 
(Taherinezhad et al., 2013). For example, several 
investigations in Sweden have indicated that 
approximately 500,000 of 3 million visually 
inspected sleepers had macroscopic (visible) cracks 
(Thun, Utsi, & Elfgren, 2008). According to the 
worldwide survey which has been conducted by Van 
Dyk et al. (Van Dyk, Dersch, & Edwards, 2012), 
cracking has been ranked as the most critical problem 
of PCSs, especially those due to dynamic loads  
(Error! Reference source not found.). 

Due to the use of prestressing requirements, high 
strength concrete (HSC) is often used to produce 
PCSs. The minimum compressive strength of 
concrete is restricted to 50 MPa in Australia (AS-
1085.14, 2012) and 48.3 MPa (7,000 psi) in USA 
(Lutch, Harris, & Ahlborn, 2009). Owing to the 
variations in fracture modes and microstructure, HSC 

is structurally a different material in comparison with 
normal strength concrete (NSC). The main concern 
regarding the use of HSC is the reduction in ductility 
with the increase in compressive strength (Mendis, 
2001). Smooth fractures across micro-cracks and the 
lack of aggregate interlock are said to contribute to 
the brittle nature of HSC (Mendis, 2000). This 
brittleness may be the primary cause of cracking at 
PCSs that are highly subjected to dynamic loads.  

Cracking of PCSs is a crucial factor, not merely in 
terms of mechanical and load carrying capability, but 
also for durability and fatigue properties. Further, the 
pattern and severity of cracks are essential factors in 
the assessment of sleepers. Though it is not 
unreasonable to consider cracking as the most 
important failure of PCSs.  

2.1  Structural Effects 

By conducting fatigue tests, Thun et al. (Thun et 
al., 2008) investigated the load carrying capacity of 
13 sleepers which had been extremely cracked under 
real conditions of railway tracks. The sleepers have 
been subjected to 2 million cycles of loading (rail seat 
bending) based on the Swedish railway code. It is 
reported that only 6 sleepers passed through the test 
whilst 7 sleepers have failed. Based on the results, the 
authors have concluded that the internal cracks 
crucially influence the load carrying capacity. 
Moreover, based on results of a series of static 
bending, tensile and compressive tests on slightly 
cracked sleepers, the authors concluded that the PCSs 
are quite robust and small cracks do not significantly 
affect the load carrying capacity of sleepers. To 
investigate the residual strength, Kaewunruen and 
Remennikov (Kaewunruen & Remennikov, 2009a) 
conducted rail seat bending moment test before and 
after subjecting PCSs to 50 identical impact loads 
with a 50 year return period and a magnitude of about 
500 kN. The results show that the sleepers that have 
been subjected to the impact loads tend to possess a 
large amount of reserved strength in spite of stiffness 
reduction due to “large cracks.” 
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Sýkorová et al. (Sýkorová, Bártová, & Štemberk, 
2012) employed a fatigue damage function to 
calculate the reduction of sleeper stiffness due to 
cyclic loading. The calculations show that the 
modulus of elasticity decreases sharply during the 
first few hundred thousand of load cycles. The 

authors believe that the fatigue behaviour of concrete 
under cyclic loads results in progressive and 
permanent changes in material and could cause 
micro-cracks within the sleeper, which, at times, 
appear as visible cracks on the surface. These 
calculations confirm the investigations by Gustavson 
and Gylltpft (Gustavson & Gylltoft, 2002) which 
show a 10 percent decrease in the flexural stiffness of 
sleepers because of cracking. While this reduction of 
stiffness has only small effect on the global response 
of the sleeper, cracks significantly influence the life 
span and may result in a high rate of corrosion or even 
fatigue failure of reinforcement. 
 

In summary, low magnitude and high cycle service 
loads can only generate micro-cracks which result in 
stiffness reduction, but do not strongly influence the 
load carrying capacity of sleepers. In the case of 
repeated service loads together with stiffness 
reduction or occurrence of high magnitude and low 
cycle loads, cracks may propagate and appear visible. 
In extreme cracking cases, sleepers may fail and need 
early replacement. 

