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Abstract. In the present paper the mechanical behavior of two types of Kunststof
Lankhorst Product (KLP) sleeper, namely low-density polyethylene sleeper (LDPE-16)
and high-density polyethylene sleeper (HDPE-25) with 16 mm and 25 mm steel bars
diameter, are studied. To this end, the static, dynamic, and longtime static three points
bending moment tests are performed. The HDPE-25 and LDPE-16 with six strain gauges
are mounted on the steel bars to assess their mechanical responses. Moreover, a Finite
Element Method (FEM) model is developed to perform sensitivity analysis on 16 mm
HDPE (HDPE-16) and 25 mm LDPE (LDPE-25) based on di�erent steel bar diameters.
The results showed that the LDPE-16 steel bar yielded under a load of 30 kN for 4 hours,
while HDPE-25 showed signi�cant resistance. Numerical results showed that HDPE-25 is
overdesigned and can be replaced by LDPE-25, which is lighter in weight and lower in price.
The natural frequencies of HDPE-25 were almost 16%, 19%, 16%, and 33% higher than the
three �rst bending frequencies and �rst torsion frequency of LDPE-25, respectively. These
�ndings prove the better performance of LDPE-25 in the case of preventing resonance. In
addition, the exural modulus of HDPE-25 was almost 42%, 45%, and 65% higher than
that of HDPE-16, LDPE-25, and LDPE-16, respectively.
© 2021 Sharif University of Technology. All rights reserved.

1. Introduction

Railway track components have been modi�ed over
the years such as ballast particles, fastening systems,
and sleepers [1{3]. Railway sleepers are one of the
important components of the railway track infrastruc-
ture. They have an important role in supporting
the rails, providing su�cient horizontal and longitu-
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dinal strength, and transferring forces from the rails
to the ballast bed [4]. There are several types of
sleepers, the most popular ones are made of timber,
steel, and concrete. The timber sleepers have some
shortcomings such as biodegradation (timber decay)
and vulnerability to �re and insect pests, however
always they are welcomed and since a long time they
have kept their statute in the market [5]. Steel
sleepers emerged as a substitute for timber sleepers.
They have lighter weight, lower installation costs, and
higher lateral resistance, but there are problems with
corrosion and electrical isolation [6{8]. Compared with
timber sleepers, concrete sleepers, as another alter-
native to railway track implementation, can provide
greater strength to resist higher axle loads and longer
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durability. Jing et al. [9] recommended adding sensors
to concrete sleepers to track the dynamic behavior
of railway tracks. However, this type of sleeper also
has its limitations in railway track operation, such as
heavier weight, high initial cost, lower damping and
ductility [10{12], and consumption of environmental
natural resources [13]. Ferdous et al. [14] performed
a comprehensive study on composite railway sleepers.
Their �ndings show that due to the limited knowledge
on the long-term and mechanical properties of the new
composite sleepers and alternative materials for timber
sleepers, their applications are reduced.

The history of the application of timber sleepers
can be traced back to more than 150 years ago [15].
Currently, about 2.5 billion sleepers are used in railway
networks in the world [16]. Timber sleepers have
been used in the railway industry for a long time,
especially in the United States [17] and Australia [18].
Several studies have evaluated the dynamic and static
performance of timber sleepers [19{21]. Sadeghi and
Barati [22] studied the performance of timber sleepers
in a three bending test. The results showed that the
timber sleeper deection under a load of 30 kN in
the middle of the sleeper was about 4.2 mm. Song
et al. [23] investigated the pressure distribution of
timber sleepers under cyclic loading. Their �ndings
showed that under a cyclic load of about 40 kN, the
timber sleeper faced a maximum pressure of about
0.13 MPa in the middle of the sleeper. Several major
failure causes of timber sleepers such as fungal decay,
end splitting, and termite attack were proposed by
Ferdous and Manalo [24]. These causes of damage have
been treated with toxic chemicals to destroy harmful
organisms in the timber, and plates have been installed
at the ends of the timber sleepers to minimize their
separation. Figure 1 shows some common defects of
timber sleepers. Recently, due to lighter weight, higher
thermal and electrical conductivity, higher corrosion
resistance, damping ratio, and durability, composite

