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Investigation of the correlation between California bearing ratio and shear
strength of pavement subgrade material with different water contents

Siileyman Gbkovaa'*.

e CBR and shear strength of subgrade soil were found
experimentally

o The effect of the water content on CBR and shear strength
of subgrade soil

e A new correlation is proposed between CBR and shear
strength values

e Prediction of CBR using the Hand Vane Shear test and
existing correlations

e Comparison between experimental results and existing
correlations

Abstract Information
In this study, CBR and Shear Vane tests, which are common test methods used in determining the Received:
bearing capacity and shear strength of the highway pavement subgrade material, were applied 03.04.2022

and the effect of the changing water content on the test results was investigated. It is aimed to
determine the accuracy of these expressions by obtaining the bearing capacity parameters of the
subgrade material with different water contents from laboratory experiments and comparing the
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results obtained with the empirical expressions in the literature. Shear strength and CBR values
of five samples prepared at 15%, 16%, 17%, 18%, and 20% water contents were obtained Accepted:
experimentally. The experimental results obtained and the results calculated using the 12.04.2022

correlations found in the literature were compared. As a result of the study, the shear strength
values obtained from the shear vane test, which is recommended to be preferred in terms of ease
of application, were used in the selected correlation relations and CBR values were calculated. By
comparing the experimental and calculated CBR values, the approximation accuracies of the
existing correlation expressions were presented and it was seen that it was possible to find the
CBR value with a maximum accuracy of 90%. In addition, this study presents a new correlation
that gives the relationship between shear strength and CBR using the data obtained from the
experimental results. With the new equation created; After the shear strength value was obtained

experimentally, it was seen that the CBR value could be found with 96% accuracy.

Keywords: CBR, shear strength, hand vane shear tester, water content, correlations

1. Introduction

In recent years, considering the increase in road
construction, the design of road pavements has become
a widely studied problem, especially in terms of time and
cost. For this reason, the analysis and characterization of
the subgrade, which is one of the determining parameters
in the characteristics of the pavement, continues to be
the area of interest for many researchers [1-3].

The bearing capacity of the subgrade is determined by the
California Bearing Ratio (CBR) Test method, which can be
performed both in situ and in the laboratory.
Determination of the mechanical properties of the
subgrade, its bearing capacity, and another important

parameter, the shear strength; Due to the properties of
the material, it requires the solution of a problem in which
complex behaviours are combined. For this reason, in this
study, while determining the bearing capacity of the
subgrade with the CBR test method, a second test
method, the shear vane test, was applied to determine
the shear strength.

In addition to being a test method that is generally applied
in the field, the shear vane test has been widely used in
recent years due to its ease of application and the fact
that laboratory equipment is economical compared to
CBR test equipment [4]. In the case of combined stress
caused by the anisotropic nature of the subgrade and the
loads it is exposed to, it is necessary to know the values
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that determine its behaviour against shear in calculating
the bearing capacity [5]. For this reason, the shear vane
test method, which is very convenient to be applied in
laboratory conditions, was chosen and the shear strength
of the subgrade was found.

Knowing the relationship between shear strength and
bearing capacity becomes very important when
considering the subgrade, whose properties are defined
by the need for many experimental data. For this reason,
many researchers have developed correlation
expressions that give the relationship between bearing
capacity and shear strength [6-8]. The creation of these
correlations is very important in terms of easily
calculating the sought value in cases where experimental
studies cannot be performed. However, considering the
subgrade whose behavioural characteristics change
depending on many variables, the validity of the
correlations requires the selection of the correct
correlation and the minimum level of experimental data
that can provide confirmation.

Considering that the California bearing ratio (CBR), which
is directly related to the bearing capacity of a soil, varies
depending on the moisture content and saturation level
of the soil [9], 5 soil samples with different water content
were tested in this study. Both CBR and shear vane tests
of these prepared samples were performed and some of
the correlation relations found in the literature and
suitable for the material used in the study were selected,
and the approximation percentages of the relations were
calculated in the light of the experimental data. In
addition, it has been seen that the shear vane test method
can be used in cases where the CBR test cannot be
performed, allowing the CBR value to be found through
the relevant correlation relation.

2. Existing Correlations

For the design and analysis of road pavements, it is
necessary to know the mechanical properties of the
subgrade material. For this purpose, correlations
between CBR and other soil properties have been
developed as an alternative to many material tests by
researchers [4,10,11]. Relationships between in-situ or
laboratory CBR test and ultimate bearing capacity [9,12],
CBR - modulus of elasticity relations [1,13], and CBR-shear
strength relations [6,7,14] can be established through
widely used correlations as a result of many studies
developed and conducted. Therefore, the use of
correlation relations developed instead of performing
experiments that are difficult and costly in terms of
implementation has been preferred by many researchers
to determine soil parameters.

Since the soil has many variables due to its material
structure, each correlation may not be suitable for a soil
sample located in another region. For this reason,
researchers working on this subject have carried out

experiments using as many different variables as possible
and obtained different correlations. One of the most
important variables here; is the limit values of the soil
sample studied [15, 16].

Correlations suitable for the classification and limit values
of the soil sample used in this study were selected from
the literature and these are mentioned below.

The first of the relations chosen is the correlation relation
between shear strength and CBR (Equation 1), developed
by Black [6] for remolded clay soil and based on the
theoretical bearing capacity of the soil.

Giroud and Han [8] worked on the determination of the
theoretically developed base layer thickness related to
the failure modes of reinforced, unpaved roads and
presented the equation given in Equation 2.

In the study by Rushema [16], some of the relationships
between shear strength and CBR are discussed on the
established accuracy rates. One of the correlation
relations in this study, USCOE (US Army Corps of
Engineers) was chosen and presented in Equation 3.

The statement developed by Gregory and Cross [7] and
based on the theory of bearing capacity equality has been
obtained by performing the triaxial shear test and CBR
tests for cohesive inorganic soil material (See Equation 4).

CBR=0.043C, (1)
CBR=0.033C, (2)
CBR=0.0087CL3723 (3)
CBR=0.09C,, (4)

The term Cu in the above equations is shear strength and
is expressed in kPa.

3. Material and Methods
3.1. Material properties

In this study, low plasticity clay material obtained from
the Isparta Airport region was used. The results obtained
by performing Atterberg limit tests for the classification
of this material taken from the subgrade and the material
class determined accordingly are presented in Table 1.

As seen in Table 1, it was determined that the soil class of
the selected material was low plasticity inorganic clay
(CL).

Wet sieve analysis has been performed to determine the
granulometry of the material and the results are shown in
Table 2 and Figure 1.
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Table 1. Subgrade soil Atterberg Limits

Liquid limit 46% (TS 1900-1 AASHTO T-89)
Plastic limit 17% (TS 1900-1 AASHTO T-90)
Plastic index 29% (PI=LL-PL)

Soil classification CL Unified Soil Classification

Table 1. Sieve analysis results of subgrade soil (ASTM D1140).

Sieve No  Sieve Opening (mm) Percent Passing (%)
3/8" 9.53 100.00
No 4 4.760 99.48
No 10 2.000 99.18
No 40 0.425 94.93
No 200 0.075 56.35
100
00.14 99.48 %0
a0 i €
70 £
60 2
50 %
56.35 a0 £
(&)
30 5
20 &
10
0]
0.01 0.1 1 10 100
Sieve Opening (mm)

Figure 1. Granulometry curve of subgrade material

To determine the optimum water content of the material
used in the tests, the Proctor test was performed and the
dry unit weights (y«) at different water contents (w) were
determined (Figure 2).

1.80
1.78 ®
1.76
1.74
1.72
1.70
1.68
1.66
1.64
1.62

Dry Density yk (gr/cm3)

6 7 8 9 1011121314151617 1819 20
Water Content, (w %)

Figure 2. Moisture content-dry density relationship from
standard Proctor tests

The results obtained from the Proctor test were taken
into account while determining the water content of the
samples that were subjected to CBR and shear vane tests.

3.2. Test Methods

In this study, two different test methods, CBR and shear
vane test were used to determine the bearing capacity
and shear strength of the soil sample at different water
contents.

3.2.1. CBR (California bearing ratio) test

The CBR test is used to evaluate the bearing capacity of
the subgrade, base and subbase layer materials in the
road pavement. CBR is a test method that gives the ratio
of the bearing capacity of the material to the bearing
capacity of the standard crushed stone as a percentage
[17].

Determining the CBR value in a construction zone
requires a lot of effort in terms of sample supply. In
addition, to carry out the test in a laboratory
environment, it is necessary to know the soil class of the
material and the parameters such as optimum water
content. To determine these parameters, a series of pre-
tests are required. All these situations create a
disadvantage in terms of time and cost [18]. CBR test is a
common test method that gives reliable results in the
bearing capacity calculation. However, the disadvantages
mentioned above have revealed the need to find
alternative methods to CBR testing.

In this study, the above-mentioned preliminary
experiments were carried out to perform the CBR test and
the relevant parameters were obtained. Samples
prepared in five different water contents were

compressed into CBR molds by ASTM D1883-16 standard
and tests were carried out (Figure 3).

Figure 3. Automatic CBR test machine
3.2.2. Hand vane shear test

This test method can be used in the field directly on the
ground or in the laboratory on specimens compressed
into molds to certain standards. The hand vane shear
tester is a simple and portable test kit (ASTM
D8121/D8121M-19) for measuring the undrained shear
strength of saturated, fine-grained, cohesive soils. The
method of obtaining the results found with this device;
may differ according to the calculation methods of the
companies producing the hand vane shear test device.
This test method is very easy to perform and the
equipment costs are more economical compared to the
CBR test [16]. In addition, in terms of applicability, the
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shear vane test can be performed in a shorter time than
the CBR test method [19,20].

The device (Geonor-H-60 Hand Vane Tester) used in this
study can directly give the shear strength of the material
in pascal. There are 3 different diameter torque blades in
the test kit, which can be measured in 3 different strength
ranges (Figure 4). The torque blade was selected
depending on the rigidity of the sample to be tested, and
tests were carried out by the ASTM D8121/D8121M-19
standard on the samples that were compressed into the
CBR mold.

Figure 4. Hand vane shear tester

It is known that the shear vane test is a test method that
can be applied to soft ground materials [21]. On the other
hand, in the study, preliminary tests were carried out on
samples with a water content lower than the optimum
value. However, since healthy measurements could not
be made, the results of the pre-trial test were not
included in this study.

