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MOHHUX WNATl 34 KPUMepPiaMU eleKmputHoz0 0nopy, Cmiiko-
cmi 00 JyicHoi Kopo3ii ma Kopo3ii enHacaidox Kpucmamizauii
3ani3ninozo ma emopunnozo emmpuneimy. Haseodeni docniosicen-
M GYI0 BUKOHANO 6 PAMKAX SUPTUEHH NPOBeMU nepeduacto-
20 PYUHY6AHHS 3A300eMOHHUX WNAJL, 6HACTIO0K NPOZPECYOUO0-
20 MpiMUHOYMEOPEHHsL HA cMAadii mepMmooGpPodKU Mma nodaLoL
excnayamauii. Bcmanoeaeno, wo esedenns do cknady Gemo-
HY WNAan nyyoaHosux 000a6okK, w0 Micmamv 6 C60EMY CKAAOL
axmuenuii AlL,O3, dozsonse minimizyeamu pusux Koposii, w0
00YMOBJIeHA PEaKuicl0 KpemHesemy 3an06HI08a4i6 3 Jy2amu ma
KOpo3ii 6HACNIO0K Kpucmanizauii 3anizniiozo ma 6mopuHHo-
20 emmpunzimy. Bucoxa egexmuenicmv w000 Hazeanux 6uoie
Kopo3ii nyuonanosux 006asox, axi emiugyromo axmuenui Al,Os,
NOACHIOEMBC 36 A3YBAHHAM JIY2i6 8 HePOIUUHHL YNHCHI 2i0poao-
Mocunixamu, wo CnpusIoms YusiioHEHHI0 CUCTEMU 31 SHUNCEHHM
emicmy ionie Na*/K* 6 pozuuni. 3nuscenns emicmy 6 noposomy
PO3uUHi 1Y2ié 00YM0o6I0€E ONOKYCANHA Peakuii <ye — KpemHicea
KUCTIOma»> ma ni06UmeHHs meMnepamypu CmadiisHocni emmpin-
2imy 0o Ginvu eucoxux 3navens. Ile 3nusicye nomenuiiiny xino-
KiCmb UUKJIi8 YMEOPeHHS 6MOPUHHOZ0 emmpinzimy ma iMogip-
HICMb YmeEopeHHs 3ani3Hiioezo emmpineimy. AnvmepHamueHuil
Mexanizm 0ii akmuenozo Al,O3 nyuonan nonsieac y 36’s3yean-
ni ionie SO~ ma Ca®* 3 nopoeoezo pozuuny y HuzKocyIbPamui
dopmu zidpocynvoaniominamie Kanvuilo, wo GUKIIOUAE KpUC-
manizauiro 3ani3Hizi0e0 ma 6MOPUHHOZ0 emmpiHzimy.

SHudCeHHs BUMPAMU YeMeHmy ma 600U 3a PAXYHOK 6UKOPU-
cmanns 0obasox-naacmuixamopie 00360J15€ NOSUUUMU NUMO-
Muil enexmpuvnuii onip mMoouixoeanozo Oemony wnan euuie
Pi6HA KOHMPOILHO20 CKNady 6e3 dobasok. Odepicani pesyroma-
mu Hadaomv MONCIUGICMb 3a0e3neHeHHs NPoeKmHoi 0062061~
Hocmi Gemony 3aNi300eMOHHUX WNATL WAAXOM X KOMNAEKCHOL
Mooupixauii nracmudixamopamu ma aKMuGHUMU MiHEPATLHU-
Mu dobasxamu, wo micmanmo axmuenuti Al,O3
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1. Introduction