Figure 1. The timber sleepers defects mostly are seen in
the �eld due to the (a) environmental e�ects and (b)
overloading (Photo credit: G. Jing).

sleepers have been increasingly used [25{27]. According
to their geometric and mechanical properties, com-
posite sleepers are mostly considered substitutes for
timber sleepers, especially in key areas where damping
and ductility characteristics are more required, such
as turnouts [28], bridges [29,30], and tunnels [31].
Recently, a new generation of Kunststof Lankhorst
Product (KLP) type of steel bar sleepers has been
put on the market, which has su�cient mechanical
properties to withstand high train axle loads. These
sleepers have better elasticity, a low ballast abrasion
index relative to the elastic contact between sleepers
and ballast particles, and higher rail track lateral and
longitudinal stability [32]. In addition, they provide
higher durability, easier transportation and installa-
tion, and sustainability in solid waste plastic materials.
These sleepers are based on a polymer matrix and
are usually made of recycled plastic. The well-known
available products are TieTek [33], Axion [34] and
KLP [35] (see Figure 2). This kind of sleeper still
needs more investigation; however, some studies have
been conducted on this topic. In the ISO standard [36],
the plastic sleepers are categorized into three material
types of A, B, and C, based on the track operational
features such as train axle load and speed. The
properties provided by material type A are similar to
the properties of tropical hardwood sleepers, used for
ballastless track and special railway track operations,
with maximum axle loads of 200 kN and 140 kN for
train speeds of 130 km/h and 300 km/h, respectively.
Material type B is equivalent to timber sleepers for UIC
5/6 track categories, with a maximum 225 kN axle load
for a train speed of 160 km/h, and material type C is
equivalent to hardwood sleeper for the heavy-haul track
with a maximum axle load of 350 kN for a train speed
of 80 km/h.

In Table 1 [36], some mechanical properties of

Figure 2. Cross-section of Kunststof Lankhorst Product
(KLP) sleepers High-Density Polyethylene (HDPE): (a)
Without steel bar, (b) with steel bars, (c), and (d) Tietek
sleeper used in China (photo credit: G. Jing).
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Table 1. Mechanical properties of plastic sleepers according to ISO standard [36].

EN ISO
standard

Bending strength
(MPa)

Flexural modulus
(MPa)

Shear strength
(MPa)

Longitudinal compression
strength (MPa)

Type A � 28 � 6000 � 7 � 40

Type B � 18 � 2500 � 4:5 � 8

Type C � 13:8 � 1170 | |

a plastic sleeper for adoption in the industry are
presented based on ISO standards. Lampo et al. [37]
discussed the requirement to use KLP sleepers as an
alternative to timber sleepers in the United States.
A bending test was performed on a High-Density
Polyethylene (HDPE) sleeper with a 25 mm steel
bar, the results showed that the ultimate strength
of the sleeper exceeded 31 MPa. In a study done
by the Transportation Technology Center [38], the
e�ect of temperature on the railway track vertical
sti�ness which has plastic sleepers was quanti�ed.
The measurement data showed that the vertical track
modulus with plastic sleeper was comparable to that
with oak-wood sleeper and was not signi�cantly af-
fected by the change of temperature within the range
of 57 degrees in the environment and 88 degrees in
the center of the sleeper [38]. The Federal Railroad
Administration (FRA) [39] conducted a series of tests
to address the e�ects of temperature and fastening
systems on the cracking and impact properties of
plastic sleepers. It was found that compared to
the test performed at ambient and high temperature,
during the low-temperature test, the increase of the
sti�ness of the sleeper was signi�cantly higher. The
test results showed that the fastening system could
cause a signi�cant reduction of resistance of the sleeper.
The mechanical properties of Glass Fiber Reinforced
Polymer (GFRP) sleepers made of thermoplastics and
continuous glass �bers were studied by Vijay et al. [40].
Fatigue test, nail pull test and �eld test were carried out
in this research. The results showed that the strength
and fatigue resistance of these sleepers were similar
to those of timber sleepers. The behavior and long-
term performance of the entire rail system with HDPE
sleepers were studied by Lotfy and Issa [41], using static
and cyclic test methods. The results of this study
showed the behavior of HDPE sleepers under fatigue
loading, normal wear, and minimal degradation.