2.2 Durability Effects 

Generally, sleepers are utilised in various 
environmental conditions and are susceptible to 
penetration of water and diffusion of chloride ions 
which can lead to corrosion of strands. Corrosion of 

strands due to diffusion of chloride ions is known as 
a significant cause of PCSs deterioration 
(Mohammadzadeh & Vahabi, 2011). The resistance 
of concrete to corrosion of reinforcement 
significantly depends on the permeability of concrete 
to water and chloride ions. Uncracked HSC is 

expected to be less water permeable than NSC 
because of a denser texture. But Aldea et al. (Aldea, 
Shah, & Karr, 1999) have found that cracking 
changes the behaviour of concrete in terms of water 
and chloride permeability, and both NSC and HSC 
are affected by cracking. The influence of micro-
cracks and visible cracks on the durability of concrete 
sleepers is a serious concern. 

As demonstrated, micro-cracks occurrence at PCSs 
is unavoidable under service loads. Reviewing 
published literature, Francois and Arliguie (Francois 
& Arliguie, 1999) found that micro-cracks due to 
service loads increase the penetration of chloride ions 
and can shorten the service life of reinforced concrete. 
This finding has been confirmed by a series of 
laboratory tests conducted by Mohammed et al. 
(Mohammed, Otuski, Hisada, & Shibata, 2001). Test 
results indicate that the presence of cracks can cause 
significant corrosion of steel bars in concrete, 
regardless of crack size. In contrast, it is shown that 
when crack opening displacement (COD) is less than 
50 microns under loading, the crack width has little 
effect on concrete permeability. For COD between 50 
to 200 microns, the permeability of concrete increases 
rapidly and then increases steadily and less rapidly 
(Wang, Jansen, Shah, & Karr, 1997). Furthermore, 
macroscopic cracks, which are mostly probable in 
PCSs, have a detrimental effecs on corrosion of 
reinforcement in prestressed concrete and the test 

 

 
 
Figure 1. The most critical problem of PCSs and fastening system, ranked from 1 to 8 (adapted from (Van Dyk, Dersch, & 
Edwards, 2012)) 
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results show a doubling of crack width with time 
under cyclic loading can be expected (Nawy, 2010). 
It can be concluded that the presence of cracks, 
especially those with COD over 50 microns, 
facilitates penetration of chloride ions and water into 
concrete sleepers, which can accelerate the corrosion 
of strands. This can result in concrete deterioration 
which, in turn, shortens the service life of the 
sleepers, particularly when sleepers are subjected to 
corrosive or freeze-thaw environments.  

3 STRAIN RATE ENHANCEMENT OF 
CONCRETE TENSILE STRENGTH 

It is well recognised that strain (loading) rates have 
significant effects on the mechanical behaviour of 
concrete. By increasing the strain rate, the strength of 
concrete significantly increases in both compression 
and tension (Ngo & Mendis, 2009). However, it was 
found that compressive strength are not as sensitive 
to strain rate as tensile strength. In addition to 
strength, the modulus of elasticity of concrete 
significantly increases with the increasing strain rate. 
To present the dynamic increase in concrete strength, 
dynamic increase factor (DIF), i.e. the ratio between 
dynamic strength and static strength, is commonly 
used. For example, Figure 2 shows DIF of 
compressive and tensile strength in a strain rate value  

 
 
between 〖10〗^(-6) and 〖10〗^3  1/s. Depending on 
concrete type and strain rate, DIF varies up to around 
7.2. Similar graphs, presented by Ngo (Ngo, 2005), 
indicate DIF may reach values of about 2.2 and 1.6 
for compressive strength and elastic modulus, 
respectively. Numerous investigations indicate that 
the response of concretes to strain rate depends on the 
static strength. It is demonstrated that the tensile 
strength of HSC is less sensitive to strain rate in 

comparison with NSC (Ngo, Mendis, & Whittaker, 
2013).  

