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The regularities of the synthesis of calcium hydrosilicates of tobermorite composition in the
system “amorphous silica — calcium hydroxide — water” were investigated. The effect of calcium
hydrosilicates additive on the hydration processes of Portland cement and the nature of changes in
the strength of cement stone at different stages of its hardening was studied. The methods of
determining the heat of hydration of cement dough during hardening and X-ray phase analysis
showed that the addition of calcium hydrosilicates at the initial stages of hardening accelerates the
physicochemical processes of hydration of clinker minerals.
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Introduction

Modern trends in the construction industry
involve the production and use of construction
materials and products with improved performance.
In particular, it is of great importance to increase the
strength of concrete based on Portland cements with
an unchanged or lower amount of cement in the
concrete mix [1-3]. This makes it possible to
simultaneously solve two important problems:

—to reduce cement consumption per unit of
product without compromising the physical and me-
chanical properties of the product and, accordingly,
to reduce the cost of products;

—reducing cement consumption, which is
based on clinker fired at temperatures of 1450—
1500 °C, makes it possible to reduce fuel consum-
ption and, accordingly, CO, emissions, which is an
important factor in environmental protection [4—8].

One of the most promising ways to increase
the strength of cement products is to introduce
modifying agents into the mixtures when mixing
with water. According to experts, the share of
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concrete in Ukraine using modifier additives should
increase to 50 % or more in the coming years [1, 2,
5,9].

In general, technological additives can be
divided into two large groups: organic and inorganic
compounds (substances). Their introduction into the
concrete mix in the amount of several tenths of a
percent to 1-2 percent makes it possible to increase
the strength of the hardened cement stone, its density
and water resistance, frost resistance, and corrosion
resistance. This is achieved, in particular, by targeted
regulation of the cement stone structure by
intensifying the processes during its hardening [8, 9].

Among the inorganic additives-modifiers,
which are represented by a large nomenclature of
various chemical compounds and substances and
differ in both chemical composition and mechanism
of action, vibro-activated slaked lime is promising
[10-13]. Its use as an additive in the amount of 1 %
(by dry matter) of the cement weight makes it
possible to improve the entire range of physical and
mechanical properties of concrete. The mechanism
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of the modifying effect of the quicklime is its
chemical interaction with the hydration products of
clinker minerals with the subsequent formation and
crystallization of calcium hydrosilicates, which
provide high performance of concrete and mortars.

In this direction, it is of considerable scientific
and practical interest to study the possibility of
preliminary synthesis of calcium hydrosilicates in
order to use them as a modifying additive for cement
systems. Such an additive should act as crysta-
llization centers for externally introduced clinker
minerals, which, during the hydration of silicate
clinker minerals (C,S and Cs;S), would help to
intensify the processes of calcium hydrosilicates
formation and crystallization.

The issue of the effect of calcium hydro-
silicates additives on the cement stone hardening
process is not fully understood today. Modern
requirements for the quality of building materials, as

well as the need for their economical and efficient
use, necessitate the study of the effect of calcium
hydrosilicate additives on the technological and
operational properties of cement, which makes this
research relevant.

The purpose of the work studying the effect
of calcium hydrosilicates of tobermorite composition
on the cement stone hardening processes and
properties.

Materials and research methods

To obtain the modified binder compositions,
Portland cement for general construction purposes
CEM II/A-S 42.5 R of PIJSC “Ivano-Frankivsk-
cement” (Ukraine) was used as a binder. The
chemical and mineralogical composition of the
Portland cement clinker is given in Table 1, and the
physical and mechanical properties of the cement in
Table 2.

Table 1
Chemical and mineralogical composition of Portland cement clinker
Oxide content, wt. % Mineralogical composition, wt. %
SlOz A1203 Fe203 CaO MgO SO3 Rzo C3S Czs C3A C4AF
23.45 5.37 4.73 64.20 0.92 0.72 0.61 61.19 13.99 6.60 10.13
Table 2
Characteristics of Portland cement CEM II/A-S 42.5 R
L Requirements according to the
No. Main indicators standard EN 197-1:2011 Value
Composition and ingredients,
— 1
! additives content, % slag 6-20 slag 15,0
Compressive strength, MPa:
2 2 days >20.0 29.0
28 days 42.5-62.5 56.0
Setting time, min:
3 initial > 60 150
finish no later than 10 hours 250
4 Soundness (expansion), mm <10 0
5 Standard consistency, % — 30.2
6 Average steaming activity, MPa >32.0 37.0
7 Steaming efficiency group — 1
8 Signs of false setting no no

Portland cement clinker is a high-calcium
clinker by chemical composition and is classified as a
high-alite clinker by mineralogical composition. This
determines its high activity (52—54 MPa) and makes it

possible to produce Portland cement with high early
strength based on it.

