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Abstract. Concrete composition modifying by different electrically conductive components is one of
less laborious but relatively effective methods between wide variety of electrode concrete heating ef-
fectiveness improvement methods. The purpose of this study is investigation of special aspects of ce-
ment systems modified by powdered shungite (Ssp 400 m2/kg) in combination with active mineral and
plasticizing admixtures that harden under electrode heating at below zero temperatures. By the method
of differential thermal analysis anomaly of exothermic reaction of cement stone specimens was dis-
covered, that is due to formation of hydrated calcium silicate C2SH (A) discovered by the method of
quantitative XRDA, and is verified by results received from scanning electron microscopy method,
which among other factors provides higher strength and low permeability to these composites. Stabil-
ity of cement systems modified by shungite and curing under electrode heating has been proved.
Keywords: concrete, electrically conductive mineral, shungite, electrode heating, percolation, struc-
ture
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1. INTRODUCTION

One of the disadvantages of electrode heating that limits its widespread application in construction
industry is increase of power costs conditioned by increase of electric resistance of concrete because
of decrease of volumetric content of electrolyte, mainly, of chemically unbound water, which is
caused by conduct of hydration processes and its evaporation under heating.

To deal with the given problem different methods of electrode heating effectiveness increase find
application, that are based on introduction of electrically conductive particles to raw mixes (steel fiber,
mineral carbon-contained particles et al.). In the paper by Golovnev S.G., Molodtsova B.A., Koval
S.B. it is shown that existence of steel fibers considerably varies value and nature of the change of
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specific electric resistance that differs by more evenly behavior and much lesser rate of its increase
with time in comparison with original composition [1]. In the papers [2,3] improvement of the effec-
tiveness of electrode heating of steel fibers reinforced concrete is confirmed by computational simula-
tion method. In the paper [3] it was demonstrated that modeling of temperature fields gives an oppor-
tunity to locate heating loss and to correct characteristics of heating for improvement of the effective-
ness of electrode concrete heating. During introduction of steel fibers to the mix (from 0 to 4 %) value
of electric conductivity of steel fiber reinforced concrete at regular fibers distribution linearly increas-
es [4]. The disadvantages of steel fibers using in the capacity of electrically conductive particles are
complication of its regular distribution in the volume of concrete and, correspondingly, homogeneity
of percolation effect, and also relatively high cost.

Another way of giving electrically conductive properties to composites is based on introduction of
carbon-contained particles to its composition [5-7]. A number of studies [8—14] shows an opportunity
of carbon nanotubes application for electrically conductive properties increase, however, high cost and
complication of its regular distribution of carbon nanotubes in composite volume confine the scope of
practical use of this technological concept.

Analogous concepts of giving electrically conductive properties to composites can be observed in a
series of studies oriented to solution of a problem of critical infrastructure roads heating (airports,
highly traveled by people and transport areas), where carbon particles [15-17], graphite powders [18],
steel, copper and aeneous turnings [19, 20] are used in the capacity of electrically conductive compo-
nents.

According to our reckoning, more effective and applicatory way of concrete electric conductivity
increase in technology of electrode heating is introduction of powdered (Ssp 100-500 m2/kg) carbon-
contained particles, for example, shungite, to concrete mix [21-25], including using active mineral
[26-33], chemical and organomineral additives [34-37]. In previously completed studies we defined
optimal degree of fineness (Ssp 400 m*/kg) and content of shungite (5 % by mass of cement) that pro-
vide percolation effect during electrode heating [38].