Dynamic testing results suggest that the strain rate 
effects on both compressive and tensile strength of 
concrete-like materials become significant when the 
strain rate is beyond a transition strain rate, which is 
about 〖10〗^0 - 〖10〗^1 1/s for tensile strength and 
〖10〗^2 1/s for compressive strength, respectively (Lu 
& Li, 2011). The insensitivity of concrete-like 
materials to strain rates below around 〖10〗^0 1/s is 
attributed to the presence of free water inside the 
nano-pores of the material. At strain rates above the 
transition rate, dynamic strength increases 
dramatically due to other physical phenomena such as 
structural effects, inertia and heterogeneity. 
Employing a micro-mechanism model, Lu and Li (Lu 
& Li, 2011) investigated the influence of micro-
cracks on tensile strength of concrete-like materials. 
It is reported that in the same strain rate, the tensile 
strength generally decreases with a decrease in the 
micro-cracks spacing. Moreover, for a fixed spacing 
of micro-cracks, the tensile strength decreases with 
micro-cracks size at low strain rates, but increases at 
high strain rates. It is also suggested that the increase 
of fracture energy in dynamic tension is caused by 
multiple micro-cracks, which take place within a 
short time and need a high energy input to create the 
fracture surface (Brara & Klepaczko, 2007).  

 

4 STRAIN RATES IN PCSS 

The influence of loading rate on failure mode of PCSs 
was first investigated by Ye et al. (Ye, Wang, & 
Mindess, 1994). Although, they concluded that the 
cracking mode depends on the rate of loading and 
magnitude of impact, the effect of strain rate on the 
behaviour of concrete was unclear. Considering the 
strain rate and loading rate Wakui and Okuda (Wakui 
& Okuda, 1999) have suggested a simple technique to 

 
 

Figure 2. Influence of strain rate on compressive and tensile strength of concrete 
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investigate the ultimate capacity of PCSs to impact 
loads (as cited by (Kaewunruen & Remennikov, 
2009a)). But the technique, which was based on 

sectional analysis and only tendons failure 
mechanism, has been failed to approve. 

To investigate the ultimate capacity of PCSs to 
impact loads, Kaewunruen and Remennikov 
(Kaewunruen & Remennikov, 2009a) calculated the 
dynamic compressive strength of concrete and 
dynamic yield stress of prestressing wires using 
logarithmic equations. The influence of strain rates 
has been considered in the equations. Further, they  

employed a high capacity dropping impact 
machine and carried out a series of impact tests on 
real scale PCSs. The duration and magnitude of 
impact loads have been recorded to estimate the strain 
rates at the concrete and prestressing wires. The 
ultimate dynamic strain of concrete and prestressing 
wires (4.5×〖10〗^(-3) and 20×〖10〗^(-3), 
respectively), impact duration (4 ms) and stress wave 
delay, have been taken into account and the strain 
rates at the concrete and prestressing wires have been 
estimated as 2 and 6 1/s, respectively. Based on these 
rates the cracking moment of the sleeper at the rail 
seat has been predicted about 41 kN-m, which was 17 
percent larger than static one. Also, the dynamic 
cracking moments that recorded during the 
experiment was 44 kN m, about 29 percent larger than 
that recorded during the static test. It appeared that the 
first cracks occurred due to bending, but the sleeper 
failed in the flexural-shear mode caused by the major 

diagonal cracks. It is worth noting that the tests and 
estimations have been conducted based on three 
points bending moment on the rail seat. 

Based on the authors knowledge, there are no in-
field measurements of strain rates at PCSs, published 
in the literature, to date. Recently, measurements of 
internal and external strains in PCSs have been 
reported by Grasse (Grasse, 2013) as a part of great 
investigation of PCSs and fastening system, but the 
results have not been published. The only 
measurements that can be used to estimate the strain 
rates were published by Kaewunruen and 
Remennikov (Kaewunruen & Remennikov, 2009b). 
The dynamic strain gauges were installed at the top 
and the bottom fibres around the rail seat and at the 
midspan of sleepers. Then the sleepers were subjected 
to multiple blows of impact force around 500 kN. 
Also, a thick rubber mat was used to replicate the 
ballast. Dynamic strain variations through time were 
recorded and reported after 1, 10, 20 and 50 blows of 
impact force in soft and hard track conditions. 
Altogether, 16 measurements were obtained. 
Unexpectedly, both positive and negative strains 
appeared in almost all measurements. Based on these 
measurements, Taherinezhad et al. (Taherinezhad et 
al., 2013) calculated the strain rates at both the rail 
seat and the midspan. The calculated strain rate 
magnitudes vary in the range of 0.01 – 0.08 1/s for 
rail seat and 0.002 – 0.016 1/s for midspan (see Figure 
3). 

