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Abstract. This thesis investigates the use of fly ash obtained from various
thermal power plants in China to produce heavy concrete, especially in road and
airfield construction. It includes a comprehensive analysis of fly ash samples’ chemical
and physical properties, their radionuclide content, and their interaction with other
materials in the concrete mixture. The study examines how fly ash affects concrete
properties such as compatibility, density, frost, and water resistance. Various tests
and analyses are presented, including micrographs of fly ash samples, their chemical
composition, and physical and mechanical properties. The study also investigated
the reaction mechanism of fly ash in hardened concrete and its role in improving
the strength and durability of concrete. The conclusions emphasize the beneficial
role of fly ash in concrete mixtures, especially in enhancing stability and corrosion
resistance.

Purpose. This study aims to analyze the effect of fly ash on various properties of
concrete, such as ease, strength, and durability. It seeks to understand the chemical
and physical interactions of fly ash in concrete mixtures, emphasizing improving the
overall performance and sustainability of concrete by incorporating fly ash.

Methodology. The study utilized modern theoretical, experimental, and
physic-chemical research methods (electron microscopy). Experimental studies
were conducted under laboratory conditions and on natural objects using modern
measuring equipment.

Results. The following two results were obtained in this study through
theoretical analysis and experimental studies: 1. Incorporation of fly ash into
concrete mixtures significantly improves the performance of the concrete, with the
main findings including enhanced strength and durability, improved workability, and
better resistance to environmental factors such as frost and water; and 2. Fly ash
positively affects the physical and mechanical properties of the concrete, making it a
functional additive in the production of heavy-duty concrete.

Scientific novelty. The scientific novelty of this study can be summarized
as follows: 1. It is the first comprehensive study of the use of fly ash from several
thermal power plants in China to produce heavy-duty concrete. 2. It further deepens
the understanding of the chemical and physical properties of fly ash and its effect
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on the performance of concrete. 3. This study provides the first detailed description
of the reaction mechanism of fly ash in concrete hardening and further deepens the
knowledge of utilizing industrial by-products to improve the strength and durability

of concrete.

Practical relevance. The practicality of this research lies in its potential to
enhance the construction industry through the sustainable and efficient utilization
of fly ash in concrete production. This research supports environmentally friendly
construction practices by demonstrating that fly ash can be efficiently utilized in
concrete mixtures. It encourages the recycling of industrial by-products, reducing
waste and contributing to more sustainable construction methods.

Key words: fly ash, slag mixture, fly ash fiber, cement, concrete, fly ash stone,
coal combustion products, modified concrete materials, industrial waste, pavement
repair, concrete pavement, aerodrome pavement, roads, airfield construction.

INTRODUCTION

Fly ash (4 samples) from various thermal
power plants in China, obtained by electrostatic
separation of pulverized particles from the ex-
haust gases of acceptable ground coal combus-
tion, was used as a component in this work to
produce heavy concrete. All samples’ fly ash
particles have spherical shape and smooth sur-
face texture [19; 11]. Fly ash of the samples
contains larger particles with voids in the middle
filled with smaller vitrified ash dust particles
(Figs. 1, 2).

The content of fly ash radionuclides cor-
responds to the 1st class of construction mate-
rials. The chemical composition of fly ash sam-
ples is given in Tables 1-5.

The physical and mechanical properties of
fly ash samples are given in Table 2.

Cement M 500 produced by PJSC “Podolsk
Cement” was used as a binding material. Physic-
chemical characteristics are given in Tables 6-8.

Natural quartz sand DP “Aground” was
used as fine aggregate to manufacture con-
crete mixtures. Sand grain size modulus Mkr. =
2.7. Bulk density 1579 kg/m, actual density =
2.633 kg/m. The sand belongs to the group of
course I class. Emptiness is 40%. The content
of dust and clay particles is 1.2%. Sand meets
the requirements of DSTU B B.2.7-32-95. The
granulometric composition of sand is presented
in Table 9.

