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Abstract. The Prestressed concrete sleeper (PC sleeper) has many advantages over the 
wooden sleeper in terms of maintenance, load bending capacity, weight and lateral ballast 
resistance force. In Japan, the PC sleeper has been widely used since 1951. The PC sleeper is 
designed in consideration of the impact wheel load which is mainly caused by a rail joint or 
wheel flat. This research focused on the impact wheel load at rail joints. By field measure-
ments in an operating line and numerical analyses, the dynamic response characteristic of the 
PC sleeper was clarified. The field measurement of PC sleeper behavior shows that the max-
imum bending moment of a PC sleeper with a rail joint during train running is almost 4 times 
larger than that in plain sections, and the maximum bending moment of the PC sleeper adja-
cent to the rail joint is almost 2.7 times larger than that in plain sections. The numerical 
analysis shows that support condition has the greatest influence on the bending moment of the 
PC sleeper among various parameters. Furthermore, the impact wheel load caused by a rail 
joint affects dynamic behavior of PC sleepers within 4m from the rail joint. 
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1 INTRODUCTION 

A prestressed concrete sleeper (PC sleeper) is designed mainly in consideration of an im-
pact wheel load during the train running. The impact load is generally caused by the wheel 
flat, the rail joint, the welded joint irregularity of the rail and the railhead corrugation. Among 
those defects, the wheel flat and the rail joint have the greatest the influence on the dynamic 
response of the PC sleeper. At the beginning of the development of the PC sleeper, it had 
been thought that the enormous impact wheel load was mainly induced by the wheel flat [1, 2]. 
For this reason, a large number of researches into the wheel flat have been conducted [3, 4]. 
Through the running test and the impact load examination of the PC sleepers, these researches 
made clear that the design load of the PC sleeper shall be the 4 times larger than the static 
load in order to allow no tensile stress (full prestressing) under the assumed maximum impact 
load by wheel flat. Such knowledge and information have been used for the design of PC 
sleepers in Japan [1]. Recently, various kings of research and development have been promot-
ed from the viewpoint of the optimization of the sleeper [5-10]. 

On the other hand, particularly in Japan, though the rail joint has been recognized as an-
other serious source of the impact wheel load, the research into the effect of the impact wheel 
load generated by the rail joint has been insufficient. This is due to the fact that the suspended 
rail joint, that is, the rail joint installed between adjacent two sleepers has been widely intro-
duced in an attempt to prevent the impact wheel load as a standard installation method of the 
rail with wooden or PC sleepers. For example, though the PC sleepers that are adjacent to the 
rail joint are affected by the impact wheel load caused by the rail joint, the longitudinal span 
of the influence of the impact wheel load and the effect of the rail joint irregularity have not 
been sufficiently investigated. Recently, in Japan, a specified type of PC sleeper which is in-
stalled directly under the rail joint has been increasingly used. Thus, the phenomenon elucida-
tion of the dynamic response of the PC sleepers at or adjacent to the rail joint is required. 
Furthermore, the most suitable design of the PC sleeper according to the track condition is 
also being required [11]. 

The dynamic response of the PC sleeper at rail joints includes a high frequency phenome-
non within 1/1000 seconds. Recently, tools for the phenomenon elucidation of the dynamic 
response of the PC sleeper at rail joints are gradually being provided such as high quality 
measurement systems (high frequency and multi-channel synchronized measurement) of the 
spread of high spec. supercomputers. 

Against these backgrounds, this research focused on the impact wheel load at rail joints 
paying attention to the following points. 
(1) Conduct the field measurement in an operating line in order to elucidate the bending mo-

ment of the PC sleeper during the train running at rail joints and in plain track sections. 
(2) Develop three dimensional numerical analysis models by a finite element method. 
(3) Evaluate the effect of the various parameters of the vehicle or track on the bending mo-

ment of the PC sleeper quantitatively. 
(4) Evaluate the longitudinal span of the influence of the impact wheel load at rail joints. 

2 INVESTIGATION METHOD 

2.1 Field measurement method 

Figure 1 shows the outline of the track. In this section, standard rails of 25m in length and 
60kg/m in weight are used and there are rail joints at an interval of 25m. PC sleepers are type-
6 PC sleepers in the plain section and PC sleepers at the rail joints are those standardized in 
Japanese Industrial Standard (JIS). The numbers of PC sleepers per rail (25m in length) is 41. 
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The field measurement of the bending moment of PC sleepers during the train passing was 
conducted on two rail joint PC sleepers (Joint 1, Joint 2), two type-6 PC sleepers adjacent to 
the rail joint (A and B) and two type-6 PC sleepers (C and D). The type-6 PC sleepers C and 
D are in the plain section. Trains running in this section are Japanese standard commuter 
trains with the static nominal wheel load of almost 50kN.  