 
 

 
 

Figure 3. Calculated strain rates, (a) at rail seat and (b) at midspan 
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Kaewunruen and Remennikov (Kaewunruen & 
Remennikov, 2009b) observed that the sleepers tend 
to have more cracks when subjected to multiple drop 
impacts. The cracks opened and became wider and 
larger, which could reduce the dynamic stiffness of 
sleepers. But, in regard to strain rates, calculations 
show no meaningful correlation between strain rate 
and number of impacts. Figure 4 shows the average 
values of calculated strain rates for the results of each 
experiment. 

5  CRACKING WHEEL LOADS OF PCSS 

5.1 Specimens 

To estimate loads which lead to crack initiation in 
PCSs, a sleeper section which is commonly used in 
Australia (with different lengths from 2.15 m to 2.85 
m) has been investigated. Figure 5 shows the 

dimensions of the cross section at the rail seat and 
midspan plus locations of 22 prestressing strands with 
5.03 mm diameter. It is worth mentioning that the 
gauge length is 1.60 m for these sleepers. This section 
was extensively studied by Kaewunruen and 
Remennikov at The University of Wollongong 
through the last few years. The characteristic 
compressive strength of concrete and the rupture 
strength of tendons were assumed 55 MPa and 1860 
MPa, respectively. The tensile strength of concrete 
has been calculated using the equation 0.6√(f_c^' ) in 

accordance with AS 3600 (AS-3600, 2009) and 
suggested for HSC by Mendis (Mendis, 2001).  

To compute the maximum stresses of concrete and 
strands at both rail seat and midspan of a sleeper, a 
computer program has been developed in accordance 
with Australia Standard (AS-1085.14, 2012). The 
ratio of the calculated stresses to the permissible 
counterparts has been restricted to a value of 1.05. 
Moreover, the calculated ballast pressure should not 
extend beyond 0.75 MPa for high-quality, scratch- 

resistant ballast. The Standard prescribes quasi-static 
design procedure using the maximum axle load of the 
track as a design axle load. The vertical design wheel 
load is calculated by multiplying half of the axle load 
by a service factor which is used to account for the 
effects of wheel-rail dynamic interactions and to 
cover uncertainties related to the selection of the 
design axle load and its transfer to the rail seat of the 
sleeper. The Standard suggests a value of 2.5 for this 
service factor where in-field measurements are not 

available. Also, a load distribution factor is employed 
to calculate the vertical design rail seat load, 
depending on the distance between adjacent sleepers. 
In this article the distribution factor is about 60 
percent, associated with a 0.75 m distance between 
sleepers, based on a graph presented in the Standard.  

 
Figure 4. Average values of calculated strain rates under multiple impacts 

 

 
Figure 5. Sleeper dimensions 
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 The length of the sleeper is optimised. The stress 
ratios and ballast pressure have been computed for 
increasing axle loads and a specific length of the 
sleepers. When one of the stress ratios reaches to the 
value of 1.05 or the ballast pressure reaches the value 