4. Results and Discussions

In this study, the results obtained from two separate
experiments with different water contents are presented
in this section. Then, the relationship between two
separate parameters obtained from the experiments was
expressed as a correlation. In addition, CBR values
obtained from 4 different correlation relations and
experimental results are compared and presented below
as a graphic and table.

4.1. Laboratory test results

The CBR and shear vane tests performed in the laboratory
were performed for each of the 5 samples with different
water content, and the changes in the bearing capacity
and shear strength values according to the water content
are presented in Figure 5 and Figure 6, respectively. In
addition, in Table 3, percentage changes in CBR and shear
strength results according to water content are shown.
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Figure 5. Moisture Content vs. CBR values
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Figure 6. Moisture Content vs. Shear Strength

In the graphs given in Figures 5 and 6, CBR and shear
strength values decrease with exceeding the optimum
content. Due to the mineralogical structure of the clay, as
the water content increases, the distance between the
grains increases, and the attractive forces decrease.

Table 3. Tendencies to decrease in Cu and CBR values according
to water content.

Water Shear Cu CBR

Content  CBR (%) Vane Decreasing Decreasing
(%) Test Trend (%) Trend (%)
15 13.5 280 7.14 9.63
16 12.2 260 19.23 11.48
17 10.8 210 27.62 19.44
18 8.7 152 42.11 56.32
20 3.8 88 - -

As can be seen from the experimental results and
percentages of change given in Table 3, as the water
content increases, the CBR and shear strength decrease,
and the rate of decrease of the values increases after the
optimum water content is exceeded. This behavior is also
consistent with the results of the Proctor test presented
in Figure 2.

To determine the relations between the data obtained by
the two test methods, the values in the same water
contents were compared and the changes in the values
obtained from the CBR and shear vane tests in the same
water contents were presented in Figure 7.
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CBR & Shear Vane Tests Results
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Figure 7. CBR vs Shear Strength

The correlation between the experimental results
presented in Figure 7 was established using a linear
equation and this correlation was expressed with the
function given in Equation 5.

CBR=0.0471*C,,+0.4687 (5)

The R-squared value, which expresses the compatibility of
the linear function with the experimental results, was
found to be 0.9602. This value shows that the proposed
linear relationship can be used to calculate the
corresponding values for similar subgrade materials.

4.2. The Existing Correlation Results
CBR values were calculated by using the shear strength

result values obtained using the hand shear vane test kit
in the laboratory and the equations given in the existing

Tablo 4. CBR values from experiments and correlations

correlation section. The results obtained from the CBR
and shear vane tests and equations performed at
different water contents are presented in Table 4. In
Figure 8, the CBR values obtained from the equations and
experiments are shown comparatively.

According to the numerical results presented in Table 4, it
is seen that Equation 1 gives the closest result to the
experimental results among 5 samples. Accordingly, the
closest values were seen in sample 5, the experimental
and correlated CBR values were found to be 3.8 and 3.79,
respectively.

When the results given in Table 4 and Figure 8 are
examined, it is seen that the closest CBR value to the
results of the experimental study was obtained with
Equation 1 suggested by Black [6]. In addition, it was
observed that the other two relations gave very close
results at low CBR values. It has been seen that the
equations giving the highest and lowest values out of the
four selected equations are Equation 4 and Equation 2,
respectively, which is important in terms of determining
the limit values.

5. Conclusions

In this study, two different test methods were applied to
determine the design parameters of the cohesive fine-
grained subgrade material. For each test, samples with 5
different water contents were tested and the selected
water contents were determined by considering the
results of the Proctor test.

1 ()
Sample No  Moisture Content (%) CL(JE(E:)a) Eq_1CBR (Frg)qr?z(:orre;tj?c’)ns) Eqa C?;(S’)
1 15 280 12.04 9.24 19.85 25.2 13.5
P 16 260 11.18 8.58 17.93 23.4 12.2
3 17 210 9.03 6.93 13.38 18.9 10.8
4 18 152 6.54 5.02 8.58 13.68 8.7
5 20 88 3.79 2.90 4.05 7.92 3.8

18

Moisture Content (%)

= @ = CBR (Exp)

—— [(1

—— [(2

—e— (g3 —8—Eqd

Figure 8. Comparison between correlated and experimental CBR values
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In addition, since the CBR and shear vane test methods
will be associated in the study, the applicability of the
shear vane test on soft soil material has been decisive in
the selection of values above the optimum value. As
expected in the test results, it was observed that CBR and
shear strength values decreased as the water content
increased, and there was a significant decrease in both
values (CBR and Cu), especially at rates above 18% water
content.

In addition, in this study, a new equation is proposed by
establishing a linear relationship between the
experimentally obtained CBR and shear strength results.
Using this new proposed equation, the CBR value can be
found with 96% accuracy after the shear strength of the
CL type subgrade material is obtained experimentally.

In the next stage of the study, CBR values were calculated
by using the results obtained from the shear vane test in
4 different correlation relations found in the literature.
The approximation tendencies of the selected correlation
relations were determined by comparing the calculated
values with the experimental results. Thus, in cases where
it is not possible to perform the CBR test, it has been
determined that the shear vane test, which is easier and
less costly in terms of application, can be performed as an
alternative. It has been seen that it is possible to calculate
the CBR value with 90% accuracy by using the obtained
shear strength values in the correlation expression
(Equation 1), the accuracy of which was determined as a
result of the study. These results provide a fast, reliable,
and economical method to determine the bearing
capacity of the subgrade, which is one of the important
parameters in pavement design.
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Effects of waste engine oil and crumb rubber rejuvenator on the performance of
100% RAP binder
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e Hybrid rejuvenator with CR and WEO was used to restore
the aged binder

e Adding 100% RAP increased the stiffness and rutting
resistance

e Proper use of WEO-CR rejuvenator enhanced the
performance

It is frequently essential to add rejuvenators to recycled mixtures comprising reclaimed asphalt
pavement (RAP) to increase their performance. In this research, CR was desulfurized using WEO
to produce a compound rejuvenator. The asphalt mixes containing 100% RAP binder were
modified and rejuvenated with 0%, 3%, 6%, 9%, and 12% WEO-CR. The performance of the HMA
samples were assessed using the Marshall stability-flow test, indirect tensile strength (ITS) test,
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Received in revised:
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and wheel-tracking device. The results showed that using a 9% WEO-CR rejuvenator restores the
physical properties of the aged binder. In addition, the findings revealed that adding 100% RAP AiEEEpiiEL
binder to the asphalt mixtures increased the tested properties of HMA samples; however, for the 05.04.2022

long-term performance of HMA, the aged binder may adversely affect the performance of the
HMA mixture. Therefore, the addition of the WEO-CR rejuvenator was found to improve the
overall performance of the mixture which improved the physical and chemical properties of the
asphalt binder and enhanced the mechanical performance of HMA compared to the control
mixture.

Keywords: aged binder, crumb rubber, RAP, rejuvenator, waste engine oil

1. Introduction

Using reclaimed asphalt pavement (RAP) in hot-mix
asphalt (HMA) helps to reduce the overall cost of project,
material transportation expenses, and also protects the
environment [1]. As a result of the milling, RAP includes
aggregate that is much finer than virgin aggregate. This
issue may be solved by dividing the RAP into multiple
sizes. Furthermore, the RAP binder is very stiff, resulting
in mixes with undesirable cracking and workability
properties at a lower temperature [2-3]. Therefore,
Scientists have attempted following approaches such as
soft asphalt binder, warm mix asphalt (WMA) additives,
and recycling agents to address these issues [4-6]. In
general, all these approaches may be recognized as

recycling agents. The recycling agents act as softeners to
decrease the impacts of the high stiffness of the aged
binder and enhance its workability, or as rejuvenators to
lessen the stiffness of the aged binder by halting the aging
process, improving workability and mitigating cracking
possibility [7].

The inclusion of some waste materials in any of the
aforementioned procedures helps ensuring the long-term
durability of the pavement. To increase the performance
of the reclaimed binder, several rejuvenators have been
applied. The disposal of waste engine oil (WEQ) was
extremely crucial as most states create substantial
volumes of WEO annually [8]. The use of WEO as an
asphalt rejuvenator was very beneficial, and other

*Corresponding author: ahmed.eltwati@bsu.edu.ly (A. Eltwati), +218913761046

https://doi.org/10.53635/jit.1072888
This work is licensed under CC BY 4.0


https://dergipark.org.tr/en/pub/jit
https://dergipark.org.tr/en/pub/jit
https://doi.org/10.53635/jit.1072888
https://creativecommons.org/licenses/by/4.0
https://creativecommons.org/licenses/by/4.0
https://creativecommons.org/licenses/by/4.0
mailto:ahmed.eltwati@bsu.edu.ly
https://orcid.org/0000-0002-9039-7544
https://orcid.org/0000-0001-5509-0849
https://orcid.org/0000-0002-9367-1537
https://orcid.org/0000-0002-6189-1973
https://orcid.org/0000-0002-4292-1719
mailto:Ahmed.Eltwati@bsu.edu.ly
mailto:m.enieb@aun.edu.eg
mailto:Ahmed.Eltwati@bsu.edu.ly
mailto:Zaid.alsaffar025@gmail.com
mailto:azmanmohamed.kl@utm.my

Eltwati, Enieb & Ahmeed et al.

JInnov Trans, 3(1), 8-15

investigations have demonstrated that WEO has a great
rejuvenation function [9-11]. Furthermore, WEO has a
flash point of above 220 degrees Celsius, indicating that it
is stable sufficient to be used in hot asphalt mixes [12].
However, the acidity and viscosity of WEO have a major
concern of the rejuvenation process [13], therefore
quality control in WEOQ is a critical issue [14]. Furthermore,
the WEO-rejuvenated binders revealed a significant
moisture sensitivity due to weak adhesion [15].

The adhesion of crumb rubber (CR) and asphalt binder are
excellent [16-18]. The CR increases the elastic properties
of asphalt mixes incorporating RAP and also keeping costs
down [19]. On the other side, the inclusion of CR to
asphalt mixes incorporating RAP has a negative influence
on moisture susceptibility [20-21]. Furthermore, the
rubber molecules do not mix well with the aged binders
[22]. Incompatibility and deposition of rubber molecules
are caused by variations in molecular size, polarity, and
solubility between rubber and aged asphalt binder [23].
Lin et al. [24] reported that asphalt binders with a higher
aromatic component liquefy more CR than an asphalt
binder with a lower aromatic fraction. Compared with
virgin asphalt binder, aged asphalt has fewer aromatic
components [25]. Therefore, the compatibility of rubber
with the aged binder has deteriorated. As a result, when
CR is incorporated into an aged binder, the compatibility
must be improved.

