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The article analyses the influence of technological factors on variations in the stress and strain state during
the production of prestressed concrete sleepers. The paper focuses on technological damage to the anchor-
age zone and its influence on concrete and the pretensioned reinforcement of the last prestressed concrete
sleepers located by abutments. The article presents the calculation principles of stresses caused by thermal
and humidity deformations, compares theoretical and experimental results and specifies the nature of
damages. The paper deals with concrete structure and an interface between reinforcement and concrete
of new and three years old prestressed concrete sleepers, explores the results of laboratory tests on dete-
riorating the ends of newprestressed concrete sleepers under freezing and thawing cycles, looks at changes
in concrete structure and the interface between reinforcement and concrete at the ends and in the middle
of prestressed concrete sleepers applying a scanning electron microscope (SEM) and energy-dispersive
X-ray spectroscopy (EDS). Secondary ettringite formation (DEF) in concrete micro-cracks and at the
interface between reinforcement and concrete and elemental composition of the formed crystals have
been determined. Significant difference in concrete structure and new solid phases at the ends of used
and new sleepers has been defined. Concrete structure in the middle of the three years old railway sleeper
has remained almost unchanged. The obtained results show that technological factors are affecting the
deterioration nature of the ends of prestressed concrete sleepers.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction by stress variations in pretensioned reinforcement during the pro-
Prestressed concrete structures are the ones of the most
effective structures used for the buildings of various purposes and
complexity. Prior to exploitation, prestressed concrete structures
are affected by various technological factors appearing during pro-
duction. The micro-cracking of concrete structure, initial stresses
and strains in reinforcement and concrete appearing during the
production of prestressed concrete structures are more dangerous
comparing with ordinary reinforced concrete structures.

Concrete cracking at the reinforcement anchorage zone and
damage to bond between reinforcement and concrete are induced
duction of prestressed concrete structures [1–4]. The conducted
research [5] shows that bond between reinforcement and concrete
depends on many technological factors: concrete composition and
strength during reinforcement release, curing conditions, element
maintenance after concrete design strength is reached, the type
of reinforcement, and the methods of release. Other research
[6,7] shows that variations in technological stresses in concrete
and reinforcement are different and causes initial damage to con-
crete structure during production processes. Micro-cracks, open
pores, capillary, bond damage between reinforcement and concrete
during reinforcement release and other damages enable aggressive
substances from the environment penetrate into concrete.
Different chemical processes taking place in the micro-cracks and
pores of concrete are induced by these damages. New solid phases
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occurring in concrete micro-cracks and other imperfections cause
additional stresses and can damage concrete structure [8–13].

The prestressed concrete elements of transport structures are
affected by the greatest variety of effects. Extremely complicated
environmental conditions influence prestressed concrete railway
sleepers in service. Eight main reasons causing a failure in different
types of the sleepers made from different materials are provided in
a comprehensive analysis [14] of deteriorating prestressed
concrete sleepers. Technological factors are one of the reasons,
nevertheless, no more detailed research has been done. However,
a number of studies on the behaviour of prestressed concrete
sleepers under mechanical loads [15–20] and environmental
conditions have been carried out and included a change in temper-
ature [20], humidity and sulphate attack (delayed formation of
ettringite) [12,22,23]. The behaviour and durability of the sleepers
are affected by soil and ballast [24,25].

The performed research [10,21,22], shows that concrete
corrosion and deterioration of prestressed concrete sleepers in
service are highly dependent on the porosity of concrete structure
and micro-cracks induced during production. Concrete structure
and permeability have a significant impact on durability [26], bond
between reinforcement and concrete, frost resistance and chemical
(sulphate, alkaline) corrosion. An oxide layer can form on the sur-
face of reinforcement before the production of reinforced concrete
elements and it is dependant on the environmental conditions
[27]. Therefore, oxide layer results a more hydrophilic surface
and can enhance bond properties between reinforcement and
concrete [28,29].

Different sources [15,22,23] show that the most common part
of the damage and deterioration of prestressed concrete sleepers
used in the natural environment are observed at their ends
(reinforcement anchorage zone) (Fig. 1). This can be caused by
the impact of water and frost [21], alkaline corrosion [23], sulphate
corrosion [10,12,22] or concrete micro-cracking [9].

However, little research on the influence of technological
factors on concrete porosity as well as on the appearance and
development of micro-cracks during the entire period of produc-
tion and service has been done. This work presents investigation
of technological damages and their influence on construction
behaviour during service. A qualitative influence of variations in
the initial stress and strain state and bond between reinforcement
and concrete on the behaviour of the reinforcement anchorage
zone and construction quality has been analyzed.
2. Analysis of technological stresses and deformations of
concrete and reinforcement

2.1. Influence of temperature on variations in stresses during
production

An important point is ensuring the sufficient quality of techno-
logical processes during the production of prestressed concrete
Fig. 1. End cracking of prestr
elements. However, this can be very hard to implement, because
many complicated physical and chemical processes are happening
between various materials and components in prestressed
concrete elements. Technological damage to prestressed concrete
elements is unavoidable because of different characteristics of
materials and production processes. Reinforcement anchorage is
the most important zone of prestressed concrete elements. Shear
and normal stresses can cause the micro-cracking of concrete at
the interface between concrete aggregate and cement paste, and
reinforcement and concrete during heat curing of prestressed
concrete elements.