of 0.75 MPa, the related axle load is marked as the 
permissible axle load of the sleeper for that length. 
Figure 6(a) indicates the variation of stress ratios due 
to different axle loads when the length of sleeper is 
2.50 m. The permissible axle load for the sleeper was 
found to be 236 kN. The graph also indicates that all 
four stress ratios vary linearly with increasing axle 
load. While the tensile stress of strands is far less 
sensitive, the tensile stress of concrete is highly 
sensitive to the load variations. Besides, the ratios of 
concrete tensile stress are negative for all of the load 
variations, which indicate that the concrete never 
experiences tensile stress even at the rail seat. This 
computation has been repeated for sleepers length of 
2.60, 2.70 and 2.80 m. Similar trends are observed for 
sleepers with these lengths. However, the value of 
stress ratios for concrete tensile stress increases with 
increasing axle load, especially, in length of 2.80 m 
which exceed a value of 1.00. The permissible axle 
loads for different lengths of the sleeper are indicated 
in Figure 6(b). As shown in the graph, the permissible 
axle load reaches the maximum value when the length 
of sleeper is around 2.70 m. This length is hence the 
optimum length of the sleeper. The maximum 
magnitude of permissible axle load is about 285 kN. 
For this axle load the stress ratios are in the range of 
1.02 to 1.05. 5.2  

5.2 Cracking loads 

For the next stage, a sleeper with 2.70 m length and 
285 kN permissible axle load has been employed to 
estimate the load which leads to crack initiation. The 
computer program has been used again to calculate 
the tensile stress of concrete under different axle 

loads, but two features have been included to consider 
the effects of rolling speed on the distribution factor 
and asymmetrical loading. Further, the service factor 
(2.5) has been reduced to 1.0 and calculated tensile 
stresses have been compared with the static tensile 

strength of concrete instead of permissible tensile 
stress (0.4√(f_c^' )) specified by AS 1085.14 (AS-
1085.14, 2012). According to Australian Standard, 
AS 3600 (AS-3600, 2009), the static tensile strength 
of concrete is obtained through the equation of 
0.6√(f_c^' ). 

To investigate the influence of rolling speed on the 
distribution of wheel load on adjacent sleepers, 
Sadeghi (Sadeghi, 2010) undertook a lot of in-field 
measurements and found that the ratio of rail seat load 
to wheel load varies linearly with speed. While the 
ratio was around 0.57 for static conditions, it exceeds 
1.0 for speed about 160 km/h. As the sleeper which is 
employed in this study is commonly used in heavy 
haul tracks, a value of 100 km/h was deemed to be a 
reasonable value for such kinds of tracks and high 
magnitude axle loads. Therefore, the value of 
distribution factor has been set to a constant value of 
87 percent based on Sadeghi’s investigations. 

As previously mentioned, the high magnitude 
dynamic loads are generated due to wheel 
abnormalities or rail irregularities in the railway 
track. There is very low possibility for the 
simultaneous occurrence of abnormalities or 
irregularities on both sides of train or track. 
Consequently, the dynamic loads imparted to sleepers 
are largely asymmetric. The effects of large 
asymmetrical wheel loads on the response and failure 
of PCSs have been investigated by Kaewunruen and 
Remennikov (Kaewunruen & Remennikov, 2008). A 
finite element package STRAND7 has been 
employed to evaluate the bending moments of a 
sleeper at the rail seat and the midspan. The wheel 
load on the left hand side has been kept at a constant 
load of 100 kN (P_0) and the wheel load at the right 

                       
 

Figure 6. (a) The stress ratios for a sleeper length of 2.50 m, and 6(b) the permissible axle load of sleeper with different length 
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hand side (P) has been scaled by factors varying from 
0.25 to 5.0. The authors have found that the bending 
moment at the least loaded rail seat would be 
redistributed to the higher loaded rail seat. The 
positive moment was found to increase linearly with 
increasing applied force P. Figure 7 shows the 
magnitudes of positive and negative bending 
moments plotted against different values of 〖P/P〗_0. 
While the negative moment at midspan increases 

slightly, the positive moment at the rail seat 
experiences a significant increase. Thus, the first 
cracks will most likely occur at the bottom of rail seat. 
The detection of those cracks is very difficult as they 
are not visible in a track environment due to the 

existence of ballast. It is worth noting that the 
maximum negative moment tends to shift from the 
midpoint of sleeper to the side of the rail with the least 
loading.  

