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Abstract. Prestressed concrete railway sleepers are the most widespread sleepers due to their stiffness and high bearing 
capacity. They transfer train induced loads from the rails directly to the ballast and therefore are the most important part 
of the railway structure. As railway traffic is constantly increasing with increasing loads and additional environmental 
effects take place it is necessary to ensure safety of the railway. Therefore, the present study focuses on durability of 
prestressed concrete railway sleepers. This paper examines new sleepers and sleepers damaged during exploitation. As 
all sleepers were manufactured at the same time the comparison of cracking loads and bearing capacity are provided. 
Additionaly, a difference between chemical composition of concrete samples from new and exploited sleepers is briefly 
discussed. Further, possible causes of damages of exploited sleepers are analyzed. 
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Introduction  

Prestressed concrete elements of transport structures are affected by numerous external factors. Especially difficult 
conditions affect prestressed concrete railway sleepers during service. Prestressed concrete railway sleepers are used 
in natural environment and exposed to static, cyclic and impact loads of different values and direction (vertical, hori-
zontal, inclined) caused by train traffic (Thun, 2006; Rezaie, Shiri, & Farnam, 2012; Taherinezhad, Sofi, Mendis, & 
Ngo, 2013; Remennikov & Kaewunruen, 2014). During service sleepers are also exposed to various atmospheric fac-
tors such as rainwater, freezing and thawing cycles, temperature variation, various chemical compounds in the soil and 
atmosphere, which can damage concrete structure and reinforcement and thus accelerate deterioration of sleeper (Fig-
ure 1). 

Microcracking of concrete has been proven to be the initial damage leading to further deterioration of concrete 
structure (Shayan & Quick, 1992; Mielenz, Marusin, Hime, & Jugovic, 1995; Collepardi, 1999, 2003). The occurrence 
of microcracks during manufacturing of prestressed concrete sleepers is inevitable. Therefore, the initial stress of con-
crete appears during manufacturing of sleepers. The variety of technological processes (hardening of concrete, curing 
regime, pretensioning, method of prestress release) induce complicated stress state, which can lead to concrete cracking 
and further deterioration of concrete structure. The manufacturing technology of prestressed concrete shows that rein-
forcement draws-in to concrete during the prestress release. Therefore, the contact area between reinforcement and 
concrete is damaged at the end of prestressed concrete element allowing humidity and contaminated air (CO2) penetrate 
into microcracks between reinforcement and concrete. This accelerates the development of chemical processes and 
formation of new chemical compounds in damaged zones of concrete that can induce expansion and further deteriora-
tion of concrete. Additionally, humidity and water penetrating into microcracks on the surface of concrete induce 
stresses in concrete or in the contact area between reinforcement and concrete under freezing temperatures. The dete-
rioration of concrete structure is also accelerated by the impact of static and cyclic loads.  

The deterioration of prestressed concrete sleepers usually starts at the ends of the sleeper (rail seat section and 
anchorage zone of reinforcement) (Mielenz et al., 1995; Sahu & Thaulow, 2004; Ferdous & Manalo, 2014), where the 
greatest technological defects occur (Jokūbaitis, Marčiukaitis and Valivonis, 2016). Therefore, it is very important to 
ensure the quality of technological processes during the manufacture of the sleepers and reduce the probability of 
occurrence of initial damage. 
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Figure 1. Cracking character of sleepers ends: a) (Zeman, Edwards, Lange, & Barkan, 2010);  
b) (Sahu & Thaulow, 2004); c) (Rezaie et al., 2012) 

 

Figure 2. Structure of typical railway track 

Prestressed concrete sleeper is a very important part of the railway (Figure 2), which has to ensure proper distance 
between the rails, withstand the loads transferred by the rails and gradually distribute them in the ballast, maintain an 
appropriate angle of rail inclination, serve as a rail support, restrain longitudinal, vertical and horizontal rail displace-
ment, be resistant to abrasion and severe environmental conditions (heat, frost, humidity, temperature variation, chem-
ical compounds). Therefore, for a more comprehensive identification of the causes of deterioration of prestressed con-
crete sleepers the research of concrete and sleepers manufactured according to the same technology need to be per-
formed, assessing the influence of the above-mentioned factors on the character of deterioration and durability. 