Our analysis [6,30] and other authors examination [7,31] on
technology for producing the prestressed concrete structure have
revealed that the main production processes cause stress variation
in reinforcement and concrete. In case of prestressing reinforcement
to abutments, bond is forming between reinforcement and concrete
at the beginning of concrete hardening. Bond strength depends on
concrete composition, hardening conditions, maintenance after
curing and themethod of reinforcement release. The biggest change
in stress is noticed in the part of reinforcement outside concrete at
the end of the casting bed. When concrete is heated during
production, shear stresses appear at the reinforcement and concrete
interface due to difference in temperature. At this stage, stresses in
reinforcement reduce due to reinforcement elongation.
Compression force appears in concrete, because heated concrete
expands and these deformations are restrained by bond between
reinforcement and concrete. After hardening, during cooling,
concrete shrinks and stresses in concrete decrease, but increase in
reinforcement outside concrete due to different thermal and shrink-
age deformations. Reinforcement is pulled out of concrete at the end
of the last element and shear stresses appear at the interface
between reinforcement and concrete. Reinforcement draws into
concrete during release.

Fig. 2 describes technological effects at separate stages of
production. The analysis of changing initial prestressing force P0
shows that forces, in part of reinforcement outside concrete, cause
stresses in the reinforcement anchorage zone and change its
direction and value. Therefore, bond between reinforcement and
concrete is more damaged at the end of the last element.

The first stages of prestressed concrete production include
prestressing reinforcement to abutments (Fig. 2a), pouring
concrete (Fig. 2b) and starting heat treatment. At these stages,
opposite direction force F1 (Fig. 2c) appears due to thermal
deformations of reinforcement before bond between reinforce-
ment and concrete appears. This force depends only on difference
in temperature between abutments and the element. Then the
total thermal deformation:
D1ðDTÞ ¼ ap � DTpðlT � lcÞ þ ap � DTc � lc; ð1Þ
where lc is total length of prestressed concrete elements in casting
bed; lT heated part of casting bed; ap thermal expansion coefficient
essed concrete sleepers.
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of pretensioned reinforcement; DTp and DTc temperature difference
in reinforcement outside and inside the concrete respectively.

Deformation d11

d11 ¼ lsu
Ep � Ap

; ð2Þ

where lsu is distance between abutments; Ep modulus of elasticity of
pretensioned reinforcement; Ap cross-sectional area of preten-
sioned reinforcement.

Expressing force F1 from the equilibrium equation
d11 � F1 þ D1ðDTÞ ¼ 0

F1 ¼ D1ðDTÞ
d11

¼ ap � DTpðlT � lcÞ þ ap � DTc � lc
lsu

� Ep � Ap; ð3Þ

Rearranging Eq. (3), when cl ¼ lc=lsu, k ¼ lT=lsu, force F1 can be
calculated according to

F1 ¼ ½ap � DTpðk� clÞ þ ap � DTc � cl� � Ep � Ap; ð4Þ
Bond strength between reinforcement and concrete reaches the

stage at which free deformation of reinforcement is restrained dur-
ing heat treatment. At this stage full bond between reinforcement
and concrete develops. Reinforcement and concrete start acting as
one structure, and thermal and other deformations are equal at the
reinforcement level. Then it is assumed that F1 ¼ F2 and DTp ¼ DTc

and total thermal deformation

D1ðDTÞ ¼ ap � DTp � ðlT � lcÞ þ ac � DTc � lc; ð5Þ
Deformation d11

d11 ¼ ðlsu � lcÞ þ 2 � leff :p
Ep � Ap

þ lc � 2 � leff :p
Ep � Ac:eff

; ð6Þ

where leff :p is effective anchorage length of reinforcement; Ac:eff

effective cross-section area of prestressed concrete element.
Changes in temperature (DT ¼ Tmax � T0) appear between

abutments and pretensioned reinforcement outside concrete
during heat treatment. Because of an increase in temperature,
the opposite direction force appears in reinforcement outside
concrete, which reduces the initial prestressing force (Fig. 2d).
Force in reinforcement outside concrete can be calculated
rearranging Eqs. (5) and (6)

F2 ¼ ½ap � DTpðk� clÞ þ ac � DTc � cl� � Ep � Ap

D
; ð7Þ

where D ¼ 1� cl=ð1þ q � a0Þ; q reinforcement ratio: q ¼ Ap=Ac; a0

ratio between modulus of elasticity of pretensioned reinforcement
and concrete: a0 ¼ Ep=Ec; ap and ac thermal expansion coefficient
of pretensioned reinforcement and concrete respectively.