The effects of rolling speed on the distribution 
factor and the influence of asymmetrical loading on 
the redistribution of positive and negative moments 
have been included in the computer program and the 
tensile stress ratios have been calculated. Figure 8(a) 
indicates that tensile stress at the bottom of rail seat 
considerably increases with increasing wheel load. As 
the tensile stress ratio reaches the value of 1.00 the 
cracks initiate, and the associated load is known as the 
cracking load.  The results indicate that when the 
wheel load increases about 100 percent and reaches a 
value of 285 kN, the tensile stress ratio at the rail seat 
exceeds the value of 1.00 and flexural cracks initiate 
at the bottom. But, the tensile stress ratio at the 
midspan increases very slightly with increasing wheel 
load and remains negative, even for a wheel load with 
a magnitude of four folds of the permissible one. This 
means concrete at the top of the midspan does not 

experience tensile stress for large asymmetrical wheel 
loads. 

There are several mathematical models reported in 
the literature to calculate the magnitude of DIF for 
concrete tensile strength due to strain rate such as 
those shown in Figure 2. CEB-FIP (CEB-FIP, 1993) 
modified models have been employed to consider the 
influence of strain rates on the concrete tensile 
strength. Two models for concrete with compressive 

strength of 30 and 70 MPa have been presented by 
CEB-FIP. It is considered reasonable to obtain the 
DIF for concrete with compressive strength of 55 
MPa through interpolation between the two models, 
as both models are linear. It should be noted that the 

interpolated amounts are almost same as those 
suggested by CEB-FIP 2010 (CEB-FIP, 2010). Thus, 
the magnitudes of tensile DIF have been calculated 
for the maximum strain rates of 0.08 and 0.016 1/s, 
which occurred at the rail seat and midspan, 
respectively. Then, the dynamic tensile strength of 
concrete, which is the product of static tensile 
strength and tensile DIF, has been estimated, see 
Table 1.  

The dynamic tensile strength of concrete has been 
included in the computer program and the stress ratios 
have been recalculated (Figure 8(b)). It appears that 
the tensile stress ratios at both rail seat and midspan 
follow the trends observed in Section 5.1, but the 
values of the stress ratios are slightly less for the same 
wheel load. When the wheel load increases to about 
111 percent and reaches the value of 300 kN, the 
tensile stress ratio at the rail seat exceeds the value of 
1.00 and flexural cracks initiate at the bottom. This is 
nearly 5.3 percent larger than the one obtained for 
static tensile strength. However, the ratio of tensile 
stress at the midspan remains negative even for very 

                 
Figure 7. Bending moments versus 〖P/P〗_0, (a) magnitudes and (b) ratios, adapted from (Kaewunruen & Remennikov, 2008) 

 
Table 1. Tensile DIF and tensile strength of concrete at the rail seat and midspan 

Position 
Max strain 
rate, 1/s 

Tensile DIF, CEB-FIP 1990 Tensile strength of concrete, MPa 

30 MPa 70 MPa 55 MPa* Static, (0.6√𝑓𝑐
′) Dynamic 

Rail seat 0.08 1.60 1.23 1.37 4.45 6.10 

Midspan 0.016 1.52 1.19 1.32 4.45 5.87 

*Obtained through interpolation between two former columns. 
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high magnitude wheel loads. This means the midspan 
of sleeper does not experience tensile stress. 
Therefore, the concrete at the midspan remains un-
cracked.  

6 PARAMETRIC ANALYSIS 

The magnitude of the dynamic tensile strength of 
concrete, which is estimated based on the static 
compressive strength, depends on two main factors. 
The first factor is the equation that is used to calculate 
the static tensile strength, and the second factor is the 
model used to estimate the influence of strain rate. To 
further investigate cracking loads of PCSs, a new 
scenario has been examined to estimate the dynamic 
tensile strength of concrete.  

As mentioned previously, the static tensile 
strength of concrete has been extracted using the 
equation of 0.6√(f_c^' ), as prescribed by AS 3600 
(AS-3600, 2009). But American Concrete Institute 
(ACI-318) has suggested the equation of 0.94√(f_c^' 
), instead. The latter leads to a value of 6.97 MPa for 
tensile strength of concrete used in this study 
(f_c^'=55 MPa), about 57 percent higher than that 
calculated using AS 3600 (AS-3600, 2009). 