The papers of Lukutsova N.P., Pykin A.A [39], Kravchenko T.G. [24], Shilin A.D. [40,41] and
others are devoted to development and investigation of micro- and nanodispersed admixtures based on
shungite-contained rocks for concrete. In the papers [39,42] it is observed that application of admix-
ture with desired content of shungite filler in the quantity of 5% in the composition of fine grained
concrete leads to concrete compressive strength improvement in 3 days of hardening by a factor of 4.4
over test composition, in 28 days — by a factor of 1.5. The paper [43] shows positive effect of carbon-
siliciferous nanomodifier (CSNM) synthesized by the way of ultrasonic material dispersion made of
riddlings after crushing of shungite-contained rocks of the III kind from Zazhoginskoe occurrence
(Karelia) on the properties of cement stone (CS) and fine grained concrete (FGC). Ecological safety of
this nanomodifier development technology is proved. According to the data from XRDA it is found
that during introduction of CSNM in the quantity of 10 % redistribution of portlandite in hardening CS
appears. In 1 day of CS hardening reflection intensity of portlandite is dramatically enhanced from 203
to 850 pps, further in 3 days of hardening of CS its decrease from 695 to 525 pps appears, in 7 days —
from 592 to 426 pps, in 28 days of hardening — from 332 to 213 pps. Structure of CS with CSNM at 28
days differs by fibrous columnar crystals with the length from 0.5 to 10 um, with the width from 0.3 to
1.5 um existence in cracks and micropores. Morphology of these crystals specific to hydrated calcium
silicate of the type CSH (I). The authors established that formation of additional quantity of hydration
products, that help to structure consolidation and CS strength improvement, appears as a result of in-
teraction of intensively producing portlandite with amorphized surface of siliciferous phase of modifi-
er. At the same time carbonic nanoparticles serve as crystallization centres of new growths during
hardening of cement system, which promotes acceleration of setting and hardening of cement-water
paste. Maximum growth of CS strength can be observed during introduction of CSNM in the quantity
of 10% by mass of cement. In addition, at 1st day of hardening strength was increased by a factor of
2.4, at 28th day — by a factor of 1.6. At the same time introduction of CSNM to FGC in the quantity of
10% promotes decrease of medium sized pores by a factor of 2 and decrease of total porosity — from
17.8 to 13.6 %, which arises from formation of cement matrix of additional quantity of new growth in
pore volume that promote consolidation of concrete structure.
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Without reducing relevance of discussed above studies it should be noted that special aspects of
structure formation and properties of concrete modified by powdered shungite in combination with
active mineral and plasticizing admixtures under electrode heating are underinvestigated, which repre-
sents substantial interest for scientific rationale of technological concept that we have suggested [22].

The purpose of this study is investigation of special aspects of cement systems modified by pow-
dered shungite (S, 400 m?/kg) in combination with active mineral and plasticizing admixtures that
harden under electrode heating at below zero temperatures.

Object of research — modified shungite-contained cement composite hardening under electrode
heating.

Subject of research — morphology of cement stone, phase composition of hydrated new growths,
pore structure and physico-engineering properties of concrete.

2. METHODS AND MATERIALS

In the capacity of raw components for production of cement stone and concrete hardening under
electrode heating we used the following ones:

1) portland cement (PC) CEM 1 42.5N produced by OAO “Sukholozhsktsement” corresponding to
GOST 31108-2016, with the following material and chemical composition: SiO, — 21.0; AL,O; — 4.8;
Fe,O5 — 3.9; CaO — 61.7; MgO — 2.8; alkali — 0.7; Cl — 0.012. Selection of portland cement of given
type is conditioned by popularity and accessibility, widespread use in the capacity of binder on con-
crete mix plants, and also due to lack of mineral admixtures in its composition, which helps assess the
impact of powdered shungite on hydration products and properties of cement compositions hardening
under electrode heating at negative free air temperature more nearly.

2) fractionated quartz sand of Kamsko-Ustinskoe occurrence of the Republic of Tatarstan, fulfilling
conditions of GOST 8736-2014.

3) granite macadam with fraction 5-20 of A sort made according to TS 5711-006-00186938-2017
produced by AO “EVRAZ Kachkanarskij gorno-obogatitel'nyj kombinat”.

4) metakaolin MKZHL produced by ZAO “Plast Rifei” according to 5729-097-12615988-2013,
with specific surface 1357 m?/kg received after heat treating of enriched kaolin of ZHuravliniy log
occurrence in the Chelyabinsk Region with the following chemical composition: AL,O; — 42.0 %; SiO,
—55.8%, Fe,05 — 0.7 %, TiO, — 0.4 %; K,0 — 0.9 %; Na,O — 0.05 %; CaO — 0.15 %.

5) plasticizing admixture (PA) — hydrous solution of polycarboxylate ester “Glenium Ace 430”
produced by 000 “BASF Stroitelniye sistemy” with density at 20°C — 1.06 g/sm’, pH — 4-7.