During heat treatment, the highest temperature is maintained
for a certain period of time, and after, the cooling stage starts
(Fig. 2e). Within the process of cooling prestressed concrete
elements, additional tension force appears in reinforcement
outside concrete, as it tries to regain its initial position. According
to Eq. (7), reinforcement pull out force during cooling of
prestressed concrete element can be calculated as

F3 ¼ F1

D
¼ ½ap � DTp � ðk� clÞ� � Ep � Ap

1� cl
1þq�a1

; ð8Þ

where a1 ¼ Ep1=Ec1 is ratio between modulus of elasticity of
reinforcement and concrete during cooling stage.

Reinforcement outside concrete is affected by additional
tension force because of concrete shrinkage during cooling, and
this force can be calculated according to the equation

Fsh ¼ esh � Ep � Ap � cl
1� cl

1þq�a01
; ð9Þ

where esh is total shrinkage strain of concrete during cooling:
esh ¼ ec:sh þ eT:sh þ ec; ec:sh, eT:sh and ec drying shrinkage strain,
thermal shrinkage strain and autogenous shrinkage strain of
concrete respectively.

Total additional force in pretensioned reinforcement outside
concrete after heat treatment due to technological factors:

F ¼ F3 þ Fsh � F2 � F1; ð10Þ
Then total prestressing force in reinforcement outside concrete:

P01 ¼ P0 þ F; ð11Þ
An increase of reinforcement prestress force will have a nega-

tive impact on the prestressed concrete anchorage zone during
the release of reinforcement. Reinforcement slip and transfer
length will increase at the end of the prestressed concrete element
because of an increase in prestress force. Larger cracks will appear
around reinforcement and at the interface between reinforcement
and concrete.

Experimental research on prestress losses in prestressed
concrete railway sleepers during heat treatment was performed
in the factories in Lithuania and Sweden [32,33]. Variations in
the prestress force of reinforcement outside and inside concrete
were determined during experimental research, depending on
temperature mode. At first, reinforcement is prestressed to rigid
abutments maintained for 3 h, and then, concrete is poured.
Reinforcement deforms freely until bond between reinforcement
and concrete appears when the curves of prestress force in
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Fig. 5. Initial anchorage zone damage: a – due to concrete shrinkage and
temperature change before reinforcement release; b – due to reinforcement release.
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reinforcement outside and inside concrete start deviating (Fig. 3).
At this stage, reinforcement deformations are restrained by con-
crete. At the highest temperature during heat treatment, concrete
strength is reached at which full bond between reinforcement
and concrete appears (Fig. 3). Tension force is induced in reinforce-
ment outside concrete by concrete shrinkage during cooling
prestressed concrete elements. Reinforcement was released after
21 h when concrete was not fully cooled down in the factory in
Lithuania, and prestress force in reinforcement outside concrete
increased about 3%. Meanwhile, in the factory in Sweden, reinforce-
ment was released after 66 h when concrete was fully cooled down
and prestress force in reinforcement outside concrete increased
about 15%. Prestress force before reinforcement release was esti-
mated according to the proposed calculation methodology (Eqs.
(4), (7), (8), (9)) of additional force in reinforcement outside concrete
(Fig. 3). Theoretically calculated prestress forces in reinforcement
outside concrete in the factories in Lithuania and Sweden are 6%
lower and 8% higher than the initial prestress forces respectively.

The performed theoretical analysis has disclosed that variations
in prestress force during heat treatment mainly depend on
difference in temperature (DT) and ratio (cl) between the total
length of prestressed concrete elements in the casting bed and the
distance between abutments (Fig. 4). The shorter is the reinforce-
ment outside concrete, the higher deformations will appear in this
part of reinforcement, and prestress force will increase before
release.

Experimental research [7,30] has showed that prestress force is
lower if reinforcement is released when concrete is not fully cooled
down. Prestress force significantly increased during reinforcement
release when concrete was fully cooled down.

2.2. Influence of reinforcement release order on stress variation

There are several methods of reinforcement release: sudden
and gradual. Reinforcement can be released simultaneously or in
sequence. The conducted research has showed that the order of
pretensioned reinforcement release affects the reinforcement
anchorage zone. End cracking of prestressed concrete elements
can occur due to an inappropriate order or method of reinforce-
ment release [1–3]. When reinforcement is released in sequence,
prestress force redistributes between unreleased prestressed rein-
forcing bars (Fig. 6). After releasing one reinforcing bar (Fig. 6b),
the initial prestress force is taken over by the remaining unreleased
reinforcing bars. Consequently, tension force increases in every
unreleased reinforcing bar. Tension force will also increase in
remaining unreleased reinforcing bars during the release of other
reinforcement. Variations in tension force depend on the method
of reinforcement release and sequence.
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1 – temperature; 2 – prestress force inside concrete; 3 – prestress force outside concret
Before and after reinforcement release, a different stress and
strain state appears during the production of prestressed concrete
elements. Unreleased prestressed reinforcement outside concrete
is pulled out of concrete due to concrete shrinkage and different
thermal deformations of reinforcement and concrete. The end sur-
face of the prestressed concrete element deforms around reinforce-
ment because the latter is pulled out of concrete (Fig. 5a). Tensile
strain appears in concrete around the reinforcing bar before rein-
forcement release and concrete plain around reinforcement
deforms.