Considering low fatigue strength, environmental
issues resulting in a sharp reduction in forest resources,
increasing train axle loads and speeds, timber sleepers
may not be an available option for railway tracks
construction. As is evident from literature, so far the
static and dynamic behavior of the new generation of
KLP sleepers with steel bars had not been investigated,
while this subject is very important in the areas relating
to railway tracks and modeling their behavior. In

addition, Finite Element Method (FEM) modeling
of KLP sleepers is needed to conduct more research
on this new type of sleepers. Therefore, in three
bending moment tests in the Mechanical Laboratory
of TU Delft, two types of KLP sleepers including
HDPE-25 and LDPE-16 have been studied for railway
tracks. They were investigated by performing static,
dynamic, and longtime exural tests. Six strain gauges
were mounted inside of each of these two sleepers to
study the yield behavior of steel bars in the longtime
bending moment test. Sensitivity analysis has been
performed to check the diameter of other steel bars of
HDPE and LDPE to meet the structural and economic
optimization requirements of these sleepers. Therefore,
HDPE-16 and LDPE-25 are also considered for the
further analysis of mechanical behavior.

2. Material properties of KLP sleepers

Lankhorst Moldings Sneek-Holland [42] designed two
more durable reinforced plastic sleepers, namely HDPE
sleeper and LDPE sleeper, with reinforcing steel bar
diameters of 25 mm and 16 mm, respectively. There
are some di�erences between HDPE and LDPE type
KLP sleepers. The LDPE has four reinforcement
steel bars with a diameter of 16 mm, made of low-
density polyethylene recycled plastic. The HDPE has
four 25 mm reinforcement steel bars and is made
of high-density polyethylene recycled plastic. Given
that LDPE has lower price, weight, and mechanical
properties, it is recommended to use these two types
for railway tracks (Type B). The characteristics of these
two types of KLP sleepers are presented in Table 2.

3. Experimental study

3.1. Bending moment test
One of the criteria for evaluating the sleepers is the
maximum bearing loading level which produces the
�rst crack identi�ed by operators using portable mi-
croscopes [42]. This method is mostly used for con-
crete sleepers based on AS1085.14-2009 [43], AREMA
2017 [44], TB/T 1879-2002 [45] and UIC-713R [46].
In this research, a bending test is performed based
on the ISO standard for plastic sleepers [36]. Two
HDPL/LDPE sleepers are manufactured, and six strain
gauges are mounted on the steel bars to study their ex-
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Table 2. Characteristics of Kunststof Lankhorst Product (KLP) sleepers including HDPL/LDPE.

Sleeper type
Steel bars

Dimension
(mm)

Bending
modulus
(MPa)

Diameter
(mm)

Type Min. plastic
cover (mm)

HDPE 25 S235 15 250 � 150 � 2500 650{1250
LDPE 16 12 250{400

ural strength properties [47]. Both KLP sleepers have
undergone static, dynamic, and long-term static 3-
point bending tests. During the tests, a metal rod is in-
stalled as the reference of zero point, and the deection
is measured by the displacement of the center of the
beam relative to the reference rod using a displacement
sensor of the Linear Variable Di�erential Transformer
(LVDT) as can be seen in Figure 3. The actuator is
loaded in the center of the sleeper, about 1250 mm
from the end, and the sleeper rested on two supports
that were nearly 1500 mm apart from each other.