This paper intends to produce a CR and WEO rejuvenator
to alleviate the difficulties described earlier and enhance
the performance of mixtures comprising 100% RAP
binder. The purpose of this study was to identify the
optimum recycling agent dose in order to achieve the best
performance of high-RAP mixes. The CR was implemented
in this research to mitigate the reduction in rutting
resistance caused by the addition of WEO. The objectives
of this research were to evaluate the influence of
compound rejuvenator (CR-WEQO) on the physical and
chemical properties of aged binder. In addition, the
Marshall test, indirect tensile strength (ITS), and wheel-
tracking test were performed to assess the mechanical
properties of HMA samples. Finally, a cost analysis was
carried out to assess the cost of HMA containing WEO-CR
in comparison to the conventional HMA.

2. Materials and Sample Preparation
2.1. Materials
2.1.1. RAP binder

The RAP binder was recovered by melting it in methylene
as stated by ASTM D2172 and afterward reclaiming it
utilizing a rotary evaporator according to ASTM D5404.
Before batching, all extracted binders were mixed to
achieve consistent characteristics in the RAP binder. The
RAP binder's performance grade (PG) was determined to
be 94 and -4 °C. The RAP binder content was found to be

5.72 percent. Table 1 shows the characteristics of the RAP
binder used in this study. The findings of physical testing
of RAP demonstrate that it has a stiff character. The low
penetration and ductility values demonstrate this.

Table 1. Physical properties of aged binder.
Property Value Specification

Standards

Penetration at

25°C, 5s, (0.1 mm) L ctell

ASTM D5-20 [26]

Softening point (°C) 759 4852  ASTM D36-14 [27]
?c:rc];"'ty a2s’c, 45 >100  ASTM D113-17 [28]
Flash point (°C) 759 4852  ASTM D36-14 [27]
Specific gravity 1.07  1.0-1.05  ASTM D70-21 [29]

2.1.2. Aggregates

Limestone aggregate was used as the virgin natural
aggregate in this investigation. Table 2 shows the
gradation of aggregate, and the prescribed gradation was
following ASTM D3515.

2.1.3. Crumb rubber (CR)

CR with a maximum particle size of 0.157 mm (#80) was
used for this experiment. It's important to mention that
the CR was obtained from end-of-life tires using an
ambient process.

2.1.4. Waste engine oil (WEO)

The WEO employed in this investigation was a 4,000-
kilometer-use synthetic 5W20 gasoline oil. WEO had a
kinematic viscosity of 0.041 Pas (ASTM D-4402) at 135 °C
and a flash point of 265 °C (ASTM D-92).

2.2. Preparation of WEO-CR rejuvenator

WEO was initially heated at approximately 170 °C. The CR
was gently combined with the WEO and sheared at 5000
rom for 60 mins [30]. The percentage of WEO and CR of
total weight of the compound rejuvenator was estimated
to be 77% and 23%, respectively. Numerous samples
having varying percentages of WEO and CR were
examined by a trial-and-error procedure to determine the
correct WEO-CR ratio. The production process of the
WEO-CR rejuvenator is shown in Figure 1.

Table 2. Gradation of aggregates and specification

SEERAE Passing% Specification
25.40 mm 100 100
12.50 mm 924 80-100
9.50 mm 72.6 60-80
4.75 mm 50.3 48-65
2.38 mm 39.7 35-50
0.60 mm 255 19-30
0.30 mm 16.8 13-23
0.150 mm 8.2 7-15
0.075 mm 4.9 3-8
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WEOQ-CR rejuvenator

Figure 1. Process of production of WEO-CR rejuvenator.
2.3. Preparation of rejuvenated binder samples

To prepare the rejuvenated binders, the 100% RAP binder
content was heated up to 140 °C before being combined
with the rejuvenated WEO-CR for 15 minutes in a high-
shear blender at 1000 rpm. The WEO-CR rejuvenator was
mixed with the RAP binder at various doses (3%, 6%, 9%,
and 12% by weight of the RAP binder). Figure 2 shows the
production process of rejuvenated asphalt binder
samples.

High-shear

mixer

WEOQ-CR rejuvenator

‘WEO-CR Rejuvenated hinder

Figure 2. Process of production of the rejuvenated binder.
2.4. Preparation of asphalt mixtures

At 163 °C, rejuvenated binders comprising 100% RAP
were mixed with natural limestone aggregate with a
maximum nominal size of 12.5 mm (ASTM D2493). The
mixture was left to cool down to a compaction
temperature of 153 °C (ASTM D2493). The Marshall mix
design showed that the optimum bitumen content was
6.02 % which achieved 4.0 % air voids in the overall
volume of the mixtures. The optimum asphalt content
and the volumetric properties for all HMA samples are
shown in Table 3.

Table 3. Optimum asphalt content and volumetric properties of
each mixture type.

Volumetric properties

Ve e Optimum Totall voids S
asphalt in mixture
(gm/cm?)
content % %

Control Mix 6.02 4.00 2.43
100%RAP 6.02 3.94 2.45
100%RAP+3%WEO-CR 6.02 4.02 2.46
100%RAP+6%WEO-CR 6.02 4.05 2.44
100%RAP+9%WEO-CR 6.02 4.06 2.43
100%RAP+12%WEO-CR 6.02 4.10 2.42
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3. Methods
3.1. Temperature susceptibility assessment

Penetration index (PI) and penetration viscosity nhumber
(PVN) methods were used in this study to evaluate the
effect of WEO-CR addition on the temperature
susceptibility of rejuvenated asphalt binders. The Shell
Bitumen Handbook [31] shows how to calculate Pl using a
traditional technique, as shown in Equation 1 beneath.
Using the results of penetration and viscosity
experiments, the PVN method is used to assess the
temperature susceptibility of binders. Equation 2 [32] is
used to calculate PVN.

__ 1950-500xlog(Pen)—20 XSP

PI 50 xlog(Pen) —SP—120 (1)
PUN = 1.5 x (4.258—0.7967 Xlog(Pen)—log(V)) (2)
0.7951-0.1858 xlog(Pen)

Where;

Pen denotes the penetration at 25°C,
SP denotes the temperature of softening point,
V denotes the viscosity at 135°C in centistokes.

It should be stated that the low-temperature cracking is
more likely in asphalt mixes consisting of binders with low
Pl values. Most acceptable paving binders have PI values
from +1.0 to —1.0. In terms of the temperature sensitivity
of binders, higher Pl values indicate greater performance.
On the other side, PVN values for asphalt binders typically
range from +0.5 to -2.0 [32]. The temperature sensitivity
of the binder increases as the PVN value decreases.

3.2. Marshall test

Marshall testing is used to determine the appropriate
asphalt composition as well as the mixture's properties.
This test is performed to measure the stability of the
asphalt mixture and the deformation (flow). The
capability of asphalt mixes to tolerate loads up to plastic
discharge is indicted by stability. The load causes a change
in form until it approaches the collapse limit, which is
known as flow.

3.3. Indirect tensile strength test

The Indirect Tensile Strength test of asphalt mixes is
performed by applying a load vertically to the cylindrical
specimen's diameter at a specified rate of deformation
and temperature. The highest load at the time of failure
is utilized to calculate the indirect tensile strength of
asphalt mixture. This experiment is also used to assess the
quality of the asphalt mixture and to detect the possible
water damage when the test results are acquired from
separate specimens, especially when the test specimen is
submerged and not soaked. This test was carried out at
25 °C according to the ASTM D6931-2017 [33].
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3.4. Wheel-Track testing

The wheel tracking device is conducted to measure the
resistance of asphalt mixtures to deformation of the
wheel path, it also simulates traffic loads or vehicle wheel
load on the asphalt surface until deformation occurs in
the wheel path. Wheel path deformation is common on
asphalt pavements, particularly in tropical regions. In this
experiment, the HMA sample tests were tested at 50°C.
The instrument has a wheel load of 0.705 kN and travels
across the HMA sample's surface to make 10,000s passes.
This test was run per the AASHTO T324-11 [34].

4. Results and Discussion
4.1. Physical properties of asphalt binder samples

Figures 3, 4, and 5 depict the penetration, softening point,
and ductility of the virgin, RAP, and rejuvenated binder
specimens. It can be observed, adding the RAP binder to
a virgin binder enhances the stiffness, which makes the
binder less susceptible to temperature owing to a the
higher asphaltene content. Furthermore, the aromatics in
the WEO-CR rejuvenator led to the development and
incorporation of the asphaltene diffusion medium, which
acts as a lubricant in the colloidal structure [15]. As a
consequence, aromatics can reduce viscosity and soften
asphalt binders. Furthermore, lowering the aromatic
dosage reduces the penetration and ductility while
increasing the softening point in virgin asphalt binder
integrating RAP binder. Nevertheless, the characteristics
of the RAP binders can be improved by utilizing the WEO-
CR rejuvenator. WEO-CR rejuvenator can reduce the
aging impact of RAP binders by decreasing the stiffness
caused by oxidation and the interaction of the binder
polar molecules. Further, the addition of the WEO-CR
rejuvenator to the RAP binder increased penetration and
ductility while decreasing softening point, shown in the
figures, and the effects were more pronounced as the
WEO-CR rejuvenator concentration increased. It can also
be observed that the 9% content of WEO-CR yielded the
optimum content that can restore the properties of the
aged binder.

Penetration of Virgin of Bitumen (60/70) = 60 to 70
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Figure 3. Penetration values of asphalt binder samples.
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Figure 4. Softening point values of asphalt binder samples.
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Figure 5. Ductility values of asphalt binder samples.

4.2. Temperature susceptibility assessment

Table 2 shows the Pl and PVN values for the virgin, RAP,
and rejuvenated binders. The results showed that the
100% RAP binder had the lowest values for Pl and PVN,
indicating that this binder is brittle, susceptible to
cracking in cold climates, and rutting in hot climates.
Furthermore, at 135°C, such binders have a low viscosity,
which lead to tender mix issues (like instability, distortion,
and rutting) during compaction under traffic loads [35].
On the other side, Table 4 exhibits that the RAP binders
containing 3%WEO-CR and 6%WEO-CR had the highest
values of PI and PVN, respectively. This indicates that
these binders are the least susceptible to temperature.