Lu and Li (Lu & Li, 2011) summarised and 
compared the most commonly used models and 
experimental results for tensile DIF of concrete like 
materials in a wide range of strain rates. It is noted 
that the model represented by Zhou and Hao (Zhou & 
Hao, 2008) gives higher estimations for tensile DIF 
of concrete than other models, particularly, in the 
range of strain rates between 〖10〗^(-3)   and 〖10〗^0 
1/s. This model is shown in Figure 2. According to 
this model the values of DIF are 1.77 for rail seat and 
1.59 for midspan which are about 29 and 20 percent 
higher than those estimated by modified CEB-FIP 
models (Table 2).  

To include the outcomes from these models to the 
analysis, the computer program has been adjusted and 
the loads which cause initiation of cracks have been 
estimated. The results indicate that when the 
asymmetrical wheel load reaches the value of 359 kN, 
the tensile stress exceeds the dynamic tensile strength 
at the bottom of rail seat and the cracks tend to 
initiate. This load is about 26 percent higher than that 
appeared for static tensile strength (300 kN) and 20 
percent higher than the cracking load estimated in 
Section 5.2. The stress ratios at both rail seat and 
midspan (Figure 9) are shown to follow the same 
trends as those observed in Section 5.1. 7. 

7 DISCUSSION 

The results indicate that bending cracks initiate at 
the rail seat bottom of an efficiently designed 
prestressed concrete sleeper when subjected to an 
asymmetrical wheel load with a magnitude about 2.1 
to 2.5 folds of the permissible wheel load. Obviously, 
the cracks in this stage are micro-cracks and the size 
of cracks is not of a significant concern. However, the 
cracks will quickly propagate towards the top of the 
sleeper when the asymmetrical wheel loads increase. 
When the magnitude of the asymmetrical wheel load 
is three times of the permissible axle load, the tensile 
stress ratio can exceed the value of 1.6 to 3.2 
depending on the scenario employed to estimate the 
dynamic tensile strength of concrete. Reviewing the 
published literature shows that depending on the 
abnormalities at the rail or wheel and rolling speed, 
the ratio of dynamic wheel load to static one can reach 
the values beyond 3, and even 4 ((Kaewunruen & 
Remennikov, 2008) and (Bian, Gu, & Murray, 
2013)). Interestingly, the largest wheel load does not 
occur under the highest velocity. For example the 
highest wheel load due to a wheel flat occurs in the 
critical velocity around a 100 km/h, according the 
results of finite element modelling conducted by Bian 
et al. (Bian et al., 2013). Further, the tensile stress of 
concrete at the rail seat quickly increases with the 
increase of asymmetrical wheel load as shown in 
Figure 8. Therefore, it is extremely probable that the 
cracks at the rail seat bottom of PCSs propagate and 
expand due to the large asymmetrical dynamic wheel 
loads that frequently occur in railway track as 
recorded and reported in the literature. More 
importantly, these cracks are invisible and very 
difficult to detect through an inspection scheme of the 
track. 

As shown in Figures 8 and 9, the tensile stress ratio 
at the top of midspan always remains negative. This 
means that tensile stress does not occur at the midspan 
due to asymmetrical wheel loads even due those with 
higher magnitudes. However, cracking in this area 
have been reported in the literature, (see 
(Kaewunruen & Remennikov, 2008)). It seems that 
these cracks may occur due to large symmetrical 
loading. Two conditions, namely passage of 
overloaded trains and existence of unsupported 
(hanging) sleepers may contribute to the large 
symmetrical loads in a sleeper. To increase the profit 
margin, many train owners tend to overload the 
wagons, especially in recent years, as the capacity of 
freight trains is continuously increasing. Even 
vehicles with over 40 percent overload have been 
reported by Cheng et al. (Cheng, Harrison, Union, & 
Salient, 2007). However, this situation occurs very 
rarely. On the other hand, the existence of 
unsupported sleepers leads to a disturbance in 