Existing issue on a premature destruction of reinforced-
concrete sleepers that fail prior to reaching the estimated
operational resource results in significant expenses and ne-
cessitates solving an integrated task on improving the macro-
and microstructure of reinforced-concrete sleepers in order to
ensure their design durability. An analysis of defects in rail-
road reinforced-concrete sleepers reveals that more than half
of them occur due to the insufficient physical-mechanical and
mineralogical characteristics of concrete. Reinforced-con-
crete sleepers demonstrate imperfection at the level of macro-
and micro structure, which significantly reduces their dura-
bility. The macrostructural imperfection is primarily caused
by mismatch to the requirements of the geometry and the size
of the coarse aggregate. The microstructural imperfection of
concrete in sleepers is predetermined by the use of poor-qua-
lity aggregates that are contaminated with inclusions of alu-
mina, mica, reactive and alkali-containing minerals and the
elevated content of alkali in cement. Concrete in sleepers is
characterized by the increased number of pores and voids due
to poor-quality vibrocompaction, or the exceeded stiffness of
a concrete mix. Based on the results of studying the destruc-
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tion of reinforced-concrete sleepers carried out at Dniprope-
trovsk National University of Railroad Transport (Ukraine)
in 2011, the probable causes are corrosion due to the crystal-
lization of delayed and secondary ettringite and the alkaline
corrosion of concrete. It is possible to control the specified
types of corrosion by modifying the concrete of sleepers. In
this case, according to DSTU B V.2.6-209:2016, in order to
prevent the electric corrosion of concrete, the electrical resis-
tance of concrete in sleepers with admixtures that electrolytes
should not be less than the electrical resistance of concrete
without admixtures.

Thus, it is a relevant task to investigate the ways to
improve the microstructure of concrete in sleepers and to
increase its resistance to corrosion as a result of crystalliza-
tion of delayed and secondary ettringite, alkaline corrosion,
and electrical corrosion of concrete, based on the criterion of
electrical resistance.

2. Literature review and problem statement

One of the reasons of premature destruction of sleepers is
microcracks that form at the stage of thermal-wet treatment



at temperatures above 50—60 °C, the cause of which is pro-
bably the delayed formation of ettringite. During operation
of reinforced-concrete sleepers, the number and width of
these cracks increase, due, probably, to the recrystallization
of secondary ettringite [1]. The presence of aggregates in the
composition of concrete, containing active silica, as well as
the elevated content of alkaline metals in the cement compo-
sition (aggregates), can lead to cracking and destruction of
concrete in sleepers due to alkaline corrosion [1, 2].

Resolving the issue of premature destruction of rein-
forced-concrete sleepers implies improving the technology
of production (modes of heat-wet treatment, the use of
modifier admixtures) with the optimization of both macro-
and microstructural characteristics of concrete. That would
ensure resistance to corrosion as a result of crystallization
of delayed and secondary ettringite, alkaline corrosion, and
electric corrosion from leakage currents [3].

A recent implementation of DSTU B. V.2.6-209:2016 al-
lows the use of modifier admixtures in concrete for sleepers.
This predetermines not only the improvement of the rheolog-
ical characteristics of a concrete mix and the homogeneity
of concrete in sleepers, but also a simultaneous reduction in
the consumption of cement along with the acceleration of
cement hydration and the increase of strength by concrete.
Along with admixtures from the plasticizers group it is also
promising to use active mineral admixtures in the concrete
of sleepers. Thus, a series of recent studies addressed the
influence exerted on the properties of concrete by mineral
modifiers such as fly ash [4—6], silica fume [7, 8], and me-
takaolin [9—11]. It is known that control over the <alkali-
silica reaction» of aggregates would require using more than
7 % of silica fume and metakaolin [11-13], and more than
20 % of fly ash [11, 14]. Given the relatively high cost of silica
fume and metakaolin, as well as a substantial increase in the
consumption of plasticizers when using them, it is expedient
to investigate the effectiveness of these pozzolans for block-
ing the «alkali-silica reaction» at smaller doses.

It is known that the effect of temperatures over 60-70 °C
on concrete can lead to the recrystallization of delayed and
secondary ettringite, while the elevated content of alkali
(Na'/K") in cement lowers the temperature of ettringite
decomposition to 50—60 °C [1]. According to experimental
data from [15], the cyclic effect of a temperature of 80 °C
on a cement system resulted in a substantial expansion of
samples, while the increased content of potassium carbonate
in cement increased the expansion by 2 times. The findings
in [16] indicate that the use of superplasticizers leads to
a slow formation of ettringite and accelerates the forma-
tion of mono sulfate. Paper [17] studies the stability and
morphology of ettringite when using superplasticizers of
different types. It was determined that ettringite stability is
increased only when using a superplasticizer of the naphtha-
lene sulfonate type, while the application of superplasticizers
of other types led to a decrease in ettringite stability. To
prevent corrosion as a result of crystallization of delayed and
secondary ettringite, it was proposed to create a sufficient
reaction space by introducing pore- forming additives [1],
which, for the case of concrete in sleepers, is considered im-
practical. Papers [18—20] noted a positive effect from 8 % of
metakaolin and 20 % of fly ash on the control over expansion
as a result of crystallization of delayed ettringite, which is
associated with both the pozzolanic effect and the content of
active Al,O3. Whereas the replacement of cement with 8 %
of silica fume does not make it possible to control long-term