6) powdered shungite of Zazhoginskoe occurrence (Karelia Republic) produced by OOO
NAUCHNO-PROIZVODSTVENNYJ KOMPLEKS "KARBON-SHUNGIT”, Petrozavodsk, with the
following chemical composition: SiO, — 57.0 %; TiO, — 0.2 %; ALLO; — 4.3 %; MgO — 1.2 %; CaO —
0.3 %; Na,O — 0.2 %; K,O0—1.5%; S — 1.5 %; C — 28.0 %; H,O — 3.0 %. Shungite grinding was made
by means of spring-loaded mill to the value of specific surface equal to 400 m*/kg.

7) potable tap water meeting requirements of GOST 23732-2011.

For experimental investigation we have blended shungite-contained concrete mixes [22] and ce-
ment stone samples that present matrix of the following compositions:

Sample 1 — check composition (PC-370 kg, fine aggregate — 444 kg, coarse aggregate — 1000 kg);

Sample 2 — composition modified by shungite in the quantity of 5 % by mass of cement;

Sample 3 — composition modified by metakaolin and PA “Glenium Ace 430” in the quantity of
10% and 1 % by mass of cement correspondingly;

Sample 4 — composition modified by shungite, metakaolin and PA “Glenium Ace 430” in the quan-
tity of 5%, 10 % and 1 % by mass of cement correspondingly.

Concrete heating was made at sub-zero air temperature, schematic of electrode heating is shown in
fig. 1.
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Fig. 1. Schematic of electrode heating of concrete hardening at sub-zero air temperature: 1 — ther-
mometer dipped in concrete body; 2 — electrodes; 3 — conducting wires; 4 — thermal insulation, 5 —
frame, 6 — power converter.

Pore structure of concrete was studied through GOST 12730.4-78, physico-engineering properties
— through GOST 10180-2012.

Complex thermal analysis was made by means of NETZSCH STA 449 F3 Jupiter apparatus with
permission TG — 0,1 pg, DSK < 1 puW. Lidded platinic crucibles were used as specimen’s holding
tool, calcined aluminum oxide was reference standard. In the course of investigations thermogravimet-
ric (TQ), differential thermogravimetric (DTG), differential thermal (DT) and temperature (T) curves
were registered.

X-ray diffraction analysis (XRDA) was made by means of X-ray diffraction meter DS ADVANCE
(Bruker Axs) with Bragg-Brentano-Geometrie in the interval of angles equal to 5-65° 20 and with spin
speed of goniometer equal to 1°/min. The specimens were prepared by means of powder pressing of
investigated substance in disk-shaped cuvette. Diffraction patterns that we have received were pro-
cessed with the use of EVA program integrated to software of diffractometer called DiffractPlus. Pfase
composition is determined through the use of international base of X-ray evidence PDF-2.

Electron-microscopic analysis was carried out with the use of field-emission scanning election mi-
croscope called Merlin (Carl Zeiss) equipped with spectrometer of energy dispersion named AZtec X-
Max (Oxford Instruments). Resolution of spectrometer is 127 eV.

Definition of concrete waterproofing was made by means of “AGAMA-2PM” implement produced
by “VNIR” company according to GOST 12730.5-2018. Operating principle of this implement based
on pressure measuring in chamber with pre-vacuum that increases due to natural air penetration into
the chamber through test material (concrete). Integrated electronic microprocessor provides recalculat-
ing of measured results of concrete resistance to air penetration and concrete watertightness grade (W
from 0 to 20) according to GOST 12730.5-2018.

Concrete strength test that hardens under electrode heating and normal curing conditions was car-
ried out on cube specimens with the size of 10x10x10 cm in accordance with GOST 10180-2012 by
the use of compression-testing machine IP-1000.

Freeze-thaw resistance was determined at cube specimens with dimensions of 10x10x10 cm in ac-
cordance with GOST 10060-2012 “Concretes. Methods for determination of frost-resistance™ [44].
The test was carried out in freezing compartment “KMD — 0.15” meant for carrying out the control of
freeze-thaw resistance by accelerated (the third) method at the temperature minus (50+2) °C. Cube
concrete test specimens before strength test and main concrete samples before freezing were saturated
by 5% hydrous solution of sodium chloride with the temperature (20+2) °C.