Analysis of sleeper damages 

Microscopic and visual inspection of exploited and unexploited sleepers was performed. All sleepers were manufac-
tured at the same time, in the same factory, using the same manufacturing technology. Part of the sleepers were ex-
ploited in railways for three years, and the other sleepers were stored in a factory territory for the same time. After a 
visual inspection it was determined that anchorage zone of some of exploited sleepers was damaged: cracked sleeper 
end, spall of concrete, uncovered reinforcement were visible (Figure 3). There was a residual crack in every rail seat 
section of exploited sleepers (Figure 3). After visual and microscopical inspection it was determined that there were 
microcracks around reinforcement at the end of some unexploited sleepers. The inspection showed that concrete dam-
age and cracking around reinforcement at the ends of exploited sleepers were greater than in unexploited sleepers. This 
indicates that initial damage to concrete structure induced by technological impacts increases during service of sleep-
ers. The contact area between reinforcement and concrete is damaged, and when a certain level of cracking is reached 
concrete can spall and initiate deterioration of sleeper. 

 

Figure 3. Damaged ends of exploited sleepers 
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Sleepers were exposed not only to frost and humidity during service but also to aggressive substances (sulphates, 
CO2) in soil and air. These substances, together with water, are involved in chemical processes that lead to the for-
mation of new chemical compounds in damaged concrete. This accelerates corrosion of reinforcement and develop-
ment of concrete microcracking. As a result, larger microcracks formed at the interface between reinforcement and 
concrete at the ends of exploited sleepers compared to unexploited sleepers. There were no similar damages found in 
the middle parts of unexploited and exploited sleepers. Therefore, the research of rail support area was performed. 

Due to the above-mentioned factors, the cracks in concrete structure, damaged interface between concrete and 
reinforcement, open pores and capillaries allows aggressive materials in air and water penetrate into concrete. There-
fore, its interaction with chemical elements in cement create conditions for the formation of solid compounds that can 
induce destruction of concrete structure 

 

Figure 4. Sleeper and the sampling zones: A – at the end of the sleeper; B – in the middle of the sleeper 

Therefore, the research of concrete structure of unexploited and exploited sleepers was performed with a scanning 
electron microscope (SEM) and the analysis of chemical composition was performed. Concrete samples were taken 
from the middle and at the end of the sleepers (Figure 4). The analysis of concrete structure showed that solid crystal-
line compounds have formed in microcracks and open pores at the ends of exploited sleepers (Figure 5a). The analysis 
of chemical composition showed that the chemical composition of new compounds matches secondary ettringite 
3CaOꞏAl2O3ꞏ3CaSO4ꞏ32H2O (Figure 5b). Sulfate attack of reinforcement and concrete is induced by increased con-
centration of sulphates and it damages interface between reinforcement and concrete under the influence of frost and 
water. The products of sulfate attack (secondary ettringite) were not detected in samples taken from the middle of 
exploited sleepers (Figure 5d). The new compounds were not detected in the middle of unexploited sleepers (Fig-
ure 5c). 

 

Figure 5. Analysis of the chemical composition of the samples taken from the sleepers: (a) crystals of secondary ettringite;  
(b) the end of exploited sleeper; (c) middle of unexploited sleeper; (d) middle of exploited sleeper 

The results of chemical composition of concrete samples taken from the sleepers are provided in Table 1. The 
analysis of chemical composition of concrete samples showed that there is a reduced amount of Si content at the ends 
of exploited sleepers. This indicates that humidity and water (rain, ground) leach out Si from concrete during service 
and concentration of chemicals in concrete redistributes. Additionally, an increased amount of sulphates (S and Al) 
were found at the ends of exploited sleepers (Table 1). These chemical elements, in the presence of O and external 
water, form compounds of sulphates that induce crystallization of secondary ettringite. Water is transported through 
capillaries in concrete, including various concrete imperfections (pores, voids, cracks, interface between aggregates 
and cement). These concrete imperfections are enriched (higher concentration) with water-borne substances, which 
can be the cause of the formation of secondary ettringite in voids that were previously filled with air or water. 