Figure 4 shows that the six strain gauges are
mounted at 400 mm (1/6 sleeper length), 900 mm (1/3
sleeper length), and 1250 mm (the sleeper center) from
the left side of the sleeper on the steel bars at the
top and bottom of sleeper. The strain gauges were
connected to a data logger through wires, as shown
in Figure 4. The strain gauges are produced by TML

and are suitable for steel, and the data logger is TMR
produced by TML.

3.1.1. Static bending moment test
Three static 3-point bending tests were performed on
both H/LDPE sleepers with di�erent loading speeds.
The sleeper was loaded with a preload of 2 kN, and
then the load was increased at three speeds of 0.5 kN/s,
1 kN/s, and 2 kN/s. The load reached its maximum
value when the sleeper failed and then decreased to the
2 kN loading level at the same loading speed. Then
the maximum load of H/LDPE is used in Eq. (1) to
calculate exural strength (MPa) of sleepers (�f ) and
compare it with ISO standard (Table 1). Eq. (1) can
be expressed as follows:

�f =
3FL
2bh2 ; (1)

where F , L, b, and h represent maximum applied load

Figure 3. An overview of experimental test including: (a) Placement of sleeper and (b) Linear Variable Di�erential
Transformer (LVDT) location.

Figure 4. Location of strain gauges in sleepers body and unit (cm).
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Figure 5. (a) Static, (b) dynamic, and (c) longtime static bending tests of HDPE-25.

(N), span of supports (mm), sleeper width (mm), and
sleeper height (mm), respectively.

3.1.2. Dynamic bending moment test
The dynamic 3-point bending tests were carried out on
both H/LDPE sleepers. The dynamic loading had a
cyclic load between 3 kN and 30 kN which was applied
to the sleeper at a frequency of 5 Hz.

3.1.3. Longtime static bending moment test
A longtime static test was also performed on both
H/LDPE sleepers. A load of 30 kN was applied for
4 hours. After 4 hours, the entire load was completely
unloaded, and then the measurement continued for 12
hours This measurement was recorded with a sampling
frequency of 0.1 Hz.

3.1.4. Results and discussion
As shown in Figure 5(a) the minimum speed of loading
had a maximum deection of 4.2 mm. Also, it can
be seen that after unloading, the deection of HDPE-
25 returned to its original position. However, a little
amount of deection remained in middle of HDPE-25
as about 0.3 mm. In Figure 5(b), the 5 Hz cyclic load
was applied in a 3-point bending test to the HDPE-
25. From 3.2 mm at the beginning of the �rst cycle to
3.5 mm at the last cycle of loading, a slight increase
in deection can be seen. It can be seen that the
deection of the sleeper returned to the �rst position
with slight plastic deformation of 0.1 mm. Figure 5(c)
shows the results of the 4-hour static 3-point bending
moment test of the HDPE-25. The deection value of
the longtime test is considerably greater than those of
the static and dynamic tests. The plastic deformation
value after unloading was also higher at 0.5 mm, which
indicates that the strength against fatigue loads was
lower compared to the previous static and dynamic
tests. As shown in Figure 6, the strains of the HDPE-
25 can be seen during the 4-hour static 3-point bending
moment test. This shows that strain gauges mounted
closer to the loading zone of the sleeper measured more
strains. C1 strain gauge detected the maximum strain
value of 1000 �e, which is followed by B1 with 600 �e.
These strain gauges were located at the bottom of the
loaded part of the sleeper where steel bars were under

Figure 6. Strains of longtime static 3-point bending test
for HDPE-25.

signi�cant tensile stresses. Other strain gauges did not
experience high tensile or compressive stresses due to
the high resistance of the sleeper against the 30 kN
loading level.