3. RESULTS AND DISCUSSION

On the first stage of the research pore structure of initial and modified shungite concrete was ob-
served. Concrete modifying by powdered shungite, AMA and PA decreases total porosity and materi-
ally changes pores structure (Table 1).
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Table 1. Pore structure parameters of concrete compositions under investigation after electrode heat-

ing.
Pore structure parameters
Concrete Full pore |Volume of open|Volume of open| Volume of | Microporosity
S . volume, | capillary pores, | noncapillary relatively rate, (P)
P (Po) pores, (Pyo) closed pores,
(Pp) (Po)

Initial 20.98 10.65 0.93 94 0.79
Shungite — 5% 20.86 10.42 0.84 9.6 0.91

— 100
AMA L 10% 17.26 6.61 0.45 10.2 1.79
Shungite — 5%,
AMA —10%, 15.69 4.47 0.32 10.9 1.95
PA-1%

Introduction of powdered shungite into the control concrete composition decreases full pore vol-
ume from 20.98 % to 20.86 %, reduction of volume of open capillary pores from 10.65 % to 10.42 %
and volume of open noncapillary pores from 0.93 % to 0.84% are observed, at the same time volume
of relatively closed pores increases from 9.4 % to 9.6 % and microporosity rate also increases from
0.79 % to 0.91 %. Introduction of powdered shungite into the composition modified by AMA and PA
decreases total porosity and highly changes pore structure. Reduction of full pore volume from 17.26
% to 15.69 % is observed. During simultaneous decrease of total porosity material redistribution of
open capillary, open noncapillary and relatively closed pores volume appears. In that way, volume of
open capillary pores decreases from 6.61 % to 4.47 %, volume of open noncapillary pores decreases
from 0.45 % to 0.32 %, volume of relatively closed pores increases from 10.2 % to 10.9 % and mi-
croporosity rate increases from 1.79 to 1.95.

Obtained results accord with [43], and also with findings that we have obtained through studies of
physical and mechanical properties where average density and strength of modified CS at 28 days of
hardening are higher in comparison with check sample (by 5.67% and 14.63% correspondingly),
which shows the effectiveness of using powdered shungite, AMA and PA for concrete structure modi-
fying that subjected to electrode heating.

On the second stage we have undertaken studies of CS samples with the use of differential thermal
analysis. Analysis of endo- and exothermic effects is shown in figures 2-5 in a form of thermograms,
thermogravimetric (TG) and differential thermogravimetric (DTG), differential thermal (DTA) and
differential calorimetric (DC) curves of cement stone specimens.

DSC/(pV/mg)
TGI% dDSC/(uV/mg/min)
Masggi@mgg: 0.06 % 1 exo
100 'Hi—‘l* Mass change: 0.98 % - = |14 }0.15
N\ Square:432)/g "
Mass change: -2.82 % B
T\ ~ 784°C 12
\\
98 g i
o i ’ -:frr-lasg change: 0.61% 10 0.10
96 08
; Inﬂectiob?:aj'-.i -C,../T/f P 06 0.05
04 Square:-228 /g D Ly o oHBNAT2T N :
e/, \/ . 02 +0.00
i, T Mass ch’a’r‘ﬂ’ge: - \ 0.0
0 \\ N
R 02 +-0.05
\ Mass change: -1.16 5’ ———— - il
inflection:7s. 3H%Hf-':3_g ©= Mass chinge: -0.32 % 04
100 200 300 400 500 600 700 800 900

Temperature /*C

Fig. 2. Thermogram of CS of check specimen (sample No.1).
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Fig. 5. Thermogram of CS modified by shungite, PA and AMA (sample No.4).