A
B
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Table 1. Results of chemical analysis of concrete specimens 

Zones in tested sleeper O, % Al, % Si, % S, % Ca, % Cu, % C, % Mg, % Fe, % 

The end of exploited sleeper 
28.30 3.88 0.25 12.92 54.65 – – – – 

53.78 5.33 0.39 7.94 22.89 2.33 7.34 – – 

Middle of exploited sleeper 53.58 1.58 6.41 – 36.18 – – 2.26 – 

Middle of unexploited sleeper 55.89 2.23 5.10 0.50 27.47 – – 0.62 8.20 

 
The corrosion of reinforcement is induced by humid environment and water impacts. The formation of secondary 

ettringite at the interface between reinforcement and concrete and increased concentration of sulphates induce aggres-
sive environment for reinforcement and accelerate the development of corrosion. The products of corrosion and freez-
ing water induce expansion in concrete. Prestressed concrete sleepers exploited in natural environment are exposed to 
these impacts. Altogether it causes tensile stresses in concrete, which are increased by mechanical loads and determines 
the development and increase of microcracks. 

Experimental results 

The research of unexploited and exploited (damaged) sleepers was performed in the laboratory. All sleepers were 
produced at the same time in the same factory using the same production technology. The sleepers were reinforced 
with twelve pretensioned indented three wire steel strands (Figure 6b). The strands were pretensioned by a force equal 
to 70% of strand tensile strength (0.7fp).  

Concrete cubes (100×100×100 mm) were cut from the sleepers and a standard cubic (150×150×150 mm) concrete 
compressive strength was determined, which is greater than the design strength (C50/60). The mechanical properties 
of concrete and reinforcement are provided in Table 2. The porosity of concrete according to water absorption was 
3.3%. 

Table 2. Mechanical properties of concrete and reinforcement 

Parameters 
fcm,cube, 
MPa 

fck,cube, MPa 
(ν, %) 

fctm, 
MPa 

fctk, MPa 
(ν, %) 

Ecm,  
GPa 

fp,  
MPa 

fp.0.1, 
MPa 

Ep,  
GPa 

Prestressed concrete 
sleeper 

80.6 76.3 (3.2) 3.46 2.69 (13.6) 39 1935 1677 200.7 

ν – coefficient of variation, fck.cube – characteristic cubic concrete compressive strength, fcm.cube – mean cubic concrete compressive 
strength. 

 
Research of monoblock prestressed concrete sleepers was performed in accordance with (EN 13230-2, 2016a) 

and (EN 13230-2, 2016b). The object of the research was rail seat of the sleeper, therefore serviceability of the sleeper 
was monitored during static and dynamic tests at the rail seat section. The load was transferred through the metal plates 
and standard rubber pad to the centre of the rail seat section (Figure 6). 

Residual crack width was measured at the rail seat section of the sleeper during the static and cyclic load tests. 
The crack width was measured at a distance of 15 mm from the bottom of the sleeper during all tests. 

 

Figure 6. a) General view of test setup; b) cross-section of the rails seat 

According to (EN 13230-2, 2016b) three reference static and dynamic loads must be satisfied during experimental 
tests of monoblock prestressed concrete sleeper: cracking load (Fcr); maximum static (F0.05.s) and dynamic (F0.05c) test 
loads for which a crack width of 0.05 mm persist after removal of the load; maximum static (F0.5.s) and dynamic (F0.5c) 
test loads for which a crack width of 0.5 mm persist after removal of the load or static (FRD.s) and dynamic (FRD.c) 
failure loads. 