For the preparation of the cement-sand mortar,
sand from the Zhovkva deposit in Lviv region was used
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as a fine aggregate, which belongs to the medium group
in terms of particle size distribution (particle size
distribution 2.24), true density 2.62 g/cm’, bulk density
1475 kg/m’, void content 43.7 %, and the content of
dusty and clay particles 0.5 %.

An artificially synthesized calcium hydrosi-
licates of the tobermorite type, SSN, was used as an
additive-modifier of the cement system. The synthesis
of the additive was carried out by grinding amorphous
SiO, and calcium hydroxide (slaked lime) in an
aqueous medium in a laboratory mill for 5 days. The
molar ratio of CaO : SiO, =1 : 1. The moisture content
of the suspension was 60 %. After the synthesis, the
resulting calcium hydrosilicates was dried in a
laboratory dryer at a temperature of (110+5) °C.

To determine the physical and mechanical tests
of Portland cement and the modified Portland cement
system, generally accepted standardized methods were
used in accordance with DSTU B V. 2.7-185:2009,
DSTU B V. 2.7-187:2009, DSTU EN 196-1:2007.

The phase composition of artificially syn-
thesized calcium hydrosilicates and hydration products
of binding systems was studied using diffractograms
obtained on a modernized DRON-3M diffractometer
using copper Ka radiation (4 = 0.154185 nm).

Electron microscopic studies were performed
using a scanning electron microscope REM-161
(Selmi). To increase the conductivity of the samples, a
copper conductive film was applied to their surface by
thermal vacuum sputtering. The film thickness was no
more than 50 nm. Micrographs were processed using
computer morphometry.

Results and discussion

One of the conditions for the production of
artificially synthesized calcium hydrosilicates of
tobermorite composition is a humid environment,
which provides the necessary conditions for the
chemical interaction of SiO, with Ca(OH), to form
calcium hydrosilicates. The constant mixing of the
mixture in the laboratory mill and the presence
of grinding media in it prevents the synthesized
tobermorite crystal formations from growing together
into large crystal splices and contributes to the
production of a finely dispersed final product.

To study the structure formation processes that
occur in the CaO-SiO, system during the synthesis of
calcium hydrosilicates, samples were taken daily and
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the phase composition was determined by X-ray
diffraction analysis (Fig. 1).

According to the results obtained, we can assert
a gradual interaction between amorphous silica and
calcium hydroxide. Thus, after 1 day of synthesis,
diffraction maxima of tobermorite (d/n = 0.308, 0.281,
0.183 nm) appear on the diffractogram (Fig. 1,
curve a), the intensity of which increases with further
synthesis, and the intensity of Ca(OH), maxima
(d/m=0.492, 0.263 nm), on the contrary, decreases
(Fig. 1, curves b, ¢). An increase in the synthesis
duration to 5 days leads to the maximum interaction of
these components with the formation of only calcium
hydrosilicates (Fig. 1, curve d), as evidenced by
the absence of calcium hydroxide peaks in the
diffractograms.

According to electron microscopic studies
(Fig. 2), the above synthesis conditions provide a
calcium hydrosilicates powder with a grain size of 0.5—
2.5 um with a predominant content of particles of
about 1 um.

The influence of the addition of synthesized
calcium hydrosilicates (1 wt. %) on the physical and
mechanical properties of Portland cement was studied
on test specimens in the form of 20x20x80 mm beams
made of cement-sand mortar at a cement: sand ratio of
1:2 (W/C=0.39). The results of determining the
compressive strength are shown in Fig. 3.

A comparative analysis of the research results
showed that the addition of CSH in the amount of
1 wt. % leads to an increase in the compressive
strength of the binder composition at all times of its
curing. At the same time, an increase in the strength of
cement stone is observed already on the Ist day of
curing. For example, the strength of a stone based on
Portland cement without the additive is 27.3 MPa,
while that of the modified binder composition with the
addition of CSH is 37.8 MPa (AR = 38.5 %). A similar
effect of the additive on the relative increase in strength
of the samples is observed on days 3, 7, 14, 28 of
curing and is 40.2, 37.2, 30.3, and 30.1 %, respectively.

The intensity and completeness of the hydration
processes of Portland cement systems in the presence
of additives is determined by the peculiarities of the
hydration mechanism according to thermokinetic
characteristics.