expansion due to the crystallization of delayed ettringite,
although the onset of expansion is delayed [19,20]. Pa-
pers [21, 22] note a significant influence over the expansion
of the high specific surface of pozzolan. It is expedient to
study the efficacy of pozzolan, which contains active Al,O3,
in terms of control over the crystallization of secondary
ettringite, whose mechanism and the conditions for forma-
tion differ from the mechanism and conditions for a delayed
ettringite formation [1]. So, in contrast to delayed ettringite,
the recrystallization of monosulfate (formed at the decompo-
sition of primary ettringite as a result of cyclic temperature
influences) into secondary ettringite does not require the
Ca’" ions, the ions of SO%~ would suffice [1].

In accordance with DSTU B. V.2.6-209:2016, the use of
admixtures modifiers requires the confirmation of stability
of the modified concrete for sleepers to electric corrosion
based by the criterion of electrical resistance. Concrete has
a relatively high electrical resistance, but in a water-satura-
ted state its conductivity can increase significantly because
liquid in concrete capillaries is the electrolyte [3]. The main
measures to fight the electric corrosion of reinforced con-
crete are to reduce leakage currents, to use electric protec-
tion of structures, to apply insulating coatings and improve
the electrical resistance of reinforced concrete itself [3, 23].

Thus, based on the results from a literature analysis,
it is possible to argue about a possibility to block alkaline
corrosion and corrosion as a result of crystallization of de-
layed ettringite by modifying the concrete of sleepers with
pozzolans that contain active Al,Os. It is necessary to refine
the minimal effective concentrations of these admixtures
as regards the specified types of corrosion. It is also needed
to investigate the efficacy of pozzolans containing active
Al,yOs3, regarding control over recrystallization of secondary
ettringite. Application of admixtures in the concrete of
sleepers predetermines the need to study stability of the
modified concrete against electric corrosion by the criterion
of electrical resistance.

3. The aim and objectives of the study

The aim of this work is to study the efficiency of compre-
hensive modification of concrete of organo-mineral admix-
tures in order to improve the concrete corrosion resistance
of the pre-stressed railroad sleepers.

To accomplish the aim, the following tasks have been set:

— to investigate the efficiency of 5% of silica fume and
metakaolin for improving the resistance of concrete of
sleepers against alkaline corrosion;

—to examine the efficiency of pozzolanic admixtures,
containing active Al,Os, for preventing the corrosion of
concrete of sleepers as a result of crystallization of delayed
and secondary ettringite;

— to estimate the effect of admixtures modifiers on the
electrical resistance of concrete of sleepers.

4. Materials and methods to study the influence
of modifier admixtures on the corrosion resistance
of concrete in sleepers

In the study, we used Portland cement CEM I 42.5, pro-
duced by VAT «Volyn-Cement» (Dickerhoff AG, Ukraine).
Pozzolanic admixtures: metakaolin (TOV «Zakhidna Kaolin



Company», Ukraine), silica fume (OFZ, Slovakia), alumino-
silicate modifier Centrilit NC II (MC-Bauchemie, Germa-
ny). Aggregates: quartz river sand, sand of crushed granite,
fractions 0.63...2.5 mm, crushed granite, fractions 5—0 mm.
Admixtures of plasticizing group: «Sika», «MC-Bauchemie»,
«Mapei», etc. We studied the stability of concrete in sleep-
ers against corrosion, due to the reaction between silica of
aggregates and alkali, in line with DSTU B. V.2.7-171:2008
and DSTU B. V.2.2.7-71 (p. 4.22.3). The DSTU B. V.2.7-71
(p. 4.22.3) method implies the measurement of expansion
of the concrete prisms in a hot (80+1°C) 1M solution of
NaOH over 11 days. The criterion for assessing the stability
of concrete to alkaline corrosion in line with this method
is the indicator of deformation of concretes of control and
basic compositions, which, for a corrosion-resistant concrete,
should not exceed 0.1 %.