                           
Figure 8. Tensile stress ratio of concrete versus different asymmetrical wheel loads 
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distribution of wheel load to adjacent sleepers. In this 
occasion, the sleeper just after or before the 
unsupported sleeper(s) is subjected to a larger share 
of axle loads and in particular cases the share may 
exceed the whole axle load due to the load from 
another axle of the bogie (Zhu, Thompson, & Jones, 
2011). In addition, generally the unsupported 
condition for sleepers appears after accumulative 
loading of the track. In this situation the load 
distribution under the sleepers is more monotonous 
than a newly stabilised ballast condition (Sadeghi, 
2010), which in turn, can cause large negative 
bending moment at the midspan of sleepers and may 
accelerate the cracking of concrete at the top of 
midspan. If the load distribution under the sleeper is 
assumed monotonous, the results from the computer 
program show that about 40 percent overloading can 
cause the cracks to initiate at the top of midspan. 
The results indicate that by including the influence of 
strain rates to the analyzing process, the cracks at the 
bottom of rail seat initiate due to higher magnitude of 
loads which are about 5 to 26 percent higher than that 
estimated based on static tensile strength. This study 
supports the previous finding, published in the 
literature (Kaewunruen & Remennikov, 2009a) but, 
there is a crucial simplification in both studies, which 
is lack of the exact measurement of strain rates in 
PCSs at the track environment. Further, the dynamic 
tensile strength of concrete decreases when the cracks 
develop in terms of both size and numbers. In the 
other hand, the estimated strain rates at both rail seat 
and midspan are at the range that needs dynamic 
analysis according to load classification of CEB-FIP 
Model Code (CEB-FIP, 2010). It should be 
emphasized that the current study is a primary 
investigation of strain rate effects on PCSs and the 
strain rates have been estimated based on 
measurements at the laboratory. Consequently, it 
seems that better understanding of the strain rates 
effects on structural behaviour of PCSs require 
further investigation through in-field measurements, 
experimental works and numerical analysis. 

8 CONCLUDING REMARKS 

A prestressed concrete sleeper with a permissible 
axle load about 285 kN has been used to investigate 
the cracking loads under dynamic wheel load in this 
study. The effects of rolling speed on distribution of 
loads between adjacent sleepers and the influence of 
asymmetrical wheel loads on the bending moments at 
the both rail seat and midspan have been included in 
the study. The results indicate that the cracks at the 
bottom of rail seat initiate under a wheel load with a 
value of 285 kN, about 2 folds of the permissible 
wheel load. In contrast, the stress at the top of 

midspan varies very slightly with asymmetrical wheel 
load and no tensile stress occurs at the top of the 
midspan. However, a high magnitude tensile stress at 
the top of midspan may occur due to large 
symmetrical loads, which occasionally may cause 
flexural cracks.  

The dynamic enhancement of concrete strength 
due to the rate of strain has been included in the 
analysis and the cracking loads have been estimated. 
Two scenarios have been employed to extract the 
dynamic tensile strength of concrete from the 
compressive strength. Firstly, the equation of  
0.6√(f_c^' ) (AS-3600, 2009) and the CEB-FIP 
modified model have been examined. Secondly, the 
equation of  0.94√(f_c^' ) (ACI-318) and the model 
suggested by (Zhou & Hao, 2008) have been applied 
instead. The results show that the cracks at the bottom 
of rail seat tend to initiate under wheel load about 300 
and 359 kN, respectively, which are almost 5 and 26 
percent larger than that obtained from static tensile 
strength of concrete. Further, the values of estimated 
strain rates reveal that PCSs require dynamic analysis 
based on load classification of CEB-FIP model code 
(2010). While, this study supports the previous 
published estimations, the current knowledge is not 
enough to come up conclusion now. Therefore, it is 
advisable that further in-field measurements, 
experimental works and numerical analysis should be 
undertook to clarify the influence of strain rates on 
structural behaviour of PCSs. 
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