The study of temperature changes during the
hydration of Portland cement showed (Fig. 4) that the
maximum hydration temperature (¢=155.5°C) of
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Portland cement CEM II/A-S 42.5 R is reached after hydration processes were accelerated, which is
10 hours. During the hydration of CEM II/A-S 42.5R  manifested in the shift of the temperature maximum to
with the addition of calcium hydrosilicates, the 9.5 hours.
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Fig. 1. Diffractograms of the CaO-SiO—H,0 system during synthesis, days:
a-1;b-2;¢c-3;d-5
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Fig. 2. Electron micrographs of calcium hydrosilicates (after 5 days)
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Fig. 3. The effect of calcium hydrosilicate additive on the compressive strength of cement stone:
1—CEM II/A-S 42.5 R; 2— CEM 1I/A-S 42.5 R with CSH additive
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Fig. 4. Temperature change during hydration:
1—CEM II/A-S 42.5 R; 2— CEM 1I/A-S 42.5 R with CSH additive
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Fig. 5. Changes in heat hydration:
1—CEM II/A-S 42.5 R; 2— CEM II/A-S 42.5 R with CSH additive

To establish the mechanism of influence of the
CSH additive on the physicochemical processes of
Portland cement hydration, we studied the change in
the rate of heat of hydration during the first day and a
half of hardening (Fig. 5).

As can be seen from the measurement results,
one of the mechanisms of action of the CSH additive
is the intensification of the chemical interaction of
clinker minerals with the mixing water, as evidenced
by the nature of the heat of hydration curves. Thus,
when CSH was added to the composition (Fig. 5,
curve 2), the post-induction period and the period of
diffusion-controlled hydration were accelerated by
about 30 min. The maximum heat of hydration at the
boundary of these periods for Portland cement is
observed 8.5 h after the start of mixing with water
(heat of hydration value of 11.97 J/g), while for the
composition with the addition of CSH, this
maximum occurs 7.5 h after mixing with water
(heat of hydration value of 11.70 J/g). From a
crystallochemical point of view, it can be assumed
that the introduction of pre-synthesized calcium
hydrosilicates causes a significant acceleration of the
processes of formation of crystallization germs and
growth of hydrosilicates crystals in the matrix of gel-
like hydration products of clinker minerals. This, in
turn, leads to an increase in the permeability of water
through its thickness to the non-hydrated surface
of silicate clinker minerals and, accordingly, an
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acceleration of their hydration. For Portland cement
without additives, crystallization processes are limited
by the diffusion rate of silicon oxide, while for
Portland cement with artificially synthesized CSH,
the processes of nucleation and crystal growth
partially occurred at the stage of its synthesis.

Conclusions

The studies have established that in the process
of interaction of a mixture of amorphous silica and
calcium hydroxide for 5 days, the maximum
interaction between its components occurs with the
formation of calcium hydrosilicates of tobermorite
composition. The grain size of calcium hydrosilicates
is in the range of 0.5-2.5 um with a predominant
content of particles of about 1 um. The introduction
of an additive of artificially synthesized calcium
hydrosilicates in the amount of 1 wt. % leads to an
increase in the strength of cement stone at all curing
times by an average of 30-40 %. The nature of the
change in thermokinetic parameters shows that the
introduction of calcium hydrosilicates activates the
process of hydration of clinker minerals and the
processes of crystallization of calcium hydrosilicates
during the hardening of cement stone.
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3. 1. BopoBens, 1. B. JIymok
Haunionanbhuii yHiBepcutet “JIbBiBChKa MOMiTEXHIKA”,
kadeapa XiMIYHOT TEXHOJIOTIT CHITIKATIB

BIIJINB CUHTETUYHOI'O I'ITPOCUJIIKATY KAJIBIIIO
HATITAPATALIIO HOPTJIAHAUEMEHTY

JocaigaxeHno 3akOHOMIpPHOCTI CUHTe3y TiPOCUJIIKATY KaJbLil0 TOOEPMOPUTOBOr0 CKJIAaay B cUCTeMi
“amop¢HUIl KpeMHe3eM — riAPOKCU] KAJIbLi0 — BoAa”. BuBuYeHo BIJIMB 100aBKH TiAPOCHITIKATY KaJbLil0 Ha
npouecu riaparanii NOpTIAHALEMEHTY Ta 3MiHM MIilHOCTI IEMEHTHOI0 KaMEHI0 Ha Pi3HHX eTamax Horo
TBepAHeHHsA. MeTonaMu BH3HAYEHHS TeIUVIOBHAITEHHS LEMEHTHOr0 TicTa mig 4Yac TBepIHEHHS Ta
peHTreHoga3oBoro aHajdily mnoka3aHo, IO A00aBKa TiIPOCWIIKATY KaJbLil0 HA MOYATKOBHMX CTaaifix
TBepAHEHHs npumBuaye ¢iznko-xiMivHi npouecu riapatanii KIiHKepHUX MiHepaJis.

Kuro4oBi ciioBa: rizpocuiikaT KajJbLio; TO0epMOPHUT; NOPTIAHALEMEHT; PAHHA MilHICTh IIeMEHTHOI' 0

KaMCHIO; TeHJIOBI/II[iJIeHHﬂ HEMEHTY.
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