Table 4. Pl and PVN values of asphalt binder samples.

Asphalt type Pl PVN
Virgin binder +0.29 -0.18
100%RAP -0.59 -0.21
100%RAP+3%WEQO/CR +0.38 +0.14
100%RAP+6%WEQO/CR +0.20 +0.23
100%RAP+9%WEO/CR +0.34 -0.08
100%RAP+12%WEO/CR +0.16 -0.18
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4.3. Marshal stability and flow

The results of Marshall stability and flow of virgin, RAP,
and rejuvenated HMA samples are shown in Figure 6 and
Figure 7, respectively. Both graphs indicated that the RAP
caused an increase in instability and a decrease in flow
with the addition of a 100% RAP binder. This shows that
RAP can boost the loading efficiency and the deformation
resistance of the asphalt mixture. The enhancement was
attributed to the brittle nature of the RAP, but it should
be highlighted that it could be detrimental for asphalt
mixtures at low and intermediate temperatures.
Nevertheless, the finding is in agreement with the study
of Moghadas et al. [36].

The addition of the WEO-CR rejuvenator also seems to
have positively influenced the specimens’ performance as
shown in Figure 4 and Figure 5. This could be due to the
higher elasticity of the compound rejuvenator when
compared to the conventional mix, which also means that
the rejuvenated HMA mixture can sustain higher loading
and better resistance to deformation (flow). However, it
is worth noting that, even with an increase in the content
of the WEO-CR rejuvenator, the addition of RAP had
increased the stability and decreased the flow of HMA
samples, this is the main benefit of incorporating RAP into
asphalt mixtures.
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Figure 7. Flow values of HMA samples.

4.4. ITS of HMA samples

The HMA samples for the ITS test were produced with 4%
voids, and the experiment was carried out following
AASHTO T283. Figure 8 depicts the ITS results at 25 °C,
where the ITS for the asphalt mixture incorporating 100%
RAP was 2 times greater than the control mix (virgin
mixture). The greater the ITS value, the stiffer and more
viscous the RAP asphalt binders are. This finding is
comparable to that of Eltwati et al. [37], who determined
that RAP had a considerable influence on ITS, with larger
RAP concentrations producing higher ITS values.

It can also be seen that the addition of a compound
rejuvenator decreased the ITS values of HMA samples.
The increases in the content of WEO-CR led to decrease
ITS values of mixtures. This indicates that the rejuvenator
decreased the ITS value by lowering the viscosity of the
aged asphalt binder in the RAP. However, the ITS value of
rejuvenated HMA samples was higher than the control
mix (925 kPa). This conclusion was congruent with the
findings of Eltwati et al. [38], who observed that the waste
engine oil lowered the ITS value.
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Figure 8. ITS of HMA samples.
4.5. Rutting resistance of HMA samples

Figure 9 illustrates that adding 100%RAP binder to the
asphalt mixture increased the rut resistance of HMA
samples. Rut depths was 0.91 mm for asphalt mixes
containing 100% RAP. Because of the substantial amounts
of carbonyl molecule in the RAP binder, the HMA samples
containing 100% RAP had the lowest rut depth compared
to all other HMA samples. This behavior is similar to the
observations of Enieb et al. [39], who reported that high
amounts of carbonyl in the aged binder lowered rutting
depth.

It can be observed that the inclusion of the WEO-CR
rejuvenator reduced the rut resistance of HMA samples.
In addition, the increase in the amount of rejuvenator into
asphalt mixtures led to increase in the rut depth of the
sample. The content of the 12%WEO-CR rejuvenator had
the highest rut depth compared to other samples. This
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finding is in line with the findings of Eltwati et al. [37], who
determined that rutting resistance of WEO-rejuvenated
mixtures was better than the conventional mixture. The
reduction in rut resistance for asphalt mixes containing
100% RAP and rejuvenator was caused by the WEO, which
softened the RAP mixture.
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Figure 9. Rutting resistance of HMA samples.
4.6. Cost analysis

The cost of recycled HMA mixes containing WEO and CR
was determined using cost analysis. Materials, plant
production, transportation, and processing were the
most important cost components identified by a previous
study [40] for asphalt manufacture. Materials are the
most expensive component, accounting for 70% of the
total cost of HMA production [41]. Only materials like
virgin aggregates, asphalt binder, RAP, WEO, and CR were
priced in this analysis according to their usual pricing.
Table 5 shows production costs per kg of HMA based on
the virgin mixture and 100RAP+9%WEQ/CR data. Because
of the inclusion of RAP and WEO-CR in the mix, the price
of asphalt mixes was reduced by 37.50 percent. The
rejuvenated mixture (100RAP+9WEO-CR) is priced
$26.76/ton, while the control Mix is priced at $42.85/ton,
on the cost assessment. 100%RAP, on the other side, is
significantly less expensive than a control Mix. However,
due to their stiffness, which creates durability concerns,
they cannot be included in the road surface, particularly
as they aged.

Table 5. Cost analyses of asphalt mixture samples.

Materials (F;;'Ifge) COI\'/‘I?;O' 100% RAP ;\?VOEF?/PC;
Virgin binder 0.48 23.85 - -
Virgin aggregates 0.02 19.00 - 19.00
RAP binder 0.006 - 6.00 6.00
WEO 0.20 - - 1.39
CR 0.18 - - 0.37
Total cost (S/ton) - 42.85 6.00 26.76
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5. Conclusion

The current study used a research strategy that included
a series of physical and chemical experiments to
investigate the impacts of the WEO-CR on the
characteristics of aged asphalt. In addition, the
mechanical characteristics of HMA samples were tested.
Based on the findings of the empirical investigation and
subsequent discussions, a number of conclusions were
established.

e The physical assessment of asphalt binder
samples showed that the rejuvenator restored
the properties of the aged binder, bringing them
closer to the virgin binder. (60/70 penetration
grade).

e The temperature susceptibility evaluation of
binder samples showed that 100% RAP binder
was susceptible to temperature variations.
However, the incorporation of the content of 6.0
to 9.0% of WEO-CR to the aged binder improved
the temperature susceptibility of the binder
sample.

e WEO-CR was shown to improve RAP mixture
performance in terms of Marshall tests, ITS, and
rutting resistance. The performance of
rejuvenated mixtures was even better than the
virgin mixture.
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e 50% more compression stress occurs in the A-type sleepers
compared to N-type
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strength

e 25% higher stresses occur in A-type design than N-type
design under Fr0.05 load
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1. Introduction reinforced concrete sleepers are the most widely used,
popular type of sleeper that can be produced in many
The components of classical ballasted railways are countries shown in Figure 1 [2].
categorized as superstructure and infrastructure. As
shown in Figure 1, while the rails and the sleepers are
"superstructure” components; the ballast and the
formation layer are ‘infrastructure" components.
Sleepers are of great importance in protecting the road
geometry and transferring the loads and vibrations taken
from the rails to the infrastructure by damping [1].
Although wooden and steel sleepers were used in rail
systems in the past, today the most widely used sleeper
type in the world is the reinforced concrete sleeper.
Among the reinforced concrete sleepers, pre-stressed

components
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In Figure 2, the most widely used production methods of
these pre-stressed reinforced concrete sleepers in the
world are presented. With the long-line production
process as shown in Figure 2.a, pre-stressed main-line
sleepers and turnout bearers can be produced in the
desired cross-section and length, including rectangular
sections. Mold plates and accessories used in this process
are easily available. As can be seen in Figure 2.a; High-
capacity pre-stressing equipment is needed to keep the
pre-stressing force strong along the tens of meters long
production line. Produced concrete blocks, depending on
the factory capacity, are cut in desired intermediate
lengths. Therefore, it is practical to produce turnout
bearer sets containing different lengths of sleepers. In this
process, HTS (high tensile strength) class pre-stressing
strands (tendons) are used, which can be obtained easily
and at a low cost in the market. In addition to the ease of
supply, these strands are self-ribbed and do not require a
special process, anchoring equipment, or labor for their
use, providing significant advantages in sleeper
production cost.

The carousel process is given in Figure 2.b requires high
automation. In this process, a cyclic process is carried out
in the form of “cleaning of sleeper molds-assembly of
connection materials-pre-processing-concrete placement
- rotating disassembly-cleaning of sleeper molds”. In this
system, steel molds are usually used that serve to
produce 2 or 4 sleepers together and are strong enough
to meet the pre-stress force. In this way, 2-4 sleepers in
each cycle are prepared for the curing process. In this
process, the used molds bear the pre-tensioning force
until the concrete is cured, so sleeper molds are needed
for about 14 hours production process. Unlike the long
line process, the HTS rods in this process must be
subjected to special workmanship such as screw-cutting,
bending, mounting the anchor plates, etc. depending on
sleeper sizes and production process. With the carousel
system, the pre-stressed sleepers can be produced with
pre-tensioned or post-tensioned processes. But the
carousel system is not feasible for turnout bearers since
the connection material positions and sleeper lengths of
the turnout bearers vary greatly. According to the results
of the tests performed on the sleepers with various
reinforcement and anchorage structures given in Figure 3;
It is stated that the ultimate strength of sleepers in fatigue
tests is higher with the use of anchored and/or a larger
number of reinforcements usage [3]. Pre-stressed
sleepers can be produced differently from these systems
and even with various reinforcement numbers or
anchorage processes. More reinforcement number usage
has a bigger bonding surface, also ribbed surface
produces smaller or no anchor plate usage. A bigger
anchor surface produces smaller early concrete strength
and longer fatigue life.
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Figure 2. Common production methods of pre-stressed
reinforced concrete sleepers: a. Pre-stressed sleeper production
with long-line system b. Pre-stressed sleeper production with a
carousel system

, . NN TN
Figure 3. Various reinforcement and anchorage mechanisms in
carousel sleeper production system a. Without ribbed-with
anchor plate, b. Ribbed-with anchor plate, c. Ribbed-without
anchor plate [3]