We examined corrosion resistance to crystallization
of delayed and secondary ettringite according to the SVA
method (proposed by the Expert Committee for «con-
crete technology» at Deutsches Institut fiir Bautechnik to
study sulfate resistance of binders) [1]. Under this method,
a binder is recognized as sulphate-resistant if the expansion
of samples 1x4x16 cm based on it (at W/C=0.5) does not
exceed 0.5 mm/m after 91 days (180 days in line with the re-
cent recommendations by DIBt) of aging in a 4.4 % solution
of sodium sulfate.

We studied the impact of modifying admixtures on the
resistance of reinforced-concrete sleepers against electric
corrosion based on the criterion of specific electrical resis-
tance in line with the DSTU B. V.2.6-209:2016 method. The
method implies comparing the specific electrical resistance
of basic composition without admixtures to the resistance of
modified compositions of concrete.

5. Studying the efficiency of pozzolans in blocking the
alkali corrosion of concrete in sleepers

When sleepers are manufactured, those aggregates that
potentially contain active silica are mainly represented by
the quarry sands from individual deposits, which should be
replaced with inert ones in the first place. Given that the
formulations of concrete for sleepers at enterprises include
sand of crushed inert granite, whose reactive capability can
be increased at crushing, we studied their potential impact
on the alkaline corrosion of concrete.

In order to prevent the alkaline corrosion of concrete
in sleepers, the effectiveness of a range of pozzolanic ad-
mixtures was considered. A positive effect of metakaolin is
known, which is characterized by high reactivity and can re-
duce concentrations of the OH", Na* and K" ions in solution
to non-critical levels, thereby minimizing the expansion of
concrete due to the reaction between aggregates’ silica and
alkali [9, 11-13].

The results shown in Fig. 1 suggest that the examined
aggregates have a certain reactivity, resulting in samples’
expansion at heating in an alkaline solution, but the expan-
sion does not exceed the permissible limit of 0.1 %. However,
an increase in the content of a dusty component in the sand
of crushed granite could lead to that the permissible values
of expansion are exceeded. When adding 5 % and 10 % of
metakaolin (by cement weight), there is not expansion of
the examined samples (Fig. 1), which indicates blocking the
reaction between aggregates’ silica and alkali.
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Fig. 1. Expansion (linear) of samples in a hot (801 °C)
solution of NaOH (1M)

Taking into account almost the same result when adding
5 and 10 % of metakaolin (Fig. 1), one can assume that 5 %
of metakaolin (by weight of cement) is sufficient to minimize
corrosion caused by the reaction between aggregates’ silica
and alkali.

When adding 5 % of silica fume by weight of cement, ex-
pansion of the examined samples slightly decreases (Fig. 2).
However, when adding to cement 10 % of silica fume (Fig. 2),
expansion of the examined samples remains almost at the
control’s samples. Thus, the examined silica fume is less
effective at eliminating the threat of reaction between aggre-
gates’ silica and alkali than metakaolin.
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Fig. 2. Expansion (linear) of samples in a hot (80+1 °C)
solution of NaOH (1M)

The probable mechanism of metakaolin action consists
in the interaction between active alumosilicate and water-
soluble alkali and in the formation of amorphous alkaline hy-
droalumosilicates, which act constructively, promoting the
compaction of the system [12]. A similar effect is observed
when fly ash is introduced to cement composition, being
a carrier of active Al,Os, which also eliminates the risk of
alkaline corrosion of concrete and reduces the deformation
of expansion to acceptable values [12].