Figure 2 shows the positions of strain gauge on the PC sleeper. In total, four strain gauges 
per sleeper were used, two of which were attached on the side of the PC sleeper (one at an 
upper position and the other at a lower position) at its longitudinal center and the other two 
strain gauges were attached in the same manner at its rail seat position. Strain gauges made in 
KYOWA ELECTRONIC INSTRUMENTS CO. were used for the field measurement, and a 
built-in chassis made in NATIONAL INSTRUMENTS CO. were used to acquire the experi-
mental signals from 32-channel strain gauge units. The sampling rate is 5000Hz. 

Figure 3 shows the measurement method of the vibration mode of the PC sleeper. Seven 
piezoelectric accelerometers were installed on the top of the PC sleeper. The piezoelectric ac-
celerometers were made in RION CO. (PV-85). Measured response of the accelerometer was 
recorded in a laptop PC with 5000Hz sampling via preamplifier and A/D converter. Vibration 
characteristics were identified by the ERA (Eigensystem Realization Algorithm) method [12, 
13], which can identify the character matrix of linear time-invariant systems with the princi-
ples of minimal realization. The MAC (Modal Amplitude Coherence) value on the controlla-
bility was applied to the accuracy evaluation of the vibration characteristics. 40 degrees of 
freedom were set in order to identify the major modes of the PC sleeper. When the MAC val-
ue is 0.99 or more, it is judged to be the vibration mode characteristic of the PC sleeper. 

 

 
Figure 1: Outline of the track. 

 
Figure 2: Positions at which to attach the strain gauges to the PC sleeper. 

 
Figure 3: Measurement method of the vibration mode of the PC sleeper on the impulse hammer test. 
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2.2 Numerical analysis method 

(1) Dynamic model of the track 
Figure 4 shows the outline of the three dimensional numerical analysis model of the target 

track. The DIASTARSIII program developed by the Railway Technical Research Institute 
was used for numerical analysis [14, 15]. 

The track was modeled using the finite element method. Assembling all elements in the to-
tal model, the equation of motion of the track is obtained in a standard matrix form as 

஻ܯ ሷܺ ஻ ൅ ஻ܥ ሶܺ ஻ ൅ ஻ܺ஻ܭ ൌ ௅ܨ
஻ ൅ ௰ܨ

஻ሺܺ௏, ܺ஻ሻ ൅ ேܨ
஻ሺܺ஻ሻ		   (1) 

where XB is the displacement vector of the track, and MB, CB and KB are the mass, damping 
and stiffness matrices, respectively; ܨ௅

஻ is load vectors; ܨ௰
஻ሺܺ௏, ܺ஻ሻ is the interaction force be-

tween the rail and the car, ܨே
஻ሺܺ஻ሻ is the load vectors of non-linear spring force in the track. 

As shown in Figure 4, the rail and sleepers were modeled using beam elements, and the rail 
pads, the ballast and the roadbed were modeled using spring elements. The basic rail mesh 
size was set at 35mm and the PC sleeper mesh size was set at 55mm. The total number of 
nodal points is 8338 and the total numbers of elements is 13012. 
 

 
Figure 4: Outline of the three dimensional numerical analysis model of the target track. 

(2) Dynamic model of the vehicle 
Figure 5 shows the dynamic model of the vehicle assuming that a body, bogies and 

wheelsets are rigid. These three-dimensional rigid elements are linked by springs KN and 
dampers CN (N is a suffix in Figure 5) according to their respective characteristics. The train 
has 31 degrees of freedom (5 degrees of freedom for the body, 5 degrees of freedom for the 
bogies, and 4 degrees of freedom for the wheelset) per one car. The train consists of multiple 
vehicle models linked together by springs KC and dampers CC attached to the ends of the ve-
hicle models. Assuming that the train runs at a constant speed, the equation of three dimen-
sional motion of the train with N vehicles is written in a matrix form as shown in reference 
[16]. 