In pre-stressed sleepers, the reason for applying the pre-
stress is to prevent or limit bending cracks in service [4].
As it is known, tensile stresses occur in structural
elements under simple bending. Since the tensile strength
of concrete materials is low to be neglected, steel-
reinforced concrete structures have been developed. In
reinforced concrete elements, the concrete material
needs to be deformed to meet the tensile stresses by
engaging the reinforcements, and cracks are inevitable
when the deformation level in the concrete increases. In
pre-stressed designs, before the service loads affect the
structural element, pre-stressing compression is provided
to the element over the reinforcements. This pre-
compression capacity eliminates the tensile stresses
"partially" or "completely" [1]. The phrases "partially" and
"completely" in this definition make great differences in
terms of product performance. Early pre-stressed
concrete designers focused on eliminating tensile stresses
in structural members. This design method is called a
"fully pre-stressed" system. However, loads above the
calculated design load may occur in the elements that
cannot be fully predicted (such as railway sleepers). Also,
it is quite complicated to predict whether tensile stress
occurs in the concrete section, depending on the
distribution variability of the minimum and maximum
moment occurring along the cross-section. Therefore,
either complex and expensive sections are used or the
pre-stressing force is increased to stay in the safe zone [5].
As the experience of pre-stressed systems increases, it
has been seen that the elements to be designed between
the classical non-pre-stressed system and the fully pre-
stressed system offer many advantages. These systems,
where tensile stresses in concrete are allowed at a
specified level under full-service load, are called "partially
pre-stressed" designs. With this method, a more
economical design can be applied with smaller cross-
sectional areas and less reinforcement can be used. Also,



Cecen & Aktas

JInnov Trans, 3(1), 16-28

under ultimate load, partially pre-stressed systems show
higher ductility than fully pre-stressed systems and can
absorb more energy against high dynamic loads such as
earthquakes or explosions [6].

Today, the partially pre-stressing design philosophy
explained above is applied in pre-stressed railway
sleepers. In the pre-stressed railway sleepers, as long as
the train does not affect the road, there is a pre-stressing
compression continuously acting towards the sleeper
center. Thanks to this additional capacity, no cracks occur
in the sleeper (invisible because tensile stresses occur, but
it does not exceed the crack resistance) up to the fatigue
design load (Fr0). While the train is affecting the road, this
compression decreases repeatedly towards zero and if
the impact load is more than the pre-stressing capacity
(decompression load), it starts to increase as a negative
(tensile stress) [1]. Despite the advantages mentioned
above, partially pre-stressed members reaching their
fatigue limit under repetitive reversible loads can be a
cause for concern. Cracks are formed in the partially pre-
stressed elements under the effect of the first dynamic
loads, and in the following dynamic loads, cracks with a
lower value than the first appear again. Although it is
predicted that in fully pre-stressed uncracked sections,
the pre-stressing force (due to the stretching of the
concrete, relaxation of the reinforcement, etc.) will
decrease by approximately 14%, this value is quite high in
the cracked sections [6]. For these reasons, sleepers
produced with the partially pre-stressing process are not
desired to be exposed to loads higher than the fatigue
design load (Fr0), and according to standards such as EN
13230-1/ 2 on railway sleepers, loads above this limit are
called exceptional (Fr0.05), so that a very small number of
them allowed in the service life [7]. Because under these
repetitive reversible loads, early fatigue and higher
capacity losses are seen [1].

In the literature, there are many studies on the
comparison of the impact loads on the railway with the
pre-stressing capacity of the sleepers, and also on the
insufficiency of the capacity of the existing sleepers, a
sample study is presented in Figure 4 [8]. When trainloads
affect the partially pre-stressed railway sleepers, the pre-
stressing capacity is reached first (decompression), then
the first cracks become visible after a little more load is
carried due to the cracking resistance of the concrete
section (Frr). As can be seen from Figure 4, before the
cracking load of the partially pre-stressed sleepers starts,
the pre-stressing capacity is used up and the
"decompression" load is exceeded. After this load value,
firstly elastic and then plastic deformations are observed
in concrete and reinforcement. Also, as can be seen from
Figure 4, the record of the loads exceeding the pre-
stressing capacity is quite higher than the allowed
capacity of standards, and even in the short period of 12
months, the number of loads exceeding the cracking load
reaches tens of thousands. Like this study, various field
measurement studies have been carried out on railways
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in recent years and the adequacy of the sleeper design
loads calculated with empirical approaches in the past has
been questioned. Indeed, it will not be fully correct to
compare field record peak values with the static and
fatigue test results of existing sleepers. Because the
characteristics of the real railway conditions such as strain
rate, load duration, and support conditions are greatly
different from the tests in question. On the other hand,
depending on the railway operating capacity, the number
of load repetitions is also quite high, and there are
different effects in different parts of the sections and
continuous changes in the forced sections. So, the service
life is highly predicted to decrease under these high
magnitude impact loads. Meanwhile, the real cracking
mechanics of the railway sleepers need to be examined in
more detail with special analysis methods that include the
real load characteristics of railways.

Figure 4. The cumulative frequency of the load values that
create decompression and crack initiation in sleepers according
to railway field measurement records [8]

The applied partially pre-stressing compression to the
sleepers and the use of corrosive steel reinforcements
bring many disadvantages, even in the most modern
designs. For this reason, cracks that progress gradually
(and completely or partially closed with the effect of pre-
stressing force after the train passes) cannot be
prevented in the sleepers. With the effect of these cracks,
the concrete is damaged and the pre-stress force
decreases, and the chlorine ions penetrating the concrete
cause corrosion in the pre-stressing steel. Therefore,
sleeper life ends before the planned (40/50-year) service
life [9]. While corrosion can occur even when there is no
crack in reinforced concrete structures, it becomes easier
to occur with the formation of cracks. And it’s well known
that a material’s corrosion susceptibility changes
significantly after being pre-stressed or bent, and cyclic
loading of a material accelerates stress-induced corrosion
cracking. Also, the diameter of the used reinforcement for
pre-stressing is smaller than the conventional system. For
this reason, a small amount of local corrosion or a thin
layer of corrosion causes a significant decrease in the
reinforcement cross-sectional area and consequently, it
breaks [6]. There are various studies in the literature on
corrosion damages occurring in pre-stressed railway
sleepers [10].
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In this study, B70 type pre-stressed concrete railway
sleepers, have been investigated with the positive
moment determination tests at the rail seat with
progressive failure observations according to EN 13230-
2:2016 standard. After tests, detailed cracking, failure,
and fatigue analyzes under increasing test loads were
performed with ANSYS® finite element analysis results for
both types of pre-stressed sleepers. The results obtained
through the analysis have been compared with the actual
field measurement results, which have become more and
more popular in the world in recent years. In this
direction, various suggestions have been made for the
development of the concrete railway sleeper models.

2. Material and Method

2.1. B70 type railway sleepers and positive moment
determination test procedure

The descriptive codes of the reinforced concrete sleepers
developed and expanded in Germany contain a number
after the letter B. The letter B stands for concrete and the
number after the letter represents the design year of the
sleeper [11]. The curing process of manufactured B70
type sleepers and fresh concrete samples was carried out
following EN 13230-1:2016. After the curing period of 28
days, the sleepers were subjected to the "static positive
moment determination tests at the rail seat", which is
given the test setup and loading procedure in Figure 5 per
EN 13230-2:2016. In this standard, the conditions of static
loading positive moment determination test on the rail
seat to be applied in the acceptance and design of pre-
stressed sleepers are given [7]. In the test phase, the
support distance is 60 cm. Loading is carried out until the
first crack is detected (Frr) or up to the load value
determined by the railway establishment (Fr0). Then, the
load is increased by 10 kN and kept constant for 10
seconds to 5 minutes, then the load is removed and the
crack is checked with a lens. In this way, when the load is
removed with 10 kN increments, if a plastic crack above a
thickness of 0.05 mm is detected, the second recording
data (Fr0.05) of the experiment is found. Finally, by
continuing the loading-unloading procedure, the breaking
load (FrB) is recorded, where the section cannot carry
more load [12].

2.2. Finite element modelling for cracking mechanics
analysis

ANSYS® 2020 R1 software, which is widely used
worldwide, was used in the finite element analysis
conducted within the scope of this study. In sleeper
modeling, only half of the whole body affected by the test
supports was modeled using the "symmetry" feature in
the ANSYS Mechanical module, and thus analyzes was
easily performed. In concrete material modeling,
"Concrete NL" material from the "non-linear engineering
materials" in the material library and the Drucker-Prager
model from the "GeoMechanical" material models in the
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toolbox menu were used. In finite element analysis, 3
methods are widely used in modeling the reinforcement.
These are the assumption of smeared reinforcement
based on the reinforcement cross-section ratio, the
embedded reinforcement assumption, where the
reinforcement is assumed as axle elements combined
with concrete, and the discrete reinforcement
assumptions made up of completely separate elements.
In this study, apart from these three models, separate
modeling, which provides a more detailed analysis, was
applied as shown in Figure 6. Thanks to this model, is
better than the discrete reinforcement assumption,
which is shown as the most effective of the common
reinforcement models; Instead of one-dimensional
"truss" elements, three-dimensional "solid" elements
were used and all the loads that the reinforcement would
be subjected to were taken into account. As can be seen
in Figure 6, in the finite element analysis, two different
production methods with ribbed-reinforced and plane
reinforced-anchor plated sleeper types are modeled and
detailed stress and deformation characteristics are
analyzed mutually. The issue of mesh overlap, which is of
great importance in reinforcement modeling in a ribbed
design, is provided with the shared topology option in the
SpaceClaim® software that comes with the ANSYS
program. For the anchor-plated model, frictionless
contact modeling was applied without sharing the
topology between the reinforcements and concrete, and
full adherence was applied by modeling "bonded contact"
only on the reinforcement-anchor plates-concrete

contact surfaces.