As a coarse aggregate for concrete mix-
tures, crushed granite fraction 5-20 mm was
produced by TOV “Mokryansky quarry”. Strength
of crushed stone 1200. Frost resistance 300 cy-
cles. Actual density: 2,701 g/cm3. Dust and
clay particles content 1.0%. Water absorption is
0.9%. The content of lamellar and needle-shaped
grains is 23%. Crushed stone corresponds to
DSTU B.2.7-71-98 (GOST 8269.0-97). The grain
composition of crushed stone and complete resi-
dues on sieves are given in Table 10.

Fig. 1. Micrographs of fly ash samples 1 and 2:
1 - magnification 10000; 2 - magnification 5000
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Fig. 2. Micrographs of fly ash samples 3 and 4:
1 - magnification 10000; 2 - magnification 5000
Table 1
Chemical composition of fly ash, % mass %
Elemental content in terms of oxides Sample number
Fly ash N2 1 Fly ash N2 2 Fly ash N2 3 Fly ash N2 4
SiO, 30 48 55 43
ALO, 11 35 19 22
Fe,C>3 9 10 14 14
CaOo 42 4 7 1.5
MgO 6 0.7 2.3 2.3
K,0 1.2 0.7 1.3 1.2
Na,O 0.8 0.3 1.4 0.8
TiO, 0 0.8 0.8 0.7
Table 2

Physical and mechanical properties of fly ash samples

Sample number BuII;;:I:r:fity, Actu;l/;l;::sity, Siev:.:;slidue chaljnngi:;r?r:i\tl‘clal‘zufme Spec::fri;?;;face,
Fly ash N¢ 1 1.216 2.020 13 Unchanged 2840
Fly ash N¢ 2 1.113 1.984 10 Unchanged 2950
Fly ash N2 3 0.913 1.871 8 Unchanged 3040
Fly ash N¢ 4 1.119 2.105 9 Unchanged 3025
Table 3

Water requirement and setting time of fly ash

Sample number Watevl\":tt):;s;;\n;ﬁtion, Th%?z:::eg:tc{zrs‘:lty Setting time, min
NDCT, % start end
Fly ash N° 1 0.21 21.00 225 315
Fly ash N2 2 0.23 22.50 185 310
Fly ash N2 3 0.38 37.50 255 320
Fly ash N¢ 4 0.31 31.25 215 305

ANALYSIS OF PREVIOUS RESEARCH

The conducted studies [8; 12; 17; 20]
have shown that fly ash from China (samples
No. 1-4) practically does not contain unburned
carbonaceous particles, which appear during
roasting and are harmful inclusions, as they are
not resistant to oxidation, can change volume
when moistened, are stress concentrators and

reduce the frost resistance of products using fly
ash [9; 21]. However, it is necessary to con-
sider that unroasted particles are not residues
of initial coal but new coke residues [18; 10],
characterized by sufficiently high mechanical
strength and high adhesion to cement [7; 13;
22]. Therefore, even their increased amount
does not hinder the use of fly ash.
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Table 4
Determination of ash and slag mixture moisture content
bMass ofh bMass ofh
Sample Bins ins W.it ins W.it Moisture, % Average Beaker .SOU
numII:er mass, g n:):tfi';_'gl m::g;al by mas's valug number Re?‘téltr;ngﬁgts,
drying, g | drying, g
Fly ash N° 1 22.6 73.9 67.2 15.0 279
22.2 68.8 62.6 15.5 14.6 327 15 (group III)
21.7 61.9 57.1 13.3 280
Fly ash N¢ 2 22.5 57.6 53.9 11.8 362
22.6 65.2 62.5 8.2 10.6 279 15 (group III)
21.6 50.9 47.8 11.8 397
Fly ash N° 3 22.7 65.6 59.5 16.6 228
22.4 71.2 65.1 14.3 15.4 276 15 (group III)
22.5 64.8 59.2 15.2 284
Fly ash N¢ 4 21.78 81.6 76.7 8.9 235
23.6 77.2 72.0 10.7 9.5 389 15 (group III)
22.3 80.6 75.9 8.8 241

Note: Moisture content was determined for three samples.