௏ܯ ሷܺ ௏ ൅ ௏ܥ ሶܺ ௏ ൅ ௏ܺ௏ܭ ൌ ௅ܨ
௏ ൅ ௰ܨ

௏ሺܺ௏, ܺ஻ሻ ൅ ேܨ
௏ሺܺ௏ሻ		   (2) 

where, superscript V and B are the vehicle and the track, respectively; XV is the displacement 
vector of the vehicle; MV, CV and KV are the mass, damping and stiffness matrices of the vehi-
cle, respectively; ܨ௅

௏ is load vectors; ܨ௰
௏ሺܺ௏, ܺ஻ሻ is the interaction force between the rail and 

the vehicle, ܨே
௏ሺܺ௏ሻ is the load vectors of non-linear spring force in the car. In this research, 

the train consists of six Japanese standard commuter vehicles with a length of 20 m and an 
axle load of almost 50 kN. 
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Figure 5: Dynamic model of vehicle. 

(3) Dynamic model of the interaction force between the wheel and the rail 
Figure 6 shows the wheel/rail model. We focused on relative displacement between the 

wheel and the rail. The vertical interaction force between these components was modeled by 
Hertzian contact springs so that it is possible to judge the contact condition between the wheel 
and rail. The vertical relative displacement between the rail and the wheel ߜ௭	is expressed by 
equation (3). 

௭ߜ ൌ ோݖ െ ௐݖ ൅ ݁௓ ൅ ݁௭଴ሺݕሻ    (3) 

where zR is the rail vertical displacement, zW is the wheel vertical displacement, eZ is the verti-
cal track irregularity. ez0(y) is the wheel radius variation in the current wheel contact point. 
When ߜ௓ ൒ 0, the wheel is in contact with the rail, and ߜ௓ ൑ 0, the wheel is loss of contact 
with the rail. The z-direction interaction force H produced due to the contact of the wheel and 
the rail is expressed by equation (4). 

ܪ           ൌ  ௓ሻ       (4)ߜሺܪ

The interaction force in the horizontal direction is expressed as creep force in the case that 
the wheel flange has no contact with the rail. In contract, if the wheel flange is in contact with 
the rail, the wheel load and horizontal pressure act on the rail, causing the rail crown to move 
in the horizontal direction. In this case, torsion of the rail occurs. The torsion resistance gen-
erated by the rail and the rail fastener is expressed by a spring element. 

 

 
Figure 6: Wheel/ rail model. 
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Figure 7 shows the irregularities used for the numerical analysis. These irregularities con-
sist of the combination of the rail irregularity and the wheel irregularity. The rail irregularity 
was measured on the track by a measuring device of 1m-chord versine and as for the wheel 
we referred to a previous research [17]. 

  
(a) Plain section                                                               (b) Rail joint section 

Figure 7: Irregularities used for numerical analysis. 

(4) Solution method 
In the previous paragraph, the equation of motion of the vehicle and that of the track are 

derived in the vehicle’s coordinate system and the global coordinate system respectively. 
Coupling of these equations is conducted by applying the compatibility and equilibrium con-
ditions to the sub region where both systems are connected with each other. At every moment 
during the train moving, the compatibility condition is evaluated using a fictitious nodal point 
at the center of the left and right rails where the wheelset exists.  

In order to carry out efficient numerical analysis, the equations of motion concerning the 
vehicle and track described as equation (1) and equation (2) are transformed to modal coordi-
nate system. The resultant equations are progressively solved in time increment Δt by using 
the Newmark method. However, because the equation of motion is non-linear, iterative calcu-
lation has to be carried out within Δt until the unbalanced force becomes sufficiently small. 
The mode order in the analysis is set at a value that enabled vibration up to about 2000Hz to 
be reproduced, and the analysis time step is set at 0.0001 sec. 
 
(5) Numerical analysis condition 

Table 1 shows the material dimensions and properties. Though basically the values used in 
the numerical analysis were derived from the Japanese design standards and the nominal val-
ues [18, 19], the spring constant of the rail pad was set at two times larger than the nominal 
value because of the degree of the agreement between the numerical analysis result and the 
measurement result of bending moment of the PC sleeper. The PC sleeper support condition 
was not assumed to be uniform over the whole length of the sleeper but to be nonuniform as 
shown in Figure 8. 