Tensile and shear stresses appear at the interface between
reinforcement and concrete and the damaged area around rein-
forcement and damaged anchorage length increases after reinforce-
ment release (Fig. 5b). Reinforcement draws in deeper into concrete
due to the initial concrete damage around reinforcement during
release. Stress redistribution takes place in the reinforcement
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Table 1
Initial data.

Ep, (GPa) Ec0, (GPa) fpk, (MPa) fpk0,1, (MPa) r0, (MPa)

195 31 1860 1674 1354

Ap, (mm2) Ac, (mm2) lsu, (m) lT, (m) ac = ap

280.6 35,610 100 98 10 � 10�6

(a)

(b)

(c)

Fig. 6. Redistribution of prestress force during sequential release of reinforcement.
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anchorage zone. Reinforcement draw in varies due to the release of
reinforcement in sequence (Fig. 6c). This can be explained by
variation in damage to the reinforcement anchorage zone.

After releasing several reinforcing bars, prestress force acting in
each unreleased bar can be calculated according to [6,7]

Pi ¼ ½P0 � ðsx � siÞ � ki�; ð12Þ

Pj ¼ ½P0 � ðsx � sjÞ � kj�; ð13Þ
where Pi and Pj are forces at the active and passive end of casting
bed respectively; P0 initial prestress force before reinforcement
release; sx displacement of prestressed concrete elements along
the axis of casting bed due to reinforcement release; si and sj
component of longitudinal compressive strain of prestressed
concrete elements due to concrete precompression during release
of reinforcement at active and passive end of the casting bed
respectively; ki and kj coefficients describing reinforcement axial
tensile stiffness depending on anchorage zone length from active
and passive end of casting bed respectively.

Displacement of prestressed concrete element along the axis of
casting bed

sx ¼ ½ðm� nÞ � P0 � R � Ffr�
ðp�mÞ � ki þ ðp� nÞ � ki ; ð14Þ

where Ffr is friction force appearing when prestressed concrete
element tries to move along the casting bed: Ffr ¼ me � g � l; me

mass of the elements; g acceleration of gravity (g ¼ 9:81 m=s2); l
coefficient of friction (steel to concrete l ¼ 0:57 . . .0:7 [34]); p
amount of all prestressed reinforcing bars in cross-section; m and
n amount of released reinforcing bars at active and passive end of
the casting bed respectively; R coefficient of restraint degree.

The ratio between element length and cross-section height is an
important factor describing movement along the casting bed.
The longer is the element, comparing with the height of its
cross-section, the greater is the degree of restrain (R). When an ele-
ment is free tomove and is completely unrestrained, R = 0. In case of
partial restrain, 0 < R < 1 and in case of full restrain, R = 1. Calcula-
tions are done assuming that abutments are rigid and cannot
deform. Usually reinforced concrete elements are long comparing
to the height of their cross-section and cannot move along the axis,
so R = 1.

Displacement of prestressed concrete element induced by
precompression force:

si ¼ m � P0 � ðp�mÞ � ki � sx
kc � ð1þ aÞ þ ðp�mÞ � ki ; ð15Þ

sj ¼ a � m � P0 � ðp�mÞ � ki � sx
kc � ð1þ aÞ þ ðp�mÞ � ki ; ð16Þ

where a ¼ ðp�mÞ � ki=p � kj; ki;j ¼ Ep � Ap=li;j; li;j ¼ l0i;j þ 0:5 � lai;j;
l0i and l0j is reinforcement length outside the concrete at the active
and passive end of casting bed respectively; lai and laj is
reinforcement anchorage length at the active and passive end of
casting bed during reinforcement release respectively; kc stiffness
coefficient of prestressed concrete element during concrete
precompression: kc ¼ ðEc � Ac þ Ep � ApÞ=ðL� 0:5 � ðlai þ lajÞÞ; L total
length of prestressed concrete elements in casting bed.