Table 5
Determination of mass loss on frying of fly ash produced in China (samples No. 1-4)
. Mass of container Mass of capacit SOouU
iﬁmgle?_ :lf;%lgr (rl‘?g::’ltgy and material before | and ma_terigpl aft‘e,r nl1-::: ?,50 :\:Iﬁzagoz Require-
vaporization, g vaporization, g ’ ’ ments
Fly ash I 192.8 201.1 200.7 5.1
Ne 1 II 210.5 222.9 222.4 4.3 4.3 5-10
111 222.3 236.6 236.1 3.6
Fly ash I 198.5 208.6 208.3 3.1
Ne 2 II 205.4 218.5 217.8 5.6 3.6 5-10
111 212.6 227.7 227.4 2.0
Fly ash I 201.8 211.9 211.3 6.3
Ne 3 II 207.2 219.5 219.1 3.4 4.5 5-10
111 203.5 227.4 226.9 3.7
Fly ash I 222.2 236.5 236.1 2.8
Ne 4 II 217.5 229.8 229.3 4.0 3.9 5-10
111 218.4 230.7 230.1 4.8
Note: determining weight loss during frying is carried out on three samples.
Table 6
Mineralogical composition of clinker, mass %
Chemical formula Mark cement M 500
C,S 61.4
C,S 17.0
CAl 4.9
C,AlFe 13.7
Table 7

Chemical composition of cement, mass % (according to manufacturer’s data)

Chemical formula

Mark cement M 500

SO, 2.84
Sio, 21.16
ALO, 4.47
Fe,O, 4.25
Cao 64.71
MgO 0.85
Cao -
R,0/Na,O 0.34
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Table 8
Physical and mechanical characteristics of cement, mass %
Indicators Mark cement M 500
Average density of cement dough, % 25.50
Setting time, -min, - beginning 3-25
- end 4.30
Activity, MPa 54.4
The fineness of grinding by residue on sieve N2 008, % 8
Table 9

Granulometric composition of sand

Sieve sizes, mm Partial residuals Full balances, %
g %
10 20 1.0 -
5 39 1.95 -
2.5 31 3.1 3.1
1.25 35 3.5 6.6
0.63 90 9.0 15.6
0.315 283 28.3 43.9
0.16 432 43.2 87.1
<0.16 129 12.9 100

Table 10

Grain composition of crushed stone

Sieve sizes, mm Partial residuals, g Partial balances, %
20 784 7.84
10 6468 64.68
5 2630 26.30
passed 1.72 1.72

The supposed increase in the time of main-
taining the mobility of the concrete mixture and
improving its workability [6; 14; 15], as well as
a decrease in the water-cement ratio when re-
placing part of the cement with fly ash, is con-
firmed by the results of microscopic studies of
fly ash. Fly ash particles of all samples have
spherical shape and smooth surface texture, en-
suring the earlier studies [11; 19].

It is known that fly ash can be used in
road and airfield construction both in pure form
as an additive to traditional road-building mate-
rials and with the addition of cement [1; 2]. As
a material for constructing unreinforced layers
of road base, fly ash is in a mixture of crushed
stone or gravel, whose grain composition meets
the requirements of DSTU B B.2.7-30.

Fly ash is used for the foundation of tran-
sitional and improved lightweight types of pave-
ments on the roads of IV-V categories, as well
as the bottom layers of the base under the im-
proved lightweight and capital pavements on
the streets of III category.

However, as practice shows, crushed
stone and gravel materials with fly ash and ce-
ment addition are more often used for base
construction.