(left) and static test procedure (right) (left
figure; 1: rigid support, 2: articulated support, 3: resilient pad, 4:
sleeper, 5: standard rail pad, 6: tapered packing, 7: lateral stop
and base plate (figure on the right; 1: load, 2: time, 3: crack
control, 4: loading speed limit 120 kN / min, 5: standby time (10
seconds-5 minutes)) [7]

Figure 5. Test setup

To create stress-strain curves for HTS class steel
reinforcement, the yield strength values of 1585 MPa and
tangent modulus 2628 MPa were entered in the "bi-
linear" material properties section of the Structural Steel
NL material in the ANSYS material library. In the modeling
of the pre-stressing force, the "inistate" command of
ANSYS software was used. Before the test load is affected,
a separate "load-step" is created and pre-deformation is
given in the direction of the reinforcement axis. In the
tested B70 type sleepers, 4 pieces of HTS class steel
reinforcement with a diameter of 9.4 mm were used.
Approximately 75.53 Newton pre-stress force is applied
to these rods, and approximately 1090 MPa pre-stress
compression is provided in each reinforcement. ANSYS
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Solid 186 and Solid 187 element types were preferred for
modeling both concrete elements and reinforcements.
These high-quality elements have 3 dimensional, 20
points, and quadratic deformation capability and are
recommended for detailed analysis. These 20 separate
points have freedom in 3 axes and offer advantages of
plasticity, hyper elasticity, creep, large deflections, pre-
stressed design, and layered composite modeling [13]. To
fully obtain the advantages specified from Solid 186-187
elements and to avoid convergence problems, a “hex-
dominant” (hexagonal) mesh configuration was applied
as suggested in the literature and shown in Figure 6 [14].
Finite element mesh sizes have a significant effect on
higher or lower stress results. The use of a smaller mesh
size reduces the energy distribution, so it can show the
breaking load less than it is, however, the use of a bigger
mesh size can show the breaking load higher than it is
because it reduces the crack development [15]. After the
mesh operation is done, the evaluation criteria should be
accessed under the “mesh metric” line in the “statistics”
section. At this stage, the "skewness criterion" is the most
widely used and valid. A skewness value up to 0.94 can be
accepted, but if it is above this, a poor-quality mesh can
be mentioned [16]. In analyzes, the mesh quality was
calculated by ANSYS as 0.686 for the ribbed design and as
0.234 for the un-ribbed design in terms of "skewness",
and analyzes were continued, seeing that they are of
sufficient quality. The higher mesh quality of the un-
ribbed design is due to the lack of reinforcement-concrete
topology sharing.

Figure 6. Finite element mesh modeling of two different pre-
stressed sleeper types; ribbed-reinforced type (left) and plane
reinforced-anchor plated type (right)

It is of great importance to define the support conditions
correctly during the sleeper tests to obtain an accurate
and unique solution. In EN 13230-2 tests, the bearings
have a rectangular contact surface that can rotate in the
bending direction, with a width of 10 cm, and also plastic
interfaces are used to reduce local crushes [7]. In this
context, simulation analyzes were carried out for various
support conditions. It was observed that the more
accurate support condition, which gives the same results
as the applied experiments, is "remote displacement"
supports of 10 cm width that allow horizontal (UY)
movement and rotation in the X-axis on both supports.
Also, it was decided to apply a "remote force" condition
in which only vertical (UZ) movement is allowed on the
rail support with the hydraulic press loading assembly and
"deformable" interfaces instead of "rigid" intermediate
elements in all three interfaces. As given in Figure 7; In
both remote displacement and remote force applications,
contact surfaces are modeled not in the "line" form,
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which is frequently encountered in practice, but real area
(surface) definitions of 10 cm width are made and more
realistic results are obtained. To obtain detailed results
with non-linear modeling during analyzes, the "large
deflections" setting was turned on in the analysis settings.
Also, to prevent convergence error, the applied load is
increased not in one step, but in 20 stages (load steps),
and these stages are divided for the second time with a
minimum of 3 "sub steps". In this way, the stiffness matrix
in each stage is updated before moving to the next load
stage [17]. During analyzes, the non-linear Full Newton-
Raphson iteration procedure and automatic time
stepping were set, allowing the stiffness matrix to be
updated at each iteration. After all these adjustments, the
solution time of the software has increased considerably.
However, in this way, ANSYS software was able to predict
and control the new loading steps based on the past
solution records and advance the load steps per the
accuracy of the convergence graph.

Figure 7. Modeling of support and loading conditions of static
test setup in accordance with EN 13230-2.

3. Findings
3.1. Experimental test results

During the sleeper production, 150x150x150 mm cube
and 150x300 mm cylinder samples were taken from the
pre-stressed  reinforced concrete sleepers, and
compression and splitting tensile tests were performed.
Test results and used other parameters in ANSYS finite
element analyzes are presented in Table 1. The
compressive strength result of concrete was determined
68.0 MPa which is C50 / 60 class in accordance with the
TS EN 206-1 standard [18]. So, in finite element analyzes,
the 50 MPa value was entered as characteristic
compressive strength. According to the test results given
in Table 1 and TS 500: February 2000 equation 3.2, the
elasticity module of the concrete was calculated as 36981
MPa [19]. The characteristic splitting tensile strength of
concrete was calculated as 4.16 MPa in accordance with
TS EN 206-1 standard from the splitting tensile test results
with an average value of 4.66 MPa and the direct
(uniaxial) tensile strength is calculated as 2.77 MPa by
dividing this value by 1.5 [19]. The Poisson's ratio is equal
to a constant value as long as the strains remain within
elastic limits. This value is approximately 0.15 - 0.20 for
concrete [20]. In the literature, there are studies on the
use of a 0.25 value for beam elements under bending [17].
The Poisson’s ratio of concrete has an important effect on
the correct calculation of the reinforcement stresses, and
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in this study, the average value of 0.25 was used
considering the bending load of the sleepers during the
tests and the lower trapezoidal sleeper section
dimensions. Obtained load value-crack thickness
measurements with lens and crack width gauge after each
loading step are presented in Table 2 and sample test
visuals are presented in Figure 8-Figure 12. The crack
development mechanism in the figures is shown in blue
for cracks that are closed after the load is removed, and
in red if a permanent crack of 0.05 mm or more remains
after the load is removed. As can be seen; the first crack
observation (Frr) in sleepers occurred in the 190-210 kN
range. After the loads at this level are removed, the cracks
close again with the effect of the pre-stressing
compression. The first crack formation load value is
important in proving the adequacy of the pre-stressing
compression in pre-stressed sleepers, and it is routinely
checked with random samples taken from the daily
production of factories. The next part of the test is
referred to as "design approval tests" and does not
require routine control without process changes [7]. The
second design parameter requested in EN 13230-2 is the
load value at which a 0.05 mm permanent (plastic) crack
occurs (Fr0.05), and the last parameter is the breaking
load (FrB), as can be seen in Figure 5 [7].

Table 1. Cube and cylinder concrete test results and finite
element model parameters

Concrete parameters Results
Compressive strength test result (average) 68,0 MPa
Concrete compressive strength class (EN 206-1) C50/60
Concrete characteristic compressive strength (fck) 50 MPa
Initial elasticity modulus of concrete (TS 500) 36981 MPa
Poisson’s ratio of concrete (from literature [17]) 0,25
Splitting tensile strength test result (average) 4,66 MPa
Characteristic tensile strength (EN 206-1) 2,77

' -
Figure 8. First crack formation (Frr = 190 kN) and permanent
crack load (Fr0.05=300 kN) after the test load is removed

Figure 9. Cracks occurred at the first crack formation load (Fr, =
210 kN) and permanent crack load (Fro0s=290 kN) after the test

load is removed
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Table 2. EN 13230-2 Static loading positive moment
determination test results at rail seat
Test / measurement parameters Results (kN)

First crack formation (Frr) 205
First crack onset after 230 kN load 190
First crack onset after 240 kN load 160
First crack onset after 250 kN load 150
First crack onset after 260 kN load 130
First crack onset after 270 kN load 130
First crack onset after 350 kN load 70
First crack onset after 360 kN load 70
Permanent crack of 0.05 mm (Fr0,05) 288
Permanent crack of 0.20 mm 300
Permanent crack of 0.35 mm 330
Permanent crack of 0.50 mm (Fr0,5) 350

=

Figure 10. Cracks occurring under 380 kN static ioad, while the

test load continues to act

Figure 11. Permanent crack levels occurred under the effect of
various test stages and the change in the first crack formation
load under the effect of increasing loads

Figure 12. Cracks in the sleeper after 430 kN breaking load (Frg)

3.2. Finite element analysis results

Analyzes were performed on two major types of B70
sleepers. The first one is the sleeper containing ribbed
reinforcements without an anchor plate and will be
referred to as "N-type". The second type is an anchorage
plated sleeper containing un-ribbed reinforcements and
will be referred to as "A-type".
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3.2.1. Stresses in concrete and reinforcement under the
effect of pre-stressing force

The equivalent stress distribution in the concrete and
reinforcements for the N-type sleeper under the effect of
the pre-stressing force is shown in Figure 13. As is seen in
this figure, approximately 1135 MPa equivalent tensile
stress occurs in the reinforcement due to the pre-
stressing force. This value coincides with the previously
calculated 1090 MPa pre-stress strength for physical
applications. Local stress concentrations are largely
minimized since the topology is shared during the
geometry arrangement. In finite element analyzes that
require more detail, it is possible to completely prevent
stress concentrations by making local mesh settings
(refinement, etc.) of the mesh sizes at the contact
locations of concrete and reinforcement. As is seen in
Figure 13, after the pre-stressing process, while the
compression stresses exceed 40 MPa near the concrete-
reinforcement contact surface, this value decreases to
approximately 7.2 MPa in the upper compression lobe
and shows the minimum value at the bottom face
because of the B70 type sleepers’ trapezoidal cross-
section. As can be seen from Figure 15, where the
equivalent stress distribution for this location is given,
there is only 5.7 MPa compressive stress at this location.

A:B70 sleeper static test
Equivalent Stress 4

Type: Equivalent (von-Mises) Stress
Unit

ime:
Deformation Scale Factor: 1.0 (True Scale)
22.11,2020 0807
306Mx
1228
1149
1071
924
914
8355
7571
6787

.......