All tested sleepers had the same geometric parameters. The sleepers are divided into two series: 2 pcs. of unex-
ploited sleepers (US) and 5 pcs. of exploited sleepers (ES). 
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According to (EN 13230-2, 2016b) three reference static loads (Fcr, F0,05s, F0,5s or FrBs) must be satisfied during 
experimental tests of monoblock prestressed concrete sleeper. If at least one of these loads is not satisfied, the sleeper 
is considered unsuitable for service. At first static load is increased up to the load inducing first crack (Fcr.s). After 
experimental cracking load is reached sleeper is unloaded. From this point, sleeper is loaded with static load increments 
of 10 kN and unloaded after each load step. The static load test is continued in such a manner until failure. 

The results of static load test at the rail seat section of sleeper are provided in Table 3. Experimental results show 
that experimental loads are higher than reference static cracking load Fcr = 149.6 kN and reference residual crack width 
(0.05 mm and 0.5 mm) loads F0.05s = 269.3 kN and F0.5s = 374 kN. Therefore, all tested sleepers meet requirement for 
reference loads (Table 3). All exploited sleepers had a residual crack at the rail seat section before the test. Therefore, 
no cracking load was determined. The reference residual crack width load F0.05s of exploited sleepers is up to 12% 
higher compared to unexploited sleepers. This indicates that development of residual crack width up to 0.05 mm in 
exploited sleepers is slower. The residual crack width of unexploited sleepers did not reach 0.5 mm up to failure. 
Meanwhile, the residual crack width of 0.5 mm was reached almost in all tested exploited sleepers. 

The development of crack width depends on the bond between reinforcement and concrete. The results of bond 
research after the influence of cyclic loading have shown that the bond strength between reinforcement and concrete 
has increased (Jokūbaitis, Marčiukaitis & Valivonis, 2017; Jokūbaitis, Marčiukaitis, Valivonis, & Strauss, 2018). It 
follows that the cyclic loading has affected the sleepers during exploitation in railway, and the development of crack 
widths was slower due to the increased bond comparing to the unexploited sleepers. This resulted in an increase of 
bearing capacity of exploited sleepers by 0–11% comparing to the unexploited sleepers tested under static loading. 

Table 3. Test results of sleepers under static loading 

Series Specimen 

F0s 
(M0s) 

Fcr 
(Mcr) 

F0.05s 

(M0.05s) 
F0.5s 

(M0.5s) 
FrBs 

(MrBs) 
FRDs 

(MRDs) 

>149.6 
(19.8) 

>269.3 
(35.7) 

>374 
(49.6) 

kN (kNm) 

US 
US_1 

149.6 (19.8) 

190 (25.2) 320 (42.4) – 390 (51.7) 400 (53.0) 

US_2 170 (22.5) 320 (42.4) – 420 (55.7) 430 (57.0) 

ES 

ES_1 – 330 (43.7) 420 (55.7) 430 (57.0) 438,9 (58.2) 

ES_2 – 360 (47.7) 430 (57.0) 430 (57.0) 440 (58.3) 

ES_3 – 340 (45.1) 420 (55.7) 420 (55.7) 430 (57.0) 

ES_4 – 310 (41.1) 420 (55.7) 420 (55.7) 420 (55.7) 

ES_5 – 320 (42.4) – 420 (55.7) 443,4 (58.8) 

F0s – initial reference static test load, Fcr – cracking load, F0.05s and F0.5s – maximum static test load for which a crack width  
of 0.05 mm and 0.5 mm respectively persist after removal of the load, FrBs – maximum static test load which cannot be increased,  
FRDs – static failure load. 
 

The cyclic load test was performed in accordance with (EN 13230-2, 2016b). The cyclic load test of sleepers is 
divided into steps. At each step, sleeper is exposed to 5 000 load cycles under the frequency of 5 Hz. After each cyclic 
load step, the upper load level (Fmax.c) is increased by 20 kN, while maintaining a constant lower load limit 
(Fmin.c = 50 kN). The test is continued in such a manner up to failure. The crack width at the rail seat section was 
measured at every load step every 5 000 load cycles. Measurements were taken in eleven load steps from 0 to 55 000 
load cycles. 