The physical and mechanical properties of
cement-reinforced mixtures with fly ash should
meet the requirements of HBN B.2.3-218-541.

Cement-reinforced fly ash with the addi-
tion of stone material shall meet the require-
ments of GBN B.2.3-37641918-554.

Cement-reinforced milled materials using
fly ash shall meet the requirements of HBN
B.2.3-218-545.

Cement-reinforced crushed stone or
gravel mixtures with the use of fly ash, which
meet the requirements of the first group ac-
cording to HBN B.2.3-218-541 and material
grades M20, M40, M60, M75 according to GBN
B.2.3-37641918-554, are intended for the ar-
rangement of top layers of bases under im-
proved pavements of capital and lightweight
type on roads of I-1II category, as well as pave-
ments with protective layers on roads of IV-V
categories.

Cement-reinforced crushed stone or gravel
mixtures using fly ash, which meet the require-
ments of the second group according to HBN
B.2.3-218-541 and have grades M10, M20, M40
according to HBN B.2.3-37641918-554 and HBN
B.2.3-218-545, are intended for the arrange-
ment of lower layers of bases for lightweight and
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transitional types of pavements on roads of II-
ITI categories, as well as bases for pavements of
roads of IV-V categories.

Cement-reinforced crushed stone or gravel
mixtures with fly ash of the third strength group
according to HBN B.2.3-218-541 and M10, M20
grades according to HBN B.2.3-37641918-554
and HBN B.2.3-218-545 are designed for the
bottom layers of bases under the pavements
of roads of III-IV categories, as well as for the
construction of bases on the streets of V cate-
gory. Distribution of fly ash into groups is carried
out according to SOU 42.1-37641918-104.

Selection of the composition of reinforced
fly ash mixes of samples No. 1-4 is carried out
experimentally considering the properties of
used materials, weather and climatic conditions
of construction, intensity of automobile traffic,
and purpose of structural layers of road pave-
ment. Determination of the composition of re-
inforced ash-and-slag mixtures is carried out
before choosing such a ratio between the con-
stituent components, which reliably and most
economically provides the mixtures of given
strength and frost resistance. Recommended
grain compositions are shown in Table 11.

To reduce cement consumption, accel-
erate hardening, and increase frost resistance, it
is recommended to add activator additives [3].

The content of needle-like, silty, and clay
particles in crushed stone, crushed stone-sand,
and gravel-sand mixtures should not exceed

5%, including clay particles — no more than 2%.
The frost resistance of crushed stone or gravel
used must be not lower than the required frost
resistance of the reinforced mixture. The exact
requirements should be met by all types of in-
dustrial waste used. In addition, the fortified
fly ash of stone materials can be carried out by
mixing technology in plants or on the road. If
appropriate mechanisms are available, the plant
mixing technology should be favored (Table 12).

The results of the determination of fly ash
samples to the group of ash-and-slag mixtures
are given in Table 13.

Fly ash samples 1-4 belong to group III
of ash-and-slag mixtures according to SOU
42.1-37641918-104. This group’s fly ash can be
used to construct and repair highways and air-
fields. But fly ashes belonging to group II are
optimal for the use of their physical and me-
chanical characteristics. Mixtures of ash and slag
mixtures of group III can be used for strength-
ening with mineral binder - cement or lime for
improvement of physical and mechanical prop-
erties of coarse clastic (crushed stone mixtures
and unbound soils).