The analysis of the symmetrically released reinforcement of a
prestressed concrete sleeper was performed according to the
presented methodology (Eqs. (12)–(16)) and the initial data are
presented in Table 1. It is assumed that pretensioned reinforce-
ment is released symmetrically (Fig. 7a). Stress distribution in rein-
forcement depending on the ratio between the amount of released
strands and a total amount of strands in the cross-section (m=p)
and cl ¼ 0:7 . . .0:99 is presented in Fig. 7b. Bond between rein-
forcement and concrete is the most damaged during the release
of the last strands. The last strands can reach yielding stress or
even brake due to an increase in prestress force during release.
3. Experimental research on damage to the reinforcement
anchorage zone in prestressed concrete sleepers

3.1. Used materials and their properties

For investigation of the damaged ends of prestressed concrete
sleepers, after reinforcement release, new (stored in warehouse)
sleepers and those used for three years in the railroad track were
used. Both used and new sleepers were produced at the same time
in Lithuania and exploited in neighbouring countries (Fig. 8).

Concrete cubes (100 � 100 � 100 mm) were cut from new
sleepers and the average concrete compressive strength was
determined and made f c;cube ¼ 80:6 MPa. Concrete porosity by
water absorption was 3.3%. The composition of the concrete
mixture is given in Table 2.

Investigation of resistance to alkaline corrosion was made
according to RILEM TC 191-ARP [35] and tested whether there
were reactive particles in aggregate. Granite was used as a coarse
aggregate for producing sleepers, which experimentally was deter-
mined as nonreactive filler. Therefore, the RILEM method [36],
which includes small size (04 mm) aggregates, was selected for
the expansion test.
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Alkali content in cement was determined according to LST EN
196-2:2013 [37] and was equal to K2O = 0.96%; Na2O = 0.13%; (%
Na2Oeq = Na2O + 0.658 %K2O) Na2Oeq = 0.76%. Alkali content higher
than 3.8 kg/m3 causes destructive expansion and 1.8 kg/m3 Na2Oeq

is the safe limit [38]. However, when alkali content in concrete is
lower than 3 kg/m3, it is assumed that alkaline corrosion in
concrete cannot progress [39,40]. The equivalent amount of
alkali content Na2Oekv in cement used in our research, is
2.89 < 3 kg/m3. In many countries using lower alkalinity cement
(low <0.6%; average >0.6%, <0.75%; high >0.75%) [39,40] is
recommended for producing prestressed concrete sleepers.

Alkali content in concrete depends on the alkalinity of aggre-
gates and cement, their content and ratio. According to laboratory
Table 2
Composition of concrete mixture.

Material name, grade, fraction Dry matter content
kg/1 m3 in concrete

Cement Portland cement CEM I 52.5 R 380
Fine aggregate Sand fr. 0–4 773
Coarse aggregate Granite fr. 5–8 406

Granite fr. 11–16 754
Additives Accelerating admixture 0.5%

Air entrainer 0.57%
Water 140
Water-cement ratio W/C 0.37
Density of the concrete 2453
tests, the amount of reactive particles in coarse aggregate (granite)
is low [41]: the amount of highly reactive particles is 0.64% and the
amount of lower reactivity particles is 0.62%. The amount of highly
reactive particles and lower reactivity particles in fine aggregate
(sand) is 1.52% and 2.33% respectively. The total amount of reactive
particles in sand is about 4% and in granite – about 1%. Therefore,
expansion tests were performed using only sand as fine aggregate.

Expansion due to alkaline corrosion of two types concrete sam-
ples were tested. Prismatic specimens (40 � 40 � 160 mm) were
formed from sand and cement in a ratio 2.25:1. Water and cement
ratio was 0.47. Other tested specimens (40 � 40 � 160 mm) were
cut from new sleepers and consisted of fine (sand) and coarse
(granite) aggregate (Table 2). The samples were stored in the NaOH
solution of 1 M concentration at a temperature of 80 �C.

According to [35] recommendations, if the expansion of
concrete samples does not exceed 0.10% within 14 days, then,
there is no risk of alkaline corrosion. According to graphical data
presented in Fig. 9 all aggregates (their amount) in concrete, used
for producing sleepers, does not cause a dangerous alkaline
reaction.

It has been determined that the structure of concrete samples
cut from sleepers and soaked in alkali solution is damaged and sur-
face cracks after 46 days (Fig. 10b). However, there were no cracks
on the concrete surface of alkali unaffected samples (Fig. 10a). Con-
crete prisms were tested under bending and the tensile strength of
concrete prisms soaked in the alkali solution was determined to
decrease about 2 times.
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3.2. Damages at the ends of new and used sleepers

A number of authors [8,10,11,22], have proved that micro- and
macro-cracking is the initial damage causing further destruction
of the concrete structure. The article discusses technological factors
in a negative impact on the ends of sleepers (reinforcement anchor-
age zone). Damage to the concrete structure and initial stresses
appearing during production creates conditions for further and fas-
ter concrete deterioration during exploitation due to humidity,
water, freezing and thawing cycles as well as by chemical and
physical effects caused by the gas or liquid form of contaminants.