Table 2 shows the numerical analysis cases. The numerical analyses were conducted with a 
focus on the effect of the various parameters. Basic case is underlined. The sleeper support 
conditions 2 and 4 were considered to be roughly corresponding to that immediate after the 
track maintenance. On the other hand, the sleeper support conditions 1 and 3 were considered 
to be corresponding to that a few days after the track maintenance. 
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Rail 
60kg rail 
Young modulus ES = 200MPa 

Rail Pad 
Spring constant DP = 220MN/m 
(Nominal value = 110MN/m) 

PC sleeper 

Type-6 PC sleeper 
PC wire = φ2.9mm 3-strand cable 12-wires 
Length LP = 2000mm, Width BP = 240mm 
Height HP = 170mm(Rail seat), 150mm(Center) 
Concrete Young modulus EC = 33MPa 
Rail joint PC sleeper 
PC wire = φ2.9mm 3-strand cable 16-wires 
Length LP = 2000mm, Width BP = 300mm 
Height HP = 170mm(Rail seat), 145mm(Center) 
Concrete Young modulus EC = 33MPa 

Ballast 
Thickness h = 250mm 
Support spring constant DB = 180MN/m(1 rail) 

Roadbed 
Coefficient of subgrade reaction K30 = 110MN/m3 

Support spring constant DS = 111MN/m(1 rail) 
DT = 1/((1/DB)+(1/DS)) 

Table 1: Material properties. 

     
(a) Support 1 (Basic case)                        (b) Support 2 (uniformed) 

     
(c) Support 3                                                   (b) Support 4 

Figure 8: PC sleeper support condition. 

PC sleeper  Type-6 PC sleeper, Rail joint PC sleeper 
Train speed V 40~130km/h per 10 km/h (Basic case is 80km/h.) 

Vehicle mass MV 
(Passenger occupancy) 

0% occupancy ( = Empty) 
50% occupancy 
100% occupancy  

Wheelset mass MW MW, 1.5MW, 2.0MW 

Irregularity 
Plain section, Joint 1 (see figure 7) 
Joint2, No-joint 

Spring constant of rail 
pad (MN/m) 

110, 220 

PC sleeper support con-
dition 

Support 1, 2, 3, 4 (see figure 8) 

Table 2: Numerical analysis cases. 

DT 0.5DT0.5DT

2000mm
500mm

DT

DT 0.25DT0.25DT 0.5DT DTD T
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3 INVESTIGATION RESULT 

3.1 Vibration mode of PC sleeper 

Table 3 shows the comparison of natural frequencies of the PC sleeper vibration modes. 
The natural frequencies given by the numerical analyses are coincident with the measurement 
results excluding the rotation mode. In order to decrease this discrepancy, the accurate evalua-
tion of the PC sleeper support condition is in need. As might be expected, the natural frequen-
cy of the rail joint PC sleeper is higher than that of the type-6 PC sleeper because the cross 
section and the PC wire volume of the rail joint PC sleeper are larger than that of the type-6 
PC sleeper.  
 

Mode 

Type-6 PC sleeper Rail joint PC sleeper 

Measurement
(Hz) 

Numerical 
analysis 

(Hz) 

Measurement 
(Hz) 

Numerical 
analysis 

(Hz) 
Vertical rigid mode 92 86 101 105 

Rotation mode 102 86 74 95 
1st bending mode 173 174 202 203 
2nd bending mode 497 478 534 520 
3rd bending mode 813 817 907 939 

Table 3: Comparison of the natural frequencies of the PC sleeper vibration modes. 

3.2 Bending moment of the PC sleeper  

Figures 9 and 10 show the comparison of the bending moments of the PC sleeper during 
the train running. Numerical analyses were conducted under the condition that the train speed 
is 80km/h and the passenger occupancy is 50%. From these figures, it can be seen that the ab-
solute value of negative bending moments of the center of the PC sleeper are larger than that 
of positive bending moments of the rail seat of the PC sleeper.  

Regarding the positive bending moment, the differences between “Support 1” and “Sup-
port 2” is not clear. On the other hand, regarding the negative bending moment, the bending 
moment of “Support 1” is almost two times larger than that of “Support 2”. In addition, the 
negative bending moment of “Support 1” is also coincident with the measurement result. One 
possible reason may be that more than one year has passed since the track maintenance, and 
therefore, the PC sleeper support condition has been gradually transferring from “Support 1” 
to “Support 2” due to the dynamic interaction between the PC sleeper and the ballast.  

Figure 11 shows the relation between the train speed and the maximum bending moment of 
the PC sleeper during the train running. From the field measurement results, the maximum 
bending moment of the PC sleeper at the rail joint generated during the train running is almost 
4 times larger than that in the plain section, and the maximum bending moment of the PC 
sleeper adjacent to the rail joint is also almost 2.7 times larger than that in the plain section. 
Furthermore, the bending moments of the type-6 PC sleeper are different depending on its in-
stallation section. 