6. Studying the efficiency of pozzolans in preventing
the corrosion of concrete in sleepers resulting from
crystallization of delayed and secondary ettringite

When concrete for sleepers is exposed to heat treatment,
primary ettringite formation can be partially suppressed and
may occur during further utilization in a hardened concrete,
which could lead to crack formation and a decrease in the
strength of concrete for sleepers. Secondary ettringite can
form even during the operation of concrete for sleepers under



conditions of a cyclical temperature exposure exceeding the
limit of ettringite stability and may lead to its recrystalli-
zation. Such cyclical temperature and moisture loads could
lead to premature destruction of concrete in sleepers.

Suppression of primary ettringite creation (decomposi-
tion) is observed at temperatures exceeding the temperature
of its stability (typically >60-70 °C and >50 °C at the ele-
vated content of Na*/K" ions in a solution) [1]. As a result of
crystallization of delayed (secondary) ettringite, the first to
be damaged (destroyed) are the high-quality concretes with
high durability and density, characterized by a small total
pore volume, and, consequently, the reduced space for new
formations. Such damage was found in sleepers made from
a pre-strained concrete, as a result of low water-cement ratio
(W/C=0.32) and a high cement content (460 kg,/m?) [1].

Fig. 3 shows that the introduction of 6 % of metakaolin
and the aluminosilicate modifier Centrilit NC II makes it
possible to reduce the expansion of samples over the early
periods of the influence of a sodium sulfate solution (accord-
ing to the SVA method). The effect on the examined sulfate
samples over the early periods of testing can be considered
to be identical to the conditions for crystallization of delayed
ettringite. Thus, the hydrated cement always contains a cer-
tain amount of calcium hydroaluminates, which, when the
content of SO%~ and Ca® ions in a porous solution increases,
are recrystallized into ettringite in a hardened concrete.

However, over longer testing periods and in the presence
of an external source of sulfates, the expansion of samples
with alumosilicate pozzolans may exceed the expansion of
a control sample without admixtures (Fig. 3).

exceeding 17 % leads to a substantial decrease in the expan-
sion of samples at the initial periods of cyclic tests (Fig. 4).
However, the stabilization of samples expansion under such
conditions is achieved only when the content of fly ash ex-
ceeds 28 %.
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Fig. 4. Expansion (linear) of samples in a 4.4 % solution of
Na,SO4 by the SVA method with a cyclical temperature
influence >60 °C

The efficiency of fly ash and metakaolin, which contain
active Al,Os, is due to binding, by active alumosilicates,
the active water-soluble alkali (Na*/K") into the insoluble
alkaline hydroalumosilicates [12]. This leads to a decrease
in the content of Na*/K" ions in a porous solution [9] and,
consequently, an increase in the stability of ettringite to
temperatures above 60-70 °C. The alternative mechanism of
action of active Al,O3 in pozzolans implies binding the ions
of SO%~ and Ca?" from the porous solution into the low-sul-
fate forms of calcium hydro-sulfoaluminates, which excludes
the crystallization of delayed and secondary ettringite [10].
However, in the presence of an external source of sulphates,
the amount of newly-formed ettringite in the systems with
alumosilicate pozzolans can exceed the amount of ettringite
in the systems without admixtures.
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Fig. 3. Expansion (linear) of samples in a 4.4 % solution
of Na;SO4 by the SVA method

The results of cyclical immersion of samples (every seven
days) in a hot sodium sulfate solution (>60 °C) followed by
their storage in the same solution at 20 °C are shown in Fig. 4.
A combined influence exerted on the examined samples of
sulfate and temperatures cycles can be considered as the
most favorable one for the recrystallization of secondary
ettringite (the elevated content of Na*and SO~ in a solu-
tion). The recrystallization of monosulfate (formed due to
the decomposition of primary ettringite at temperatures
above 50 °C in the presence of Na* ions in a solution) into
secondary ettringite does not require the Ca®" ions; the pres-
ence only of SO?~ ions suffice. Therefore, while for blocking
delayed ettringite it is sufficient to use silicate pozzolans to
bind the Ca?" ions, in the case of secondary ettringite, there is
a need for active Al,O3 to bind the ions of SO~ and Na*. Ac-
cording to data shown in Fig. 4, there is a significant accele-
ration in samples expansion (by ~10 times) compared to stor-
age under normal conditions (Fig. 3). The content of fly ash

7. Studying electrical resistance of the modified
concrete for sleepers

The introduction of admixtures modifiers makes it pos-
sible to improve the rheological characteristics of a concrete
mixture and the uniformity of concrete, to reduce cement
consumption and to accelerate the durability acquisition by
concrete for sleepers. However, in order to prevent electrical
corrosion, the electrical resistance of concrete for sleepers
with admixtures that are electrolytes should not be less than
the electrical resistance of concrete without admixtures (ac-
cording to DSTU B V.2.6-209:2016).