Analyzing the data of Table 14, it is evi-
dent that in pure form, fly ash of samples No.
1-4 cannot be used for road base construc-
tion. In a mixture with cement, fly ash samples
No.1-4 can be used as an M10 mixture with
the optimum amount of cement of 10-20 % by
weight. Thus, fly ash samples No. 1-4 reinforced

Table 11

Requirements for grain composition of mixtures of stone materials, industrial waste,
and soils according to HBN B.2.3-37641918-554

Conditional Max. Total residue of mineral grains, in percentage by mass,
designation | grain on a sieve with aperture size mm
of the size,
mixture mm 40 20 10 2.5 1.25 0.63 | 0.315 | 0.14 | 0.071
CSM 40 40 0-10 10-40 | 35-65 | 50-80 | 60-85 | 70-90 | 75-95 | 80-97 | 85-98 | 87-99
CSM 20 20 - 0-10 20-40 | 35-65 | 50-80 | 60-85 | 70-90 | 75-95 | 80-97 | 85-98
CSM 10 10 - - 0-10 25-40 | 45-65 | 60-80 | 70-85 | 75-90 | 75-95 | 85-98
CSM 5 5 - - - 0-10 30-40 | 50-65 | 65-80 | 75-85 | 80-90 | 95-97
GM 2.5 2.5 - - - 0-10 30-40 | 55-65 | 70-80 | 80-90 | 82-92
GM 1.25 1.25 - - - - 0-10 | 35-45 | 60-70 | 75-85 | 82-91
GMO0.63 0.63 - - - - - 0-10 60-70 | 70-80 | 80-90
Note: CSM - crushed stone mixtures, GM - gravel mixtures
Table 12
Groups of ash-and-slag mixtures
e . Groups of ash and slag mixtures
Name of indicators I o oI
Fly ash content, % by mass <25 25-50 >50
Moisture, % by mass, not more 7 10 15
Mark of ash and slag component on strength 300 200 Not standardized
t:laas?s(tgrfu?:h and slag component on frost F50 F25 Not standardized
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Table 13
Belonging of fly ash samples to specific groups of ash and slag mixtures
Sample Indicators Belonging to the group of ash
number Fly ash content, Humidity, % by mass, and slag mixtures according
% by mass no more than to SOU 42.1-37641918-104
Fly ash N¢ 1 92.7 4.6 ITI
Fly ash N¢ 2 92.5 6.6 III
Fly ash N¢ 3 98.2 5.4 II1
Fly ash N° 4 99.7 3.5 IT1
Table 14
Physical and mechanical properties of fly ash sample No. 1-4
Mix composition Data obtained
. Compressi_ve Tensile Coefﬁci_ent of
Sample Fly Cement Pavement Compres_)swe strength in strength at frost resistance
number | Yo o, | laver |strengthindry | water-saturated | |, ° .- g Rzg, | 15 freeze-thaw
’ state R sit, MPa cont_:lltlon R sit. MPa ’ cycles Kmrz
in, MPa Base
Fly ash 100 0 Undefined Undefined Undefined 0.05
Ne1 95 5 0.35 0.25 0.2 0.30
99 10 Ground 0.40 0.25 0.25 0.40
85 15 0.43 0.30 0.25 0.45
80 20 0.45 0.35 0.30 0.50
Fly ash 100 0 Undefined Undefined Undefined 0.05
Ne 2 95 5 0.50 0.30 Undefined 0.50
99 10 Ground 0.9 0.75 0.30 0.55
85 15 1.2 0.90 0.35 0.55
80 20 1.3 1.1 0.35 0.60
Fly ash 100 0 Undefined Undefined Undefined 0.1
Ne 3 95 5 0.8 0.55 0.20 0.6
99 10 Ground 1.1 0.75 0.25 0.60
85 15 1.3 0.90 0.40 0.65
80 20 1.4 1.1 0.40 0.65
Fly ash 100 0 Undefined Undefined Undefined 0.1
N 4 95 5 0.50 0.40 0.25 0.50
99 10 Ground 0.90 0.65 0.25 0.65
85 15 1.1 0.95 0.40 0.60
80 20 1.4 1.1 0.45 0.65
Requirements of SOU B.2.3-37641918-554 | Not normalized | "N ('f?g’rshflq%’; Lo et '(e}isr f\;‘fg) Not normalized

with cement mixture M10-M20 can be used for
making the bottom layers of two-layer base on
roads of II-III categories and one-layer base
on roads of IV-V categories and pavement on
roads of V category. On the base made of ce-
ment-reinforced fly ash, the overlying layers of
road pavement are allowed to be arranged im-
mediately after the strength is sufficient for the
passage of technological transport (up to 70%
of the standard). Considering the increased in-
tensity and tonnage of freight transport, even
on the roads of lower categories, building base
layers from fly ash reinforced with cement with
the addition of stone material is more appro-
priate.