Investigation into the used sleepers has disclosed that their
ends are damaged differently (Fig. 8). Some of them are slightly
damaged and therefore cracking and spalling concrete at the other
ends and the reinforcement anchorage zone is observed.
Fig. 10. Concrete structure of samples from sleepers: a – befor

Fig. 11. Types of damage around reinforcement
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A microscopic inspection of three years old used prestressed
concrete sleepers having the damaged reinforcement anchorage
zone was performed. Concrete damage and cracks around the rein-
forcement of the used sleepers is significantly larger (Fig. 11) than
that viewed in new sleepers (stored in warehouse for three years)
(Fig. 12). This shows that the initial damage to the concrete struc-
ture, caused by technological effects, increases during the exploita-
tion of sleepers in the natural environment. The interface between
reinforcement and concrete is damaged, and after reaching a
certain level of cracking, concrete can split off and sleeper deterio-
ration can begin. The first additional stresses in concrete are
caused by water and humidity.

Water penetrates into micro- and macro-cracks on the concrete
surface and causes stress in concrete and at the interface between
reinforcement and concrete during freezing of water (Fig. 14). At
the beginning of the crack, frozen water causes pressure to the sur-
rounding concrete and unfrozen water is situated deeper in the
crack. Unfrozen water creates hydraulic pressure at the tip of the
crack and causes additional stress concentration. The interface
between reinforcement and concrete can be damaged due to above
introduced stresses. The further development of technological
cracks or open pores, situated by reinforcement, is possible if
cracks are filled with water to almost 95%. Unfrozen water helps
with developing other chemical and physical processes in concrete
micro-cracks (Fig. 14(5) and (6)). New solid expansive phases can
form under wet conditions due to chemicals from the environment
penetrating into concrete. New solid phases can cause large tensile
stresses and damage concrete surface layers similarly as frozen
water [42].

Experimental research on four new prestressed concrete
sleepers under 200 freezing and thawing cycles was carried
out. Each sleeper was cut in half before the test. This resulted
into two sleeper end zones: a natural structural end and a sec-
e soaking in alkali solution; b – after soaking for 46 days.

at the ends of three years old used sleepers.



Fig. 13. Sleepers end surface after freezing and thawing: a) natural structural end; b) section in the middle of the sleeper.

1

2 4

3
5

6

Fig. 14. Technological crack development during freezing of water: 1 – reinforce-
ment; 2 – concrete; 3 – crack; 4 – frozen water (ice); 5 – unfrozen water; 6 – stress
concentration due to pressure induced by frozen water.

Fig. 12. Types of damage around reinforcement at the ends of new (stored in warehouse) sleepers.
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tion in the middle of the sleeper. One freezing and thawing cycle
lasted for 6–4 h of freezing (�17 �C) and 2 h of thawing in water
(10 �C). At the end and in the middle of new sleepers, reinforce-
ment was uncovered. The reinforcement surface was determined
to be corroded up to 5 mm at the natural structural end and
there was no corrosion of reinforcement in the middle of the
sleeper. Sleepers were examined after freezing and thawing
cycles, and concrete damage around reinforcement at the ends
of sleepers was analysed (Fig. 13). A comparison of damage at
the structural end of sleepers and the section in the middle of
the sleeper shows that the interface between reinforcement
and concrete is more damaged at the end of the sleeper due
to technological damage during production (Fig. 13a). The rein-
forcement surface is corroded up to 23 mm at the structural
end and up to 5 mm in the middle section of the sleeper. The
middle section of the sleeper was affected only by the slip of
prestressed reinforcement during cutting the sleeper. Therefore,
damage to this area was smaller (Fig. 13b). This is confirmed
by the influence of the initial stress state on the behaviour of
prestressed concrete sleepers due to the exposure of humidity
and temperature. Larger micro-cracks formed between reinforce-
ment and concrete allow water to penetrate deeper into the con-
crete structure. These cracks create conditions for reinforcement
corrosion, damage to the interface between reinforcement and
concrete during freezing water and water presence in chemical
processes during thawing.
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Reinforcement was damaged by corrosion at the ends of the
used sleepers where concrete was not spalled. Corrosion depth in
some damaged reinforcement bars was up to 40 mm.
3.3. Analysis of sulphate attack

Concrete imperfections arising due to technological factors
during production are unavoidable in almost all cementitious con-
crete. Their influence appears during the service of constructions. A
further change in concrete structure and deterioration under acting
loads as well as an environmental impact are influenced by open
pores, capillaries, micro- and macro-cracks. One of the typical parts
where deterioration starts in the case of our investigated sleepers
and can be met in literature [12,22] are the ends of the sleepers,
at which the biggest technological defects appear. According to
Mehta [8], prestressed concrete sleepers deterioration mechanism
can be divided into physical and chemical. The formation of
new solid phases in concrete structure can cause chemical
deterioration.