Data from Fig. 5 show that under the condition W/C=const
(400 kg/m? of cement) most admixtures plasticizers decrease
the specific electrical resistance of concrete for sleepers. The
electrical resistance at the level of a composition without ad-
mixtures characterizes the concretes, plasticized by polymers
of the polycarboxylate type, containing a minimum amount of
salt-electrolytes.

Among the factors that ensure the reduced concrete
permeability is to decrease a W/C ratio. However, decreas-
ing a W/C (at constant content of cement) requires the
increased consumption of plasticizers; in this case, a value
for specific electric resistance of the modified concrete for



sleepers increases slightly or even decreases. When reducing
the consumption of cement to 350 kg/m?® and at W/C=0.30
the specific electrical resistivity of the modified concrete for
sleepers with the addition of MS PowerFlow 3100 rises to
1,100 OMm and exceeds the electrical resistance of control
composition without admixtures (Fig. 6). Additional intro-
duction of 5 % of metakaolin (by weight of cement) increases
electrical resistance of the modified concrete with MS
PowerFlow 3100 to 1,200 OM-m (Fig. 6).
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Fig. 5. Electrical resistance of concrete with 400 kg/m3
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Generalization of our experimental data indicates the
presence of an inverse correlation between the electrical
resistance of the modified concretes for sleepers and W/C —
the ratio (Fig. 7) and the content of cement (Fig. 8); in this
case, correlation coefficients do not exceed 0.37-0.39, re-
spectively.

It should be noted that due to a relatively low accuracy
of the method for determining the electrical resistance of
concrete, effects exerted by the examined factors are compa-
rable to an error in the experiment, which predetermines the
low values of correlation coefficients. Thus, in the present
study, the correlation coefficient is used to distinguish the
most statistically significant factors affecting the electrical
resistance of concrete (within the examined factor space).

The highest correlation (correlation coefficient is 0.45)
is observed when one takes into consideration a combined
influence of these factors, which in fact corresponds to an
increase in the electrical resistance of the modified concrete
for sleepers with a decrease in water content in a concrete
mixture (Fig. 8).

Thus, the use of admixtures plasticizers could signifi-
cantly increase the electrical resistance of the modified
concrete for sleepers compared with concrete without an ad-
mixture, which is achieved by reducing the consumption of

cement and water in the composition of a concrete mixture.
A weak positive effect in terms of an increase in electrical
resistance is also observed when the concrete for sleepers is
supplemented with 5 % of metakaolin.
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Fig. 7. Dependence of electrical resistance of the modified
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8. Discussion of results from studying the influence
of admixtures plasticizers on the corrosion resistance
of concrete for sleepers

The probable mechanism of action of fly ash [12] and
metakaolin (Fig. 1) in reducing the expansion of concrete for
sleepers due to alkaline corrosion is the interaction between
active aluminosilicate and water-soluble alkali (Na*/K") and
the formation of amorphous alkaline hydroalumosilicates
that act constructively, promoting the system’s compaction.

In the same way, it is possible to explain the effectiveness
of metakaolin (Fig. 3) and fly ash (Fig. 4) to prevent expan-
sion as a result of crystallization of delayed and secondary
ettringite. Binding the ions of Na*/K" by an active alumosi-



licate from the porous solution predetermines an increase in
the temperature of ettringite stability to temperatures above
60-70 °C, which reduces the potential number of recrystal-
lization cycles of secondary ettringite and the probability of
formation of delayed ettringite.

The alternative mechanism of action of active Al,O3
pozzolan implies the binding of SO% and Ca?* ions from
a porous solution into low-sulfate forms of calcium hy-
dro-sulfoaluminates, which excludes the crystallization of
delayed and secondary ettringite. However, in the presence
of an external source of sulfates, the amount of newly-formed
ettringite (expansion) in the systems with alumosilicate
pozzolans can exceed the amount of ettringite (expansion)
in systems without admixtures (Fig. 3).