Figure 7(a) shows the results of the static 3-point
bending moment test of the LDPE-16. As expected,
the lower loading speed (0.5 kN/s loading speed)
resulted in a higher deection of 8.7 mm. Figure 7(b)
shows the 5 Hz dynamic 3-point bending moment test
of the LDPE-16. As the cyclic loading time increased,
the deection of sleeper increased slightly, from 6.8 mm
in the �rst cycle to 7.2 mm in the last cycle. Figure 7(c)
shows the 4-hour static 3-point bending moment test
of the LDPE-16 sleeper. Compared with HDPE-25
and the other two static and dynamic tests, it showed
greater deection, which means that the sleeper had a
lower strength against fatigue loads.

As shown in Figure 8, the strains can be seen
during the 4-hour static 3-point bending moment test
of the LDPE-16. The strain gauge C1, which was under
force, showed a larger strain compared to other gauges.
There was a peak in the strain of C1 from {2000 �e to
{2500 �e; it shows that the steel bar yields due to the
30 kN load applied for around three and half hours.

After calculating the exural strength of the two
types of HDPE-25 and LDPE-16, they were found
to be 28 MPa and 20 MPa, respectively. Therefore,
both HDPE-25 and LDPE-16 can be used based on
standards (� 18 MPa); however, considering longtime
static test, LDPE-16 failed and cannot be used. When
the LDPE-16 was loaded with 30 kN for a long time (4-
hour), the reinforcing steel bar yielded, therefore, the
LDPE-16 did not meet the standard requirement. The
comparison of the exural strength of KLP sleepers and
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Figure 7. (a) Static, (b) dynamic, and (c) longtime static bending tests of LDPE-16.

Figure 8. Strains of longtime static 3-point bending test
for LDPE-16.

timber sleepers showed that the hardwood-oak sleepers
had a moderate bending strength of 41 kN [22], which
means that it was almost 40% lower than HDPE-25
and 15% higher than LDPE-16.

3.2. Impact hammer test
The impact hammer test is performed on HDPE-25
as the most commonly used plastic sleeper to show
the natural frequencies of the sleeper and validate the
numerical modeling results of the frequency analysis.
This sleeper has been chosen because it can pass all
mechanical tests. Through performing the impact
hammer test and using ten accelerometers which were
installed on the HDPE-25 at a distance of 275 mm from
each other, the natural frequencies are obtained [48].
The natural frequencies of sleepers are important for
the development of a real dynamic model of railway
tracks and sleeper itself, which can predict its dynamic
responses. Impact hammer test is one of the popular
methods for doing modal analysis of structures [49{
51]. For preparing the free-free condition, the sleeper
was placed on two wooden blocks at both ends. The
impacts were applied in three places, as can be seen in
Figure 9. Impacts are applied �ve times at each loca-
tion, to prevent errors in the measurement. The results
were incorporated in the Matlab program [52]. Using
Fast Fourier Transformer (FFT), the accelerations were
converted to the frequency domain to obtain dominant
frequencies of HDPE-25 [29].

The calculation of dominant frequencies HDPE-
25 is shown in Figure 10. The results showed that the
�rst, second, and third natural frequencies of HDPE-25
were close to 37.5 Hz, 156.3 Hz and 237.5 Hz, respec-
tively. These results are used for the validation of fre-
quency analysis in FEM sensitivity analysis. As shown

Figure 9. Con�guration of sensors and impacts on the
HDPE-25 sleeper.

in Figure 10, the dominant frequencies of timber and
HDPE sleeper are calculated. It is concluded that the
�rst dominant frequency of HDPE-25 as 37.5 Hz has
an almost 35% di�erence compared to that of timber
as 57.2 Hz. It is worthy of consideration that the ampli-
tude of timber sleeper frequencies was about ten times
that of HDPE which shows the better performance of
HDPE sleeper in damping of vibrations. According to
the results of modal analysis, the damping ratio of KLP
sleepers was 0.34, which was nearly 8% higher than the
damping ratio of timber sleepers of 0.31.