0.0 50,00 100,00 (mm)

75,00 i
Figure 13. N-type sleeper equivalent stress (MPa) distributions
of concrete and reinforcements after pre-stressing

25,00

The equivalent stress distribution in the concrete and
reinforcements for the A-type sleeper under the effect of
the pre-stressing force is shown in Figure 14. As is seen in
this figure, approximately 1127 MPa equivalent tensile
stress occurs in the reinforcement due to the pre-
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stressing force. This value coincides with the previously
calculated 1090 MPa pre-stress strength for physical
applications. As can be seen in Figure 14, the stresses
seem higher than normal at some contact points where
the reinforcement transfers load to the anchor plates. As
stated before, in detailed finite element analyzes, it is
possible to prevent stress concentrations with local mesh
settings at contact locations. As is seen in Figure 14, after
the pre-stressing process, while the compression stresses
exceed 40 MPa near the anchor plate contact surface, this
value decreases to approximately 7.5 MPa in the upper
compression lobe and shows the minimum value at the
bottom face because of the B70 type sleepers’ trapezoidal
cross-section. As can be seen from Figure 15, where the
equivalent stress distribution for this location is given,
there is only 5.2 MPa compressive stress at this location.
Considering the yield strength (1350-1600 MPa) and
fatigue limit (1200-1400 MPa) of the used HTS type
reinforcements, for both N and A-type sleepers, the pre-
stressing force is limited up to 75 kN (1100 MPa) for each
of 4 reinforcements each with a cross-section of 69 mm?.
So, a total of approximately 320 kN pre-stressing force is
obtained. However, a smaller number of reinforcement
strands/rods or smaller anchor plates can cause higher
stresses than the 20-35 MPa fatigue limit of sleeper
concrete. The total circumference (reinforcement-
concrete contact surface) of the 4 pieces of 9.4 mm
diameter reinforcement in the analyzed sleepers is 118
mm. If the number of pieces is increased without
decreasing the total reinforcement cross-section in
sleeper production, for example, if 12 pieces of
reinforcement with a diameter of 5.4 mm are used, the
total circumference increases above 200 mm. In this case,
the contact stresses that will occur in the concrete will
decrease considerably, and the need for early high
strength during production will also decrease. A similar
approach is valid for the anchor plate geometry.

3.2.2. Determination of decompression load

After modeling the pre-stressing force, static loading
positive moment test analysis at the sleeper rail seat was
started. As the load acting at the rail seat increases, the
pre-stress compression effects of the reinforcements
gradually decrease and change direction at a certain point
(decompression load value) theoretically beginning to
work like typical non-stressed reinforced concrete
structures. However, this is valid for the places near
cracked areas, and different behaviors occur in different
locations of the sleepers. The stress sensor is modeled at
the bottom of the mid-span cross-section of the sleeper
to determine the load value (decompression), where the
pre-stressing force is finished and the reinforcements
start to carry loads like non-pre-stressed designs and the
resulting stress distributions are presented in Figure 15.
As can be seen from this figure, the "compression" stress
occurring in the concrete section under the effect of the
pre-stressing gradually decreases with the effect of the
test load acting on the sleeper rail seat. It starts to
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increase as "tensile" stress, reaching the bottom point at
a load value of about 82 kN in N-type and 76 kN in A-type.

et
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Figure 14. A-type sleeper equivalent stress (MPa)
distributions of concrete and reinforcements after pre-
stressing

Prestressing Period 1. Test Period (Frr) 2. Test Period (Fr0.05) 3. Test Period (FrB)

2. Test Period (Fr0.05)

1. Test Period (Fir)

Figure 15. Concrete equivalent stress (MPa) at the bottom of the
mid-span cross-section of the sleeper vs test load (kN) curves;
up-side: N-type sleeper, down-side: A-type sleeper

The fatigue life of pre-stressed sleepers at loads under
decompression capacity is considered to be “infinite” if a
correct reinforcement and anchoring mechanism is
applied. According to the recent field records given as an
example in Figure 4, 96.685% of the loads affecting the
sleepers are under the decompression capacity. In other
words, it can be said that the sleepers will be subjected to
an average of 300 million load repetitions during the
targeted service life of 50 years, 290 million of them are
within pre-stressing capacity.
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3.2.3. Determination of first crack formation loads (Frr)

Experiments to detect cracks in pre-stressed sleepers can
often be misleading. The reason for this is that the cracks
remain at the micro level due to the effect of the pre-
stressing compression. Therefore, in EN 13230-2, test
loading speed is limited to 120 kN / min during the first
crack detection and inspection with a lens that can
magnify at least 20 times is required instead of naked-eye
inspection [7]. Another point to be considered is, as
specified in EN 13230-1; In the first crack formation
detection, only the cracks "reaching a height of 15 mm
from the sleeper bottom" should be recorded [7]. The first
crack (Fr) observed in the laboratory tests was
determined as 205 kN. In the finite element model, as can
be seen from Figure 15, where the equivalent stress
(MPa) distribution of the concrete material at the bottom
of the mid-span cross-section of the sleeper is given, the
first crack formation loads are determined as 182 kN in
both the sleeper types. The reason why the early
deformations are higher in N-type sleepers is that the
reinforcement contact surfaces to which the pre-stressing
force is transferred in N-type sleepers are much closer to
the midsole point where the deformation sensor is
located than the anchorage plates in A-type sleepers. The
detected first crack formation loads were also confirmed
and compared with Figure 16 where the maximum
principal and equivalent stress distributions of concrete
and reinforcements are given. In the maximum principal
stress distributions locations that exceed the tensile
strength of concrete of 2.77 MPa are shown with red fill.
The determined values by finite element analyzes are
slightly lower than the laboratory test results. This
difference may have resulted from the sensitive crack
formation process as stated above and the use of safety
coefficients or with various assumptions in finite element
analyzes. As can be seen from Figure 16, at the first crack
formation load, 50% more compression stress occurs in
the upper lobe of A-type sleepers compared to N-type
sleepers. When the stress values of the reinforcement are
examined, it is seen that there is approximately 10% more
stress in the A-type sleepers, also the maximum value
occurred near the anchor plates, unlike the "N-type". It
can be also seen from the maximum principal stress
distributions in Figure 16 that in N-type sleepers there are
fewer cracks and less width. The service life of pre-
stressed sleepers at loads above the decompression
capacity begins to decrease due to fatigue. As before-
mentioned, above the decompression capacity, the
stresses in the pre-stressing reinforcement change
direction (transforming). Today, fatigue tests with 3-5 Hz
frequency and approximately 50-150 kN load cycles are
performed in sleeper design approval tests. For example,
according to EN 13230 standard, after 2 million loading
cycles, a maximum loss of 45 kN in breaking load is
anticipated for B70 type sleepers (from 375 kN to 330 kN).
In case of operating conditions above the number and
magnitude stipulated in the standard, this loss of capacity
will increase even more. According to the recent field
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records given as an example in Figure 4, 3.315% of the
loads affecting the sleepers are above the decompression
capacity. In other words, it can be said that the sleepers
will be subjected to an average of 300 million load
repetitions during the targeted service life of 50 years,
and approximately 10 million of them are expected to
remain above the decompression value. While high
magnitude railway loads have a very high strain rate and
their duration of action is quite short, depending on the
railway operating capacity, the number of load
repetitions is also quite high, and on the other hand, as
can be seen from Figure 16, there are different effects in
different parts of the sections and continuous changes in
the forced sections. So, the service life begins to decrease
due to fatigue.

In line with the analysis results presented so far, it can be
easily inferred that the first crack capacity (Frr) consists of
the combination of the pre-stressing capacity
(decompression) and the tensile strength of the concrete.
As given in Table 2, it has been determined by laboratory
tests that the load value observed in the first crack
formation load decreases from 206 kN to 130 kN after a
few load repetitions within the elastic deformation limits
of the reinforcement (210-277 kN). In the experiments
conducted with non-pre-stressed sleepers produced with
equivalent concrete and cross-section of B70 type pre-
stressed sleepers, it was observed that the first crack
formation could occur at a load of approximately 120 kN
[1]. The combination of an average cracking strength of
concrete of 120 kN and a decompression load of 76-82 kN
coincides with the average first crack formation load of
206 kN obtained in laboratory tests. Concrete technology
in the years when B70 and similar type sleepers were
designed, has developed considerably today. Therefore, a
revision of the first crack formation load test is required
considering the tensile strength of today’s high-
performance concrete. As determined, the visible crack
starting load value (Fry) in pre-stressed sleepers is the
combination of pre-stressing capacity (decompression)
and tensile strength of concrete. Today, the minimum
value (Fro) of the first crack formation load that can be
observed in B70 type pre-stressed reinforced concrete
sleepers has been determined as 150 kN [12]. The
cracking strength of concrete depends on many factors
such as maximum aggregate diameter, granulometry,
aggregate surface roughness, and placement quality and
can give results in a wide range (50-150 kN). If concrete
with a cracking resistance of 75 kN and above is used, it
may not be fully controlled in routine controls whether
the pre-stressing force is applied sufficiently or not. In
other words, the first crack starting a load of 150 kN
capacity or a big part of it can easily be reached in sleepers
with high tensile strength of concrete, although not
enough pre-stressing force is applied. In this respect, it is
thought that it would be more appropriate to control the
first crack formation load (Frr) value in more detail with
the concrete tensile strength used in sleeper production.
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Figure 16. Comparative analysis results of concrete and
reinforcements at Fr, test loads in N-type sleeper (left-sides) and
A-type sleeper (right-sides)

3.2.4. Determination of permanent crack loads (Fro.os)

Another parameter required in TS EN 13230-2 is the
permanent crack (Fro.os) load of 0.05 mm thickness. Since
cracks occurring up to this load value occur within elastic
limits, it closes again with the effect of pre-stressing
pressure after removing the load. According to laboratory
tests, elastic cracks extend to the middle of the sleeper
height at approximately 200-250 kN and the upper part of
the compression lobe around 270-300 kN. At the same
time (270-300 kN), cracks with a thickness of 0.05 mm
(Fro.os) that do not fully close (plastic) when the load is
removed are started to be detected at the bottom of the
mid-span. In finite element analysis, the permanent crack
formation loads are detected and compared with Figure
17 where the maximum principal and equivalent stress
distributions of concrete and reinforcements are given. In
the maximum principal stress distributions locations that
exceed the tensile strength of concrete of 2.77 MPa are
shown with red fill. Accordingly, the Froos load was
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determined as 282 kN in the N-type design and 276 kN in
the A-type design. Obtained values significantly coincide
with the physical test result of 288 kN. According to
results, similar to the first crack formation load, the
number, and width of the cracks are lesser but thicker at
un-ribbed A-type design, as can be seen from maximum
principal stress distributions. As regards concrete
stresses, it is seen that 25% higher stresses occur in the A-
type design than in the N-type design under the Fro.os
load. In the A-type design, it is seen that the ultimate
strength of 50 MPa has begun to be exceeded both in the
compression lobe and near the anchor plate. The
occurrence of higher deformations has a great effect on
the occurrence of this situation in the A-type design. In
terms of reinforcement stresses, the stresses at the mid-
span cross-section of the N-type sleepers and the stresses
at the anchor plate location in the A-type sleepers gave
similar results. As seen, the level of deformation occurring
in A-type sleepers is much higher than in type N.