As we can see in fig. 2-5, for all samples of CS three main endothermic effects typical for these
systems can be found: the first one with the maximum at temperature 123.9-139.3 °C resulting from
removal of adsorbtion water from gel hydration products and crystallization water from hydrated cal-
cium sulfoaluminate; the second one with the maximum at temperature 472.7 — 487.5 °C conditioned
by dehydration of calcium hydroxide [45]; the third one with the maximum at temperature 733.5 —
773.9 °C resulting from dissociating of calcium carbonate and decompounding of calcium silicate hy-
drate. Along with endothermic effects in specimens of CS with addition of powdered shungite (fig. 3)
and modified by shungite, AMA and PA (fig. 5) exothermic reaction appears that connected with full
burn-off of shungite carbon at temperature 624.2 — 731.9 °C, which is coherent with research results
obtained by other scientists [46]. For the specimen of CS with shungite addition (sample No.2) maxi-
mum value of exothermic effect is achieved at temperature 626.8 °C, for the specimen modified by
shungite, AMA and PA (sample No.4) — at temperature 566.1 °C.

Area of endothermal effects (of the specimen with addition of shungite — 264.2 J/g, 6.88 J/g, 12.73
J/g; for cement stone modified by AMA and PA — 171.5 J/g, 15.48 J/g, 31.12 J/g; for cement stone
modified by shungite, AMA and PA — 257.2 J/g, 20.9 J/g, 41.8 J/g), is higher in comparison with the
check specimen (228 J/g, 3.94 J/g, 4.32 J/g), which shows more decompounding new growths in mod-
ified compositions of cement stone, and more complete conduct of hydration processes. It leads to im-
provement of physical and mechanical properties of concrete under electrode heating at cold-weather
concreting in comparison with initial unmodified composition. Increase of entalphy of the second en-
doeffect that concerned with dehydration of portlandite for modified specimens is probable connected
with increase of hydration products volume of the present compositions.

Modified compositions of cement stone are characterized by large mass change for the first and the
third endoeffects in comparison with check specimen, which confirms existence of higher quantity of
hydrated calcium silicate in modified compositions, that promote the increase of strength values of
composites.
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By means of differential thermal analysis difference of exothermic effects of samples No.2 (CS
with shungite) and No.4 (CS with shungite, AMA and PA) was found. At the same time the sample
No.4 is characterized by less square by 5.3% of exotherm (213.9 J/g) in comparison with the sample
No.2 (225.9 J/g), and also less (by 15.4%) loss of mass, which arises from new chemical bonds and
new growths formation in the presence of binder, shungite, plasticizers and AMA. On the next stage of
the research X-ray diffraction analysis was carried out for definition of new growths in hydration
products of the present CS compositions.

On the second stage according to the data from XRDA it was found that the mail hydration prod-
ucts of test specimens are portlandite, non-hydrated minerals of clinker — alite and belite, and also hy-
drated calcium silicates with different basicity (fig. 6-9).

1 - Ca(OH)2
2 - Ca6Si6017(0H)2

4 3 - Ca5Si6(0,0H)18:5H20
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Fig. 6. X-ray pattern of check specimen of CS.
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Fig. 7. X-ray pattern of CS specimen modified by powdered shungite.
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Fig. 8. X-ray pattern of CS specimen modified by PA and AMA.
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Fig. 9. X-ray pattern of CS specimen modified by shungite, PA and AMA.

In modified specimens (fig. 7-9) intensity reduction of portlandite diffraction reflections, higher
content of low-basic hydrated calcium silicates C;S;H (xonotlite), minerals of tobermorite group
C4SsHs and dellaite minerals C¢S;H in comparison with check specimen (fig. 6) can be observed. It
provides improvement of stress-strain properties of concrete modified by shungite, AMA and PA,
which was established at previously undertaken studies [47]. Obtained results favorably compare with
the data from quantitative XRDA: content of portlandite, xonotlite, tobermorite and dellaite in check
specimen is equal to 8.14, 6.68, 6.82, 1.64 % correspondingly; in the specimen modified by powdered
shungite — 5.78, 6.95, 7.94, 2.88 % correspondingly; in the specimen modified by AMA and PA —
3.22,7.16, 8.53, 3.47 % correspondingly; in the specimen modified by shungite, AMA and PA —2.92,
11.08, 9.18, 4.72 % correspondingly.
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Increase in content of low-basic hydrated calcium silicates in the modified specimens provides high
stability of cement stone against hydrothermal recrystallization, and also such hydrosilicates as xo-
notlite and tobermorite provide high strength and low water and gas permeability, which is confirmed
by research results of air permeability and water impermeability of concrete (Table 2).