Regarding the comparison of the negative bending moments between “Joint 1” and “Joint 
2” obtained by the numerical analyses, it can be seen that “Joint 2” is 1.5 times larger than 
“Joint 1”. This is due to the difference of the support condition between “Joint 1” and “Joint 
2”. From the numerical analyses, it can be seen that regarding the dynamic response amplifi-
cation ratio from 40km/h to 130km/h of the train speed, the rail joint PC sleeper is larger than 
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type-6 PC sleeper. Concretely, the ratio of the rail joint PC sleeper is 1.4 and that of the type-
6 PC sleeper is 1.2. 

In figure 11, the design limit values under the allowable stress design method in cases 
where the design wheel load is 80kN, the impact factor is 2.0, the load dispersion coefficient 
is 0.5, and the allowable tensile stress is 2.0N/mm2 are indicated. The actual generated bend-
ing moments are under the design value.  
 

 
 

(a) Positive bending moment 

 
(b) Negative bending moment 

Figure 9: Comparison of the bending moment of the type-6 PC sleeper during the train running. 

 
(a) Positive bending moment 

 
(b) Negative bending moment 

Figure 10: Comparison of the bending moment of the rail joint PC sleeper during the train running. 
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(a) Positive bending moment 

 
(b) Negative bending moment 

Figure 11: Relation between the train speed and the maximum bending moment of the PC sleeper during the 
train running. 
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3.3 Influence of various parameters 

Figure 12 shows the effect of the various parameters on the bending moment of the PC 
sleeper during the train running. The knowledge and findings obtained by the numerical anal-
yses in this research are shown below.  

As for the passenger occupation variation, when the passenger occupation ratio increases 
from 50% to 100%, the bending moment increases by up to 1.2 times. 

As for the wheelset mass variation, when the wheelset mass increases by 2 times, the bend-
ing moment increases by up to 1.5 times. It can be seen that negative bending moment espe-
cially is largely affected. 

As for the irregularity variation, the bending moment of the PC sleeper at “Joint 1” or 
“Joint 2” is up to 3.4 times larger than that at “No-joint”.  

Concerning the rail pad stiffness, when the spring constant of the rail pad decreases by half, 
the bending moment decreases by up to 20%. Furthermore, it can be seen that the bending 
moment in the case of “Support 3” is up to 4 times larger than that in the case of “Support 4”. 

 

 
(a) Passenger occupancy (Vehicle mass MV)                                        (b) Wheelset mass MW 

 
(c) Irregularity                                                                      (d) Rail pad 

 
(e) PC sleeper support condition 

Figure 12: Effect of the various parameters on the bending moment of the PC sleeper during the train running. 
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3.4 Influence of the rail joint 

Figure 13 shows the longitudinal span of the influence due to the impact wheel load at the 
rail joint. It can be seen that the longitudinal span of the influence is almost 4m, and there are 
not much difference between each case. Based on these results, the plain section, i.e. the sec-
tion which is not affected by the rail joint, can be defined as a section more than a span of 4m 
away from the rail joint. Though length of this span absolutely depends on the given condition, 
this span is one of the reference values about the rail joint section. In the future, we must clar-
ify the generality of the longitudinal span of the influence of the impact wheel load at the rail 
joint by increasing the sample of the irregularity and the analysis parameters. 

 
(a) Basic case (80,110,130km/h) 

 
(b) Effect of wheelset mass and PC sleeper support condition (130km/h) 

Figure 13: Longitudinal span of the influence of the impact wheel load at rail joint. 

4 CONCRUSIONS 

This research focused on the impact wheel load at the rail joints. We carried out field 
measurement in an operating line and numerical analyses, in order to reveal the dynamic re-
sponse characteristics of the PC sleeper. The knowledge and findings obtained in this research 
are summarized as below.  

 
 The field measurement results shows that the maximum bending moment of the PC 

sleeper at the rail joint during the train passing is almost four times larger than that in the 
plain section, and the maximum bending moment of the PC sleeper adjacent to the rail 
joint is almost 2.7 times larger than that in the plain section. Furthermore, the bending 
moment of type-6 PC sleeper varies depending on the measurement section. 

 The absolute value of negative bending moment at the center of the PC sleeper was larger 
than that of the positive bending moment at the rail seat of the PC sleeper. 
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 Results of the numerical analyses indicate that the dynamic amplification ratio of the rail 
joint PC sleeper at from 40km/h to 130km/h is larger than type-6 PC sleeper. Concretely, 
the rail joint PC sleeper was 1.4 times, type-6 PC sleeper was 1.2 times. 

 The longitudinal span of the influence of the impact wheel load at the rail joint is almost 
4m. 

In the future, we will reflect the concept of these knowledge and findings in the design of 
the PC sleeper. 
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