4. Sensitivity analysis

4.1. FEM model development
To analysis the behavior of H/LDPE sleepers, numer-
ical modeling is developed. The steel bars con�gu-
rations can be seen in Figure 11. There were four
steel bars at the four corners of the sleepers. The
Hex mesh was chosen for the discretization of each
instance. The mesh size of steel bars and sleepers was
50 cm and 10 cm, respectively. A mesh size analysis
was performed to check the �ner mesh sizes of the
�nal results. A static load with a loading rate of 2
kN/s is applied to the sleepers at the middle point.
For boundary conditions, sleepers rested as simply
supported beams. This section aims to categorize the
application of four sleepers including HDPE-25, LDPE-
16, HDPE-16, and LDPE-25 based on the numerical
study.

4.2. Model validation
To validate the numerical model through experiment, a
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Figure 10. Dominant frequencies of (a) HDPE-25 and (b) timber sleeper in free vibration analysis.

Figure 11. Steel bars con�guration for Kunststof Lankhorst Product (KLP) sleepers: (a) H/LDPE-25 and (b)
L/HDPE-16.

Figure 12. An overview of three bending moment tests of Kunststof Lankhorst Product (KLP) sleepers.

static bending test is considered as shown in Figure 12.
In the experimental study, the loading rate of the
numerical model and the loading speed of 2 kN/s were
selected. It can be seen from Figure 13 that the
deections of the H/LDPE sleepers in the numerical
simulation were almost the same as the maximum
deection obtained through the experimental results.
The di�erence between the maximum deection of
HDPE and LDPE between numerical modeling and
experimental e�ort was 4% and 2%, respectively.

4.3. Natural frequencies of KLP sleepers
To plot the mode shapes of the sleeper and compare
them with the experimental results, modal analysis is
developed using numerical modeling. It can be seen
from Table 3 that the frequencies of the numerical
model of HDPE-25 were almost the same as the �rst,
second, and third natural frequencies obtained through
the experiment. This can be taken as a shred of strong
evidence ensuring the validity of HDPE-25 vibrational
properties in the numerical model. A further frequency
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Table 3. Natural frequencies and mode shapes of four di�erent Kunststof Lankhorst Product (KLP) sleepers.

Mode shape no.
Natural frequencies (Hz) Mode shapes

HDPE-25 LDPE-16 HDPE-16 LDPE-25

1st bending mode shape 37 24 28.5 31

2nd bending mode shape 155.8 122.14 150.19 125.67

3rd bending mode shape 236 193.42 234.74 196.92

4th bending mode shape 366 323 353 335

5th bending mode shape 469 426 451 441

1st torsion mode shape 60.23 44.4 61 40.31

Figure 13. Validation of Finite Element Method (FEM) results with bending moment test of sleepers: (a) HDPE and (b)
LDPE.
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analysis was performed to compare the natural frequen-
cies of H/LDPE-25 and L/HDPE-16. The results show
that in the �rst bending mode shape that the steel bar
is directly engaged in deforming, the higher diameter
of the steel bar shows higher natural frequencies as
the highest belongs to HDPE-25 as 37 Hz, which is
followed by 31 Hz, 28.5 Hz, and 24 Hz of LDPE-25,
HDPE-16 and LDPE-16, respectively. From the second
to �fth mode shapes, higher frequencies also belong
to HDPE-25 and 16. In the torsional mode, only the
material type was e�ective for the performance of the
sleepers, because these sleepers did not have stirrups
for restraining the steel bars. As can be seen, HDPE-
25 and 16 had higher frequencies than LDPE-16 and 25
due to higher mechanical properties. Considering the
actuation frequencies of railway track due to dynamic
loads which are mostly in the range of 200 Hz to
300 Hz [3,53], it is better that the sleeper's frequency
be kept out of this frequency range to avoid track
resonance. Therefore, HDPE-25 shows the closest,
and LDPE-16 shows the furthest frequencies from this
frequency range compared with other KLP sleepers.