Table 2. Influence of shungite, metakaolin and PA on water impermeability of concrete hardening
under electrode heating.

No.| Content of running modifying compo- | Freeze-thaw re- | Concrete water-
nents, % by mass of PC sistance, cycles | tightness grade
1 — F200 W8
2 |Shungite Ssp 400 m*/kg — 5% F300 W12
3 |Metakaolin — 10%
PA “Glenium Ace 430” — 1% F300 W16
4 |Shungite Ssp 400 m2/kr — 5%
Metakaolin — 10% F400 W20
PA “Glenium Ace 430” — 1%

Ettringite existence primary has an impact on microstructure formation of cement stone at early
stage of hydration in comparison with hydrated calcium silicates in the light of their large size [48].

It should be noted that in the specimens with shungite addition (No.2 and No.4) in contradistinction
from check sample (No.1) and the sample modified by AMA and PA (No.3) hydrated calcium silicate
C2SH (A) formation in the quantity of 0.76 and 3.19% correspondingly can be observed, which
among other factors provides higher strength and lower permeability in comparison with the check
specimen. In our opinion, the reason of difference between values of exothermic reactions in the spec-
imens with shungite addition (No.2 and No.4) is hydrated calcium silicate C,SH (A) formation.

On the third stage of experimental investigation special aspects of morphometric features of CS
structures of initial composition, with desired content of shungite, modifying agents and under elec-
trode heating were studied by means of electron-microscopic analysis (fig. 10-12).

Electron micrographs of CS specimens’ spalls

Fig. 10. Electron micrographs of cement stone (at increase x1000): a — composition with no agent; b —
composition with shungite, AMA and PA.

10
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Fig. 12. Electron micrographs of cement stone (at increase x10000): conventional symbols refer to fig.
10.

Generally, structure of the test specimens has porosity characteristic to composites of given type,
however, pore size, shape and total pore volume have differences, which arises from size and shape of
hard structure elements, pattern of distribution in space, state of their aggregation and compaction de-
gree. Concrete compositions modified by shungite, AMA and PA under electrode heating are charac-
terized by topological structure condensation in comparison with check composition (fig. 10,11).

It is found that introduction of shungite with degree of fineness equal to 400 m*/kg in the quantity
of 5 % by mass of PC in combination with 10 % of metakaolin and 1 % of PA “Glenium Ace 430”
(figures 11 b — 12 b) to portland cement composition leads to more compact and homogenous structure
formation between cement stone compositions under investigation with inclusions of additional quan-
tity of new growths in the form of compact clusters of fibrous crystals in cracks and pores, and also
leads to more regular distribution of shungite in cement stone volume in comparison with the speci-
men modified only by powdered shungite in the quantity of 5 % by mass of PC.

In the described figures 11-12 (b) domination of new growths in cement stone modified by
shungite, AMA and PA clearly traces, and these new growths are presented as fibrous jellous phase
similar in structure and content to tobermorite — CSH(B), CSH(I) (basic mass), as crystal line phase
composed of laminas and scales (about 1 pm across) of calcium hydroxide Ca(OH),, hexagonal lamel-
las of hydrated tetracalcium aluminate, acicular and whisker crystals of ettringite.

Attained results about influence of powdered shungite content on special aspects of concrete struc-
ture formation and properties under electrode heating is coherent with IR spectroscopy results of the
compositions under investigation [49] and experimental investigations of shungite impact on concrete
properties and effectiveness of electrode heating [47].

11
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On the fourth stage of experimental investigation compressive strength test for concrete specimens
hardening under electrode heating and during 28 days of normal curing was made for comparison of
obtained results of XRDA, DTA and scanning electron microscopy method with strength properties of
the developed compositions (Fig. 13).

80
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40

30

20

Ultimate compression strength, MPa

10

Check compogition Shungite 5% ANA-10%, PA-1% Shungite-3%5, AMA-10%, PA-1%

m At 28 days of nonmal curing m After 115 hours of electrode heating
Fig. 13. Strength of specimens under investigation.