Sulphates and gypsum in cement rapidly dissolve during
hydration, react with C3A and ettringite forms. Ettringite forma-
tion, at the initial stage of concrete hardening, is called primary
ettringite, which controls concrete curing time. Dangerous stresses
do not appear during the formation of primary ettringite because
cement paste is not hardened. After some time, the recrystalliza-
tion of secondary ettringite (3CaO�Al2O3�3CaSO4�32H2O) appears
during service. An additional sulphate source (aqueous solution
saturated with ions: Ca2+, AlðOHÞ�4 , SO2�

4 and OH�), which can
appear due to temperature effect or leaching alkalis in a humid
environment, is required for the formation of secondary ettringite
that forms due to internal sulphate attack (ISA), the development
of which requires concrete micro-cracks, late sulphate release
and water [10,11].

Ettringite usually forms on the concrete surface and is detected
in concrete pores, cavities, cracks and micro-cracks around
aggregates. Constructions, such as prestressed concrete sleepers,
in service can be affected by a high temperature (>60 �C) during
summer. Our researches and investigation done by other authors
[12,14,22] have revealed that the deterioration of prestressed con-
crete sleepers used in railroad starts at their ends. The sleepers
exposed to rainwater and variable effects of the sun are more
damaged by internal sulphate attack than those constantly
situated in the shadow and exposed to rainwater [10,43]. Our
research also showed that more significant damages were detected
at these ends of the sleepers situated on the south side and
exposed to the sun, than ends of the sleepers situated on the north-
ern side (Fig. 8).
A

C

(a)
Fig. 15. Microstructure of specimen from the end of the used sleeper: a – �500
Alkali silica reaction (ASR) accelerates the formation of
secondary ettringite due to ISA. In case of reactive aggregates in
concrete, alkali induced expansion occurs and micro-cracks appear
in concrete during heat treatment. Ettringite forms in these
micro-cracks and induces additional expansion and greater
concrete cracking during hardening of concrete [44]. Secondary
ettringite formation is also determined in concrete with nonreac-
tive aggregates [10].

Thaumasite (CaSiO3�CaCO3�CaSO4�15H2O) can form in cement
and concrete containing carbonates. Calcium silicate (Ca2SiO4), sul-
phates, carbonates (limestone in cement, concrete aggregates,
ground water, soil or CO2 in air) and the excess of moisture are
required for the formation of thaumasite.

Thaumasite can form from ettringite that reacts with C–S–H,
carbonate, Ca2+ ions and water. In this case, a temperature lower
than 15 �C (optimal 05 �C) is necessary for the formation of
thaumasite [45]. At this temperature, reaction between ettringite,
silicates (especially C–S–H) and carbonates (with CO�

2 ions or CO2

in the atmosphere) takes place under the influence of water.
Thaumasite crystals also form under a temperature higher than
20 �C, but the process takes longer [46]. However, formation of
thaumasite can be faster in laboratory conditions [47].

It has been determined that an alkaline environment
(pH P 12:5) accelerates the formation of thaumasite and that
when water leaches various substances out of concrete at a low
pH level (pH 6 8:0), gypsum becomes dominant sulphate and the
amount of thaumasite decreases. However, when thaumasite is
completely formed, it remains stable even when the pH level is
low and makes 68 [48].

It has been determined that thaumasite forms only in concrete
containing enough sulphates, which would turn all aluminium into
ettringite. Therefore, the presence of gypsum [49] or sulphates in
the solution [50] can cause thaumasite formation in cement
containing carbonates.

According to numerous studies [9,10,12,14,22], ettringite
appears as one of the main factors in the sleeper deterioration
process. According to the programme developed by the authors
and selected specimens, the concrete structure of new and used
prestressed concrete sleepers was investigated at the Laboratory
of Building Products Technology in the Scientific Institute of
Thermal Insulation, Vilnius Gediminas Technical University.

Concrete samples of testing were taken from different ends of
the used, similarly damaged prestressed concrete sleepers (Fig. 1).
Analyses employing a scanning electron microscope (SEM) and
Energy-dispersive X-ray spectroscopy (EDS) were carried out at
the interface (C) between aggregate (A) and cement paste
(Fig. 15a). As the picture of microstructure analysis shows, the
biggest changes arising from different humidity (shrinkage) and
(b)
(A – aggregate; C – contact zone); b – specimen from the C zone (�10,000).
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Fig. 16. Results of EDS analysis of the concrete specimen from the end of used sleeper: a – image of EDS analysis (�3000); b – results of element concentration (%): O – 28.30;
Al – 3.88; Si – 0.25; S – 12.92; Ca – 54.65.
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thermal deformations of these two components can be observed
at the interface between aggregate and cement paste. More
detailed research on this zone showed that all micro-cracks
and pores were filled with various sizes of secondary ettringite
(DEF) crystals, which causes internal stresses at the ends of
sleepers.