Earlier, it was because mainly acidic fly
ash was used as a hydraulic admixture in heavy

concrete [4]. However, work in recent years has
shown that basic fly ash can also be used in con-
crete mixtures [5]. Because the transferred fly
ash samples belong to basic fly ash, it is nec-
essary to determine their participation in the
Portland cement curing process [16].

PURPOSE

It is known that such property indicators
characterize concretes as workability, average
density, porosity, and delamination. The main
characteristic of a concrete mixture is its con-
sistency, which is assessed by workability, i.e.,
the ability of the mix to fill a mold or formwork
with the least amount of external energy. The
water-cement ratio is the main factor that deter-
mines the workability (consistency) of a concrete
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mixture. The water content depends on the type
and quantity of cement, specific surface area of
aggregates, fine-to-coarse aggregate ratio, and
others. The above factors rely on the process
of hardening concrete, that is, reducing or in-
creasing its water requirement and the amount
of cement, as well as reducing or increasing the
time of demolding of the structure in mono-
lithic concreting and in the production of precast
concrete - to determine the time of heat treat-
ment of products. This study aimed to explore
and understand the effectiveness of using fly
ash from a thermal power plant in China to pro-
duce heavy-duty concrete. This includes exam-
ining how fly ash enhances concrete’s strength
and corrosion resistance, thereby improving its
overall performance and sustainability. When fly
ash is added, the concrete hardening process
depends primarily on the interaction of this ag-
gregate with calcium hydroxide, which is formed
during this process. Therefore, the effect of fly
ash on the hardening process of concrete was
studied based on interaction with calcium hy-
droxide (CaOH2).

RESULTS AND DISCUSSION

The kinetics of calcium hydroxide uptake
by fly ash samples was studied in terms of the
change in the pH of the medium and the change
in calcium hydroxide content in the solution. The
study used fly ash samples No. 1-4 (produced
in China). The peculiarities of the interaction of
fly ash with calcium hydroxide solution, which is
formed in hardening concrete, were studied on
the same fly ash samples (No. 1-4 produced in
China). A sample of mineral admixture of sed-
imentary origin — opoka was used for compar-
ison. The calcium hydroxide content in the solu-
tion in terms of CaO over time is presented in
Table 15.

Analyzing the obtained results, we can
note the following:

- in a sample of calcium hydroxide solu-
tion, in which opoka is present, a decrease in
CaO content is immediately observed: after one
day by 49%, after three days by 60%, after

7 days by 72%, which is due to the absorption of
calcium hydroxide from the solution by opoka;

- unlike classical pozzolanic mineral addi-
tives of sedimentary origin (opoka), intensively
absorbing calcium hydroxide immediately after
contact with the liquid phase, fly ash practically
does not absorb calcium hydroxide from the
solution for up to 14 days. At the hydration of
fly ash at the beginning, there is an increase
in the number of calcium ions in the solution,
which allows us to note another characteristic of
the interaction of fly ash with the liquid phase,
different from the classical chemical reaction of
the interaction of pozzolanic additive with the
liquid medium;

- on the 28th day, fly ash absorbed cal-
cium hydroxide from the solution five times less
than opoka.

The reaction mechanism of fly ash in hard-
ening concrete involves two main stages:

- adsorption of liquid phase on the surface
of fly ash particles;

- formation of an aqueous intermediate
layer between the shell of hydration products
and the surface of ash particles at a layer thick-
ness of up to 1.0 pm.