As it can be observed from data in Fig. 13, powdered shungite with hydraulic activity and charac-
teristics of pozzolanic addition in combination with its capability to act as crystallization centers
makes a contribution to concrete strength improvement under normal curing, moreover, its electrically
conductive properties considerably help to increase the effectiveness of electrode heating.

It is found that introduction of shungite it the quantity of 5% into initial concrete composition cur-
ing under electrode heating provides a means of compressive strength increase by 63.6 %. Introduction
of 5 % of shungite in combination with AMA and PA leads to its compressive strength improvement
by 142.6 % in comparison with the initial non-modified composition and by 50.3 % in comparison
with analogous composition without shungite.

Results analyzing of strength properties of the compositions under investigation shows positive ef-
fect of powdered shungite in concrete curing under normal conditions and electric heat treatment pro-
cess.

4. CONCLUSIONS

1. Concrete composition modifying by shungite, AMA and PA decreases total pore volume from
18.1 % to 14.8 %. During decrease of total porosity substantial volume redistribution of open capillary
pores, open noncapillary pores and relatively closed pores appears. For instance, volume of open non-
capillary pores decreases from 0.9 % to 0.3 %, volume of open capillary pores decreases from 6.3 % to
5.2 %, and volume of relatively closed pores increases from 9.31 % to 10.9 %, microporosity value
increases from 0.79 to 2.05.

2. By means of DTA method it is found that modified compositions of cement stone are charac-
terized by larger mass change for the first and third endoeffects during shungite introduction in com-
parison with the check composition, which is confirmed by larger square of endothermic effects and
larger loss of mass for the first and third endoeffects in comparison with the check composition, which
shows its deeper hydration.
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3. By means of XRDA it has been established that modification of cement compositions by
shungite, AMA, PA leads to decrease of diffraction reflection intensity of portlandite, increase of dif-
fraction reflection intensity of low-basic hydrated calcium silicates (especially of xolonite), minerals
of tobermorite group, that are responsible for their physical and mechanical properties improvement.
Besides, introduction of shungite, AMA and PA provides minor change of qualitative composition of
new growths of modified specimens, where high-basic hydrated calcium silicate of hillebrandite group
C2SH can be observed, that promotes improvement of freeze-thaw resistance of cement compositions
according to literature data.

4. By means of scanning electron microscopy method it is found that introduction of powdered
shungite in the quantity of 5 % by mass of PC in combination with 10 % of metakaolin and 1 % of PA
“Glenium Ace 430” to portland cement composition leads to more compact and homogenous structure
formation between CS compositions under investigation with inclusions of additional quantity of new
growths in the form of compact clusters of fibrous crystals in cracks and pores, and also leads to more
regular distribution of shungite in cement stone volume in comparison with the specimen modified
only by powdered shungite in the quantity of 5 % by mass of PC.

5. By means of DTA method anomaly of exothermic reaction of CS specimens modified by iden-
tical quantity of powdered shungite was discovered, that consists in enthalpy increase by 5.6% of the
specimen No.4 in comparison with the specimen No.2, which can be explained by hydrated calcium
silicate C2SH (A) formation in the quantity of 0.76 and 3.19 % in the specimens No.2 and No.4 corre-
spondingly, that was found by means of quantitative XRDA, and what is confirmed by the results ob-
tained with the use of scanning electron microscopy method, which provides, among other factors,
higher strength and lower permeability in comparison with the check specimen.

6. It is found that introduction of shungite it the quantity of 5% into initial concrete composition
curing under electrode heating provides a means of compressive strength increase by 63.6 %. Intro-
duction of 5 % of shungite in combination with AMA and PA leads to its compressive strength im-
provement by 142.6 % in comparison with the initial non-modified composition and by 50.3 % in
comparison with analogous composition without shungite.

7. Summing up what has been said, in the result of experimental studies analysis it is found, that
generally structure of developed shungite-contained concrete is common with structure of traditional
cement stone and concrete, which bears witness of familiar theoretical models about cement concrete
structure formation on prescribed system of shungite concrete hardening under electrode heating. Sta-
bility of cement systems modified by shungite and hardening under electrode heating has been proved,
on account of which it is reputed that science and technology solution, that we have developed, be
substantiated.
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