4.4. Maximum stresses of KLP sleepers
ISO standard [36] provides guidelines for calculating
reference test loads for plastic sleeper types. A three
bending moment test is simulated, and the results are
reported in the following sections. A static load with a
loading speed rate of 2 kN/s is applied to the sleepers,
and the corresponding stresses are presented. Table 4
shows the material properties used in the model. The
sleeper is modeled as a simply supported beam with a
distance of 1500 mm between the supports.

The validated models based on the maximum
deection of sleepers are used for presenting the cor-
responding stresses of H/LDPE sleepers. As shown
in Figure 14, the maximum stresses of both H/LDPE
sleepers appeared on steel bars, which means that
the maximum stress is transferred to the steel bars,
resulting in less stress on the composite.

As is clear from Figure 15, the maximum
stress in the HDPE-25 and LDPE-25 steel bars were
0.13 GPa and 0.19 GPa, respectively, with almost
30% di�erence; while the corresponding stresses in the
composite were around 5.22 MPa and 5.3 MPa with
almost 1% di�erence. This di�erence shows that the

identical steel bars banned stresses to be transferred
to composite, while LDPE-25 steel bars underwent
higher stresses. For HDPE-16 and LDPE-16, the
maximum stresses transferred to the composites were
about 4 MPa and 3.3 MPa, respectively, expressing
a di�erence of about 17%, while the maximum
stresses transferred to the steel bars were 0.2 GPa
and 0.15 GPa, respectively, expressing a di�erence
of nearly 25%. Due to the smaller diameter and
resistance of the 16 mm steel bar, a certain degree of
stress is transferred to the composite material, which
could fail under high load and long-term use.

Figure 16 shows the yield zone of steel bars for
each sleeper. HDPE-25 had higher exural strength,
about 68 kN, which shows that the design is relatively
overdesigned and is not economically acceptable. The
exural strength of LDPE-16 was lower than that of
its counterparts which was 35 kN. Two other new
designs (HDPE-16 and LDPE-25) based on sensitivity
analysis studies showed exural strengths of 33 kN and
63 kN, respectively. Therefore, it can be concluded
that LDPE-25 can be a substitution for HDPE-25 in
railway tracks with lower weight and price but almost
the same exural strength.

4.5. Bending modulus calculation
The bending modulus represents the ratio of stress to
the corresponding strain of the material within the elas-
tic region. Sti� materials demonstrate a high modulus
and ductile materials exhibit a low modulus. In this
study bending modulus for all four designed sleepers
were calculated using FEM results and Eq. (2) based on
ASTM D790 standard [54]. Figure 17 shows the bend-
ing modulus values of HDPE-25/16 and LDPE-25/16.

E =
L3F

4wh3d
; (2)

where w, h, L, d, and F represent the width and
height of the sleeper, the distance between the two
outer supports, and the deection and the load applied
at the middle of the sleeper.

The maximum bending modulus of HDPE-25 was
almost 0.6 MPa, followed by HDPE-16, LDPE-25, and
LDPE-16, which had maximum bending modulus val-
ues of 0.32 MPa, 0.3 MPa, and 0.2 MPa, respectively.
The bending modulus HDPE-25 was almost 42%, 45%,

Table 4. Material properties of H/LDPE sleepers used in Finite Element Method (FEM) modeling of bending moment
test.

Sleeper properties
Density
(kg/m3)

Elastic modulus
(MPa)

Poisson's ratio
Plasticity modulus

(MPa)

Composite HDPE 870 800 0.4 |
LDPE 870 325 0.4

Steel bars 7850 210000 0.3 235
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Figure 14. Stress distribution (Pa) of the center bending test of sleepers and steel bars for HDPE-25; LDPE-16;
HDPE-16; and LDPE-25.

and 65% higher than HDPE-16, LDPE-25 and, LDPE-
16, respectively.