The sleepers tested under cyclic load were divided in two series: 3 pcs. of unexploited sleepers (UC) and 5 pcs. 
of exploited sleepers (EC). The results of experimental research are provided in Table 4 

According to (EN 13230-2, 2016b) sleeper must meet certain cracking requirements defined by the reference 
cyclic loads (Fcr = 149.6 kN, F0.05c = 224.4 kN, F0.5c = 329.1 kN or FrBc = 329.1 kN). The results of cyclic load test 
show that all reference loads are satisfied and experimental loads are higher than those established in accordance with 
(EN 13230-2, 2016b) (Table 4). 

The cyclic load inducing crack width of 0.05 mm in exploited sleepers is by 0–16% lower compared to unex-
ploited sleepers (Table 4). This indicates that initial damage of exploited sleepers has a negative impact on the cracking 
of sleeper affected by cyclic loading. The decrease of bearing capacity of exploited sleepers up to 8% is conditioned 
upon the faster development of residual crack width and by the influence of cyclic loading. The cyclic loading accel-
erates the development of residual crack width comparing to the static loading. 
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Table 4. Test results of sleepers under cyclic loading 

Series Specimen 

F0c 

(M0c) 
Fcr 

(Mcr) 
F0.05c 

(M0.05c) 
F0.5c 

(M0.5c) 
FrBc 

(MrBc) 
FRDc 

(MRDc) 

>149.6 
(19.8) 

>224.4 
(29.7) 

>329.1 
(43.6) 

kN (kNm) 

UC 

UC_1 

149.6 (19.8) 

169.6 (22.5) 284.4 (37.7) – 349.1 (46.3) 369.7 (49.0) 

UC_2 169.6 (22.5) 284.4 (37.7) – 349.1 (46.3) 370.1 (49.0) 

UC_3 169.6 (22.5) 284.4 (37.7) – 349.1 (46.3) 377.3 (50.0) 

EC 

EC_1 – 244.4 (32.4) – 329.1 (43.6) 349.8 (46.3) 

EC_2 – 284.4 (37.7) – 329.1 (43.6) 351.8 (46.6) 

EC_3 – 264.4 (35.0) – 329.1 (43.6) 349.9 (46.4) 

EC_4 – 244.4 (32.4) – 329.1 (43.6) 349.5 (46.3) 

EC_5 – 284.4 (37.7) – 329.1 (43.6) 350.3 (46.4) 

F0c – initial reference cyclic test load, Fcr – cracking load, F0.05c ir F0.5c – maximum cyclic test load for which a crack width of 
0.05 mm and 0.5 mm respectively persist after removal of the load, FrBc – maximum cyclic test load which cannot be increased, 
FRDc – cyclic failure load. 

Conclusions 

The most vulnerable zones of prestressed concrete sleepers are the rail seat section and the reinforcement anchorage 
zone. The end cracking of sleeper is conditioned upon various impacts acting during sleeper production and service 
stages. Several mutually dependent impacts are usually the cause of cracking, therefore the determination of failure 
causes of sleeper is a complex task. 

Usually, research of unexploited and for some time in railway exploited sleepers are performed separately. Unique 
research of cracking of unexploited and exploited (damaged) for three years in railway sleepers produced at the same 
time is presented in this work. All sleepers tested were of the same age. 

The results of research at microscopic level of chemical composition of concrete structure showed that sulphate 
corrosion in reinforcement and concrete has started at the ends of exploited sleepers. Delayed ettringite formation and 
an increase of sulphate concentration at the interface between reinforcement and concrete create an aggressive envi-
ronment for reinforcement and together with other environmental impacts (water, frost) contributes to deterioration of 
this zone. 

All tested sleepers met cracking and bearing capacity requirements even though some of exploited sleepers were 
severely damaged. Nevertheless, uncovered reinforcement at the ends of exploited sleepers and residual cracks at the 
rail seat section must be considered as potential impact for lowering stiffness and durability of sleepers. 

The research has revealed that reinforcement at the ends of the sleepers must be protected from the humidity and 
other environmental impacts, regular inspection of the sleepers should be performed. Additionally, research of chem-
ical composition of cement and aggregates should be performed every time when mining site of materials is changing 
and regularly – when materials are transported from the same quarries. 
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