The use of admixtures from a plasticizing group makes it
possible to increase the electrical resistance of the modified
concrete for sleepers by reducing the consumption of cement
and water (Fig. 8, 9), which can be explained by the decrease
in the volume of capillaries containing the electrolyte. The
positive effect in terms of an increase in electrical resistance
when introducing 5 % of metakaolin is due to binding, by
active aluminosilicates, the ions from a porous solution — the
electrolyte.

The SVA method is typically used to determine the sul-
fate resistance of binders under the influence of an external
source of sulfates. The combined effect exerted on the exam-
ined samples by sulfate and temperature cycles can be con-
sidered to be the most favorable for recrystallization of se-
condary ettringite (Fig. 4). Thus, the proposed methodology
makes it possible to reliably assess the effectiveness of poz-
zolan to prevent the crystallization of secondary ettringite.

Although our study enables revealing general patterns
and mechanisms of action of various types of pozzolans as
regards the examined types of corrosion, however the effects
of action and dosage of other manufacturers’ admixtures
could differ significantly from the above. Thus, the use of
more reactive aggregates may require a greater consumption
of pozzolan admixtures to ensure the stability of concrete to
alkaline corrosion.

The present study into effectiveness of the pozzolanic
admixtures in preventing internal corrosion as a result of
crystallization of delayed and secondary ettringite in line
with the SVA method implied testing the samples from ce-
ment-sand mortars in the presence of an external influence
of sulfates. Extending the obtained results to the concrete
for sleepers requires additional (industrial) tests.

We determined electrical resistance of the modified
concrete using samples-cubes not taking into account re-
inforcement and macrostructural imperfection of rein-
forced-concrete sleepers, which can significantly affect the

electrical resistance of the article. This predetermines the
appropriateness of additional control this parameter during
industrial tests of reinforced-concrete sleepers. It should also
be noted that at the same electric resistance of concretes
with varying compositions, their resistance to electric cor-
rosion may differ.

Our research may continue through industrial implemen-
tation and subsequent observation of concrete for sleepers
under operating conditions. However, it should be noted that
an analysis of damaged concretes typically does not make it
possible to draw an unambiguous conclusion about the cause
of their destruction. For example, ettringite in concrete is
formed in such minor quantities, which are often even im-
possible to detect.

9. Conclusions

1. The effectiveness of silica fume and metakaolin to im-
proving the resistance of concrete for sleepers against alkaline
corrosion has been examined. Taking into account almost the
same effect of 5 and 10 % of metakaolin, one can assume that
5 % of metakaolin is sufficient to block the «alkali-silica reac-
tions». The examined silica fume is less effective in eliminating
the threat of a reaction between aggregates’ silica and alkali,
both at concentrations of 5 % and 10 %.

2. We have investigated the efficacy of pozzolanic admix-
tures, containing active Al,Os, to preventing corrosion due
to the crystallization of delayed and secondary ettringite. It
has been established that 6 % of metakaolin and the alumi-
nosilicate modifier Centrilit NCII make it possible to reduce
the expansion of samples over early periods of the influence
of a sodium sulfate solution, which meets the conditions for
delayed ettringite formation. Over longer periods of testing,
in the presence of an external source of sulfate, the expansion
of samples with these pozzolans exceeds the expansion of the
control sample without admixtures. The content of fly ash
exceeding 17 % results in a decrease in sample expansion at
the initial periods of a cyclic effect of a hot sodium sulfate
solution (>60°C), which corresponds to the conditions
of recrystallization of secondary ettringite. However, the
stabilization of sample expansion under such conditions is
achieved only at the content of fly ash exceeding 28 %.

3. We have investigated the influence of modifier ad-
mixtures on electrical resistance of concrete for sleepers.
A increase in electrical resistance of the modified concrete
has been established with a decrease in the consumption
of cement and water in the composition of a concrete mix.
A weak positive effect in terms of improving electrical resis-
tance is observed when introducing 5 % of metakaolin.
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