According to the results of the field measurements given
in Figure 4, 99.545% of the loads to be placed on the
sleepers are below the first crack formation load value. In
other words, it can be estimated that the sleepers will be
exposed to approximately 1.3 million loads above the first
crack formation load value during the targeted 50-year
service life. As can be seen from Figure 17, at the Froos
load level, stresses exceeding the fatigue limit occur in the
reinforcement (1400-1500 MPa) and concrete (40-50
MPa) in both types of pre-stressed sleeper. An important
point, while high magnitude railway loads have a very
high strain rate and their duration of action is quite short,
depending on the railway operating capacity, the number
of load repetitions is also quite high, and also as can be
seen from Figure 17, there are different effects in
different parts of the sections and continuous changes in
the forced sections. So, the service life begins to rapidly
decrease due to fatigue, corrosion, and loss of pre-stress
force. Under these repetitive reversible loads, early
fatigue and higher capacity losses are seen [1]. As a result
of laboratory experiments as can be seen in Figure 12, it
was determined that the load value of first crack
formation (Fr:) starting in pre-stressed sleepers decreased
up to 70 kN. Considering that sleepers are exposed to
millions of load repetitions on railways, these capacity
losses, determined by a few load repetitions, can be
expected to occur at a higher level in actual field use. It is
also stated in the FIB-CEB categorization; that it is
recommended to apply "full pre-stressing" in structures
that will be exposed to fatigue due to dynamic load or
corrosive effects [5]. On the other hand, in the sleeper
modeling in this study, it was assumed that the existing
pre-stressing force did not decrease. However, the pre-
stressing force already decreases in the long term due to
factors such as relaxation, creep, and thermal expansion,
so in real conditions, pre-stressed sleepers’ fatigue life is
more affected.
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Figure 17. Comparative analysis results of concrete and
reinforcements at Froos test loads in N-type sleeper (left-sides)
and A-type sleeper (right-sides)

loads and

3.2.5. Determination of breaking (Frs)

development suggestions

The last parameter required in TS EN 13230-2 is the peak
load (Fre) that the sleeper cannot carry more. Equivalent
stress distributions of concrete and reinforcements at this
load level are given in Figure 18. For the N-type sleepers,
the yielding at reinforcement contact surfaces is reached
at 347 kN and the ultimate strength is reached at 375 kN
load levels. At a load of 393 kN, the deformations increase
so that finite element analysis cannot continue.
Afterward, the analysis is terminated automatically by the
software since convergence cannot be made. Since the
desired information in the standard was reached (peak
load value that cannot carry more load), the current
analysis was found to be sufficient. In A-type sleepers,
reinforcement yield starts at the level of 353 kN test load
and rupture does not occur in the reinforcements until
the end of the analysis. So, it has been determined that
the breaking load of A-type sleepers is 393 kN and can
show high deformations. As a matter of fact, in physical
tests, the breaking condition of A-type sleepers is reached
by crushing the concrete compression lobe. The breaking
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loads can be also seen in Figure 15, where concrete
equivalent stress development at the bottom of the mid-
span cross-section is given. These values are slightly lower
than the average breaking load of 430 kN obtained in
physical tests. This difference may have resulted from the
use of safety coefficients or various assumptions in finite
element analyzes. As a result, according to both
laboratory experiments and ANSYS finite element
analyzes, it was observed that the Fro.os permanent crack
formation load increased significantly as the
reinforcement cross-section area increased [1]. At the
same time, it is stated that the ultimate strength of
sleepers in fatigue tests is higher by using anchored
and/or more individual reinforcement [3], and it is shown
with the fatigue tests performed on conventional and
partially pre-stressed elements with equal final moment
capacity, it was observed that the fatigue strength of the
partially pre-stressed elements was lower [6]. Therefore,
it is considered that reinforcement number and cross-
section areas and anchorage geometries, including the
non-pre-stressed sleeper production alternative, should
be designed taking into account the actual field
measurements and reinforcement fatigue limits.
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Figure 18. Comparative analysis results of concrete and
reinforcements at Frg test loads in N-type sleeper (left-sides) and
A-type sleeper (right-sides)

4. Conclusion and Discussion

In this study, B70 type pre-stressed concrete sleepers,
have been investigated with the positive moment
determination tests at the rail seat with progressive
failure observations according to EN 13230-2:2016
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standard. After tests, detailed cracking, failure, and
fatigue analyzes under increasing test loads were
performed with ANSYS® finite element analysis results for
both types of pre-stressed sleepers. The results obtained
through the analysis have been compared with the actual
field measurement results, which have become more and
more popular in the world in recent years. The findings
obtained from the experiments and finite element
analyzes are given below;

It was observed that the finite element model and the
laboratory test results overlapped substantially. Local
stress concentrations can be largely minimized with the
ANSYS® SpaceClaim® topology sharing option. On the
other hand, pre-stressed concrete sleeper failure stages;
The decompression load; The first elastic crack formation
load (Frr); The first 0.05 mm permanent crack formation
load (Froos); and the breaking load (Frs) values can be
accurately predicted with ANSYS® finite element analysis.

In recent years, various field measurement studies have
been carried out on railways and the adequacy of the
sleeper design loads calculated with empirical approaches
in the past has been questioned. Studies in this direction
have been encouraged in the postmodern EN 13230-6:
2020 standard. In this study, the results of a recent field
measurement were used for sample analysis. Each
railway organization should measure the stress, strain,
and acceleration data to analyze its road parameters and
maintenance status. More realistic results will be
obtained as the location variation and measurement time
are increased in the measurements to be made.

When the sample field measurement results are
examined, it is first seen that impact loads several times
higher than the decompression and cracking capacities of
pre-stressed concrete railway sleepers occur frequently.
But it will not be fully correct to compare field record peak
values with the static and fatigue test results of existing
sleepers. Because the characteristics of the real railway
conditions such as strain rate, load duration, and support
conditions are greatly different from the tests in question.
However, depending on the railway operating capacity,
the number of load repetitions is also quite high, and on
the other hand, there are different effects in different
parts of the sections and continuous changes in the forced
sections. So, the service life begins to decrease due to
fatigue.

The fatigue life of pre-stressed sleepers at loads under
decompression capacity (for B70 type ~75 kN) is
considered to be “infinite” if a correct reinforcement and
anchoring mechanism is applied. According to recent field
records, over 96% of the loads affecting the sleepers are
under decompression capacity.

For the loads above the decompression and below the
minimum first crack formation loads (75-150 kN) service
life of pre-stressed sleepers begins to decrease due to
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fatigue. According to recent field records, 3.315% of the
loads (approximately 10 million) affecting the sleepers are
above the decompression capacity. In this region, the
stresses in the pre-stressing reinforcement change
direction (transforming), and repetitive reversible loads
cause early fatigue. According to EN 13230 standard, after
2 million loading cycles, a maximum loss of 45 kN in
breaking load is anticipated for B70 type sleepers (from
375 kN to 330 kN).

Loads above the first elastic crack formation load and
below the first 0.05 mm plastic crack formation load (150-
270 kN), decrease the service life of pre-stressed sleepers
relatively faster. According to recent field records, 0.455%
of the loads (approximately 1.3 million) affecting the
sleepers are above the first elastic cracking load value. It
has been determined by laboratory tests that the load
value observed in the first crack formation load decreases
from 206 kN to 130 kN after a few load repetitions within
this region. According to EN 13230 standard, after
approximately sixty thousand loads, a maximum loss of 45
kN in breaking load is anticipated for B70 type sleepers
(from 375 kN to 330 kN).

Loads above the first 0.05 mm plastic crack formation
load and below the breaking load (270-375 kN), decrease
the service life of pre-stressed sleepers quite faster. It has
been determined by laboratory tests that the load value
observed in the first crack formation load decreases from
206 kN to 70 kN after a few load repetitions within this
region. According to the recent field records,
approximately one thousand loads affecting the sleepers
are above the first 0.05 mm plastic cracking load value.
According to standards such as EN 13230-1 / 2 on railway
sleepers, loads in this region are called exceptional, so a
very small number of them are allowed in the service life.
With the effect of these cracks, the concrete is damaged,
the pre-stress force decreases, and the chlorine ions
penetrating the concrete cause corrosion in the pre-
stressing steel. Therefore, sleeper life ends before the
planned (40/50-year) service life.

A revision of the first crack formation load test is required
considering the tensile strength of today’s high-
performance concrete. Concrete technology in the years
when B70 and similar type sleepers were designed, has
developed considerably today. The first crack starting
load required by the standards or a big part of it can easily
be reached in sleepers with high tensile strength of
concrete, although not enough pre-stressing force is
applied. In this respect, it is thought that it would be more
appropriate to control the first crack formation load (Frr)
value in more detail with the concrete tensile strength
used in sleeper production.

According to the first crack formation load (Frr), 50% more
compression stress occurs in the A-type sleepers
compared to N-type sleepers. And at the first 0.05 mm
permanent crack formation load (Fro.os), it is seen that
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25% higher stresses occur in A-type design than N-type
design under Fro.os load. It is also seen that at this load
level in the A-type design, the ultimate strength of 50 MPa
has begun to be exceeded both in the compression lobe
and near the anchor plate. On the other hand, the
number, and width of the cracks are lesser but thicker in
an un-ribbed A-type design. Therefore, the ribbed
reinforced sleeper design appears to be more
advantageous than the non-ribbed anchor plated design
in many respects.

In fatigue tests performed on conventional (non-pre-
stressed) and partially pre-stressed elements with equal
final moment capacity, it was observed that the fatigue
strength of the partially pre-stressed elements was lower.
Therefore, it is considered that reinforcement number
and cross-section areas and anchorage geometries,
including the non-pre-stressed sleeper production
alternative, should be designed taking into account the
actual field measurements and reinforcement fatigue
limits.

As a result, the prepared model provides many
advantages in matters such as investigating what kind of
stress and deformations occur in the background of
concrete and reinforcements during the beginning of
elastic and plastic cracks in the sleeper and reaching the
final strength.
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