5. Conclusions

Increasing axle loads and train speeds have motivated
researchers and track owners to consider designing new
types of sleepers. Recently, several composite sleepers

have been developed worldwide; however, new types
such as Kunststof Lankhorst Product (KLP) sleepers
have emerged. Especially with the development of
railway tracks using timber sleepers, the track com-
ponents will be subject to greater dynamic impacts,
thereby accelerating degradation and shortening the
service life. Considering the limitations of the use of
timber sleepers, it has become crucial to produce a new
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Figure 15. (a) Maximum stress of KLP sleepers in composite. (b) Maximum stress of Kunststof Lankhorst Product
(KLP) sleepers in steel bars.

Figure 16. Load-center displacement relationship for
Kunststof Lankhorst Product (KLP) sleepers.

Figure 17. Bending modulus values based on Finite
Element Method (FEM) results for HDPE-25&16 and
LDPE-25&16 sleepers.

generation of KLP sleepers equipped with steel bars
that provide greater damping and higher mechanical
properties. In this study, the mechanical behavior of
HDPE-25 and LDPE-16 as two current KLP sleepers
were studied and numerical modeling is accordingly
developed to analyze the behavior of HDPE-16 and
LDPE-25. The �ndings of the current study can be
summarized as follows:

1. HDPE-25 and LDPE-16 sleepers showed poor bend-
ing resistance to long-term static loading under

a 4-hour load of 30 kN, and their deection was
relatively large, about 5.75 mm and 11.7 mm,
respectively. Strain results of steel bars in the
middle of sleeper under bending load showed that
the steel bars of LDPE-16 yielded under 30 kN load
in a longtime static test;

2. The natural frequencies of HDPE-25 were 37 Hz,
155.8 Hz, 236 Hz, and 60.23 Hz. As is evident from
these �ndings, the HDPE-25 natural frequencies
were higher than those of its counterparts. The con-
ventional actuation frequencies of the train wheels
are in the range of 200 Hz to 300 Hz, while in
the present study, it is observed that the natural
frequencies of LDPE-25 were 31 Hz, 125.67 Hz,
169.92 Hz, and 40.31 Hz. These �ndings reveal
the signi�cant di�erence between the conventional
actuation frequencies of the train wheels and the
natural frequencies of LDPE-25;

3. According to numerical bending test results,
HDPE-25 had higher exural strength around
68 kN. The exural strength of LDPE-16 (35 kN)
was lower than other exural strengths. Two other
new designs of HDPE-16 and LDPE-25 based on the
sensitivity analysis study showed exural strengths
of 33 kN and 63 kN, respectively. Therefore, replac-
ing HDPE-25 with LDPE-25 can be cost-e�ective
and ensure more e�ciency in terms of weight, while
it can provide the same degree of exural strength
as provided through using its counterpart;

4. The maximum stresses of HDPE-25 and LDPE-
25 steel bars were 0.13 GPa and 0.19 GPa, re-
spectively, with a di�erence of nearly 30%; while
the corresponding stresses in the composite were
about 5.22 MPa and 5.3 MPa, with a di�erence
of nearly 1%. This di�erence indicates that the
same steel bars banned stresses to be transferred
to composite materials, but LDPE-25 steel bars
must withstand higher stresses. For HDPE-16
and LDPE-16, the maximum stresses in composites
were around 4 MPa and 3.3 MPa, respectively,
showing a di�erence of about 17%, while in the
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steel bars, the stresses were 0.2 GPa and 0.15 GPa,
showing a di�erence of nearly 25%. Due to the
lower diameter and resistance of 16 mm steel bars,
a certain degree of stress is transferred to the
composite, therefore the steel bars with 16 mm
diameter are not suitable for KLP sleepers for
Type B railway tracks;

5. HDPE-25 had maximum bending modulus with
almost 0.6 MPa followed by HDPE-16, LDPE-25,
and LDPE-16 with maximum bending modulus
values of 0.32 MPa, 0.3 MPa, and 0.2 MPa, respec-
tively. The bending modulus HDPE-25 was almost
42%, 45%, and 65% higher than that of HDPE-16,
LDPE-25, and LDPE-16, respectively.
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