EDS analysis alongwith SEMwas carriedout. Specimens fromthe
ends of the used sleepers were taken in the parts between
reinforcement and at the interface between reinforcement and
concrete. The obtained results show that a significant amount of
Ca

1

2

(a)
Fig. 18. Results of EDS analysis of specimen from the middle of used sleeper at the in
(1 – interface between reinforcement and concrete; 2 – concrete), b – results of elemen

1

2

C
Ca

(a)
Fig. 17. Results of EDS analysis of specimen from the end of used sleeper at the interface b
between reinforcement and concrete; 2 – concrete), b – results of element concentration
needle-shaped crystals formed in the micro-cracks of concrete at
the interface between reinforcement and concrete (Fig. 17) and
about 50 mm from reinforcement (Fig. 16). An elemental
composition of these crystals corresponds to ettringite
(3CaO�Al2O3�3CaSO4�32H2O).

Secondary ettringite formation in concrete micro-cracks and
pores shows that sulphate corrosion began at the ends of the used
sleepers. Sulphate corrosion products were not observed in the
structure of concrete specimens from the middle of the used
sleepers (Fig. 18).
Ca

Ca

Si

Al
Mg

O

(b)
terface between reinforcement and concrete: a – image of EDS analysis (�5000)
t concentration (%): O – 53.58; Al – 1.58; Si – 6.41; Ca – 36.18; Mg – 2.26.

O

Al S Ca

CaS
Cu
Zn Si

(b)
etween reinforcement and concrete: a – image of EDS analysis (�3000) (1 – interface
(%): O – 53.78; Al – 5.33; Si – 0.39; S – 7.94; Ca – 22.89; Cu – 2.33; C – 7.34.
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Fig. 19. Results of EDS analysis of concrete specimen from the middle of new sleeper: a – image of EDS analysis (�3000), b – results of element concentration (%): O – 55.89;
Mg – 0.62; Al – 2.23; Si – 5.10; S – 0.50; Ca – 27.47; Fe – 8.20.
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New solid phases were not observed in the damaged concrete
structure at the ends of new sleepers (Fig. 19). According to SEM
images the cracks having a width of 0.2–0.8 lm are visible at the
interface between coarse aggregate and cement paste (Fig. 19a).

EDS and SEM analysis indicates that no new solid phases that
could cause expansion formed in concrete micro-cracks of new
prestressed concrete sleepers. Secondary ettringite crystals, that
can cause the deterioration of concrete structure have formed at
the ends of use prestressed concrete sleepers. However, one reason
of deterioration cannot be excluded due to the fact that prestressed
concrete sleepers are influenced by a number of factors affecting
the durability of the sleepers during production and service in
the natural environment. One factor of effect can be the beginning
of another. Therefore, the behaviour and cause of the deterioration
of prestressed concrete sleepers, under difficult service conditions,
must be assessed in complex.
4. Conclusions

A theoretical and experimental analysis of prestressed concrete
constructions, with pretensioning reinforcement to abutments, has
showed that internal stresses are induced in elements during con-
crete heat treatment. The maximum stresses occur after hardening
of concrete. Reinforcement is pulled out of concrete at the ends of
the last elements in the casting bed at the cooling stage and draws
into concrete during release. Reinforcement draw in depends on the
method of release. Damage to the interface between reinforcement
and the concrete of prestressed concrete elements at the active end
of the casting bed are larger than that to other produced elements.

The damaged areas of the interface between reinforcement and
the concrete of prestressed concrete sleepers in service enables
moisture and aggressive substances penetrate into concrete result-
ing in the formation of various solid phases and ice causing internal
stresses.

Laboratory tests on new sleepers cut in half have showed that
structural damage to the interface between reinforcement and
concrete at the natural structural end are larger than that at the
cut end after 200 freezing and thawing cycles. The reinforcement
surface is corroded up to 23 mm at the natural structural end of
these sleepers and up to 5 mm at the cut end. The reinforcement
surface corroded up to 5 mm in the sleepers stored in warehouse
for three years.

Reinforcement corrosion was developed further into concrete at
the uncracked ends of three year old used sleepers rather than in
the new ones and reached up to 40 mm.

The amount of alkali (Si) and the content of sulphates (Al and S)
were reduced at the ends of the used sleepers comparing to the
new ones. S and Al with O and Ca in concrete and water from
the outside form sulphate compounds and needle-shaped crystals
(DEF) grow up in opened concrete micro-cracks and at the dam-
aged interface between reinforcement and concrete.

New solid phases (crystals) were not detected in closed con-
crete micro-cracks (having no contact with the environment) in
the middle of new and used sleepers. This indicates that sleeper
resistance to environmental effects decreases because of the dam-
aged interface between reinforcement and concrete at the ends of
the sleeper during production.

The deterioration of concrete structure in the reinforcement
anchorage zone of prestressed concrete sleepers appears because
of the formation of secondary ettringite crystals, which causes
additional stresses in concrete structure and sums with stresses
induced by technological factors, environmental effects (freezing
water) and external forces.
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