This layer will play a positive role in the
concrete hardening process, as it provides the
output of calcium ions from the ash, resulting
in erosion of the particle surface and forma-
tion of depressions where the reaction prod-
ucts with calcium hydroxide are deposited. The
strength of concrete may increase due to the
formation of bonds between ash particles and
cement hydration products. Concrete with fly
ash will continue to grow in strength even in
more extended curing periods at low reaction
rates by the above mechanism. The pH values
of the mortars were in the range of 11.6-11.8
and practically did not change for 28 days.
After 28 days, the solid phase was filtered.
The filtrate did not detect the content of ions
Mg2+, Fe3+, Al3+4+, and CO2- Iron and alu-
minum oxides. The silicon dioxide content was
significant in the opoka sample and amounted
to 113 mg/l. The silicon oxide content in the

Table 15
CaO content in solution with ash and opoka samples over time
CaO content, mg/I
ﬁﬁ::g::r Solution of calcium Time, days

hydroxide Ca (OH)2 1 3 7 14 28
Opoka 224 115 84 64 50 34
Fly ash N° 1 224 252 270 260 240 220
Fly ash N° 2 224 290 220 269 269 235
Fly ash N° 3 224 250 232 224 215 168
Fly ash N¢ 4 224 250 222 224 210 155
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samples with fly ash was within the range of up
to 12.5mg/I (Table 16).

For differential thermal analysis, cement
stone samples were prepared with a water-ce-
ment ratio of 0.26, corresponding to the cement
dough’s normal density. Cement stone samples
with 10% replacement of fly ash were made with
a water-solid ratio of 0.25%, with 20% replace-
ment - with a water-solid ratio of 0.24%. The
curing of the samples was carried out at temper-
atures of 20, 30, and 50°C. Temperatures of 20
and 30°C correspond to the main temperatures
resulting from heat generation during hardening
of road monolithic pavements in transportation
construction. When concreting in summer, there
is a danger of overheating concrete during the
curing process. The maximum temperature for
hardening concrete is between 80 and 90°C. If
these values are exceeded, the necessary meas-
ures must be taken to reduce the temperature
inside the concrete during the curing process.
In some cases, the temperature of concrete in-
creases more than 40°C, so the curing of some
specimens was carried out at 60°C.

The specimens were investigated on the
firstand 7th days after production. Investigations
were carried out with an average sample of fly
ash taken in equal amounts from samples 1-4.
Two characteristic effects were observed on the
obtained thermograms of the control composi-
tion after a day:

- the first endothermic effect at temper-
ature 165-180°C is explained by the release
of adsorption water on the surface and in the
cracks of hydration products;

- the second endothermic effect at tem-
perature 495-520°C relates to water release in
the almost complete dehydration of calcium hy-
droxide, accompanied by destruction and rear-
rangement of the crystal lattice.

Similar processes occur on thermograms
with the replacement of cement with 10% fly
ash on the first day on the samples hardened at
temperatures of 20, 30, and 40°C. The first en-
dothermic effect is observed at 160-175°C. The
second - at temperature 517-525°C. On the

samples cured at 60°C, an intermediate effect at
200°C is probably associated with the departure
of water from calcium hydrosulfoaluminates.

On thermograms with the replacement
of 20% of cement with fly ash on the first day,
a decrease in temperature with similar endo-
thermic effects is observed. The first peak on
specimens cured at 20, 30, and 40°C occurs at
150-160°C. The second peak occurs at a tem-
perature of 507-520°C. This means that com-
plete dehydration of calcium hydroxide was de-
tected at a higher temperature than in the main
composition. The samples cured at 60°C showed
an intermediate peak at 195°C. Thermograms at
7 days confirm the difference between the control
composition and the compositions with fly ash:

- the first endothermic effect on the con-
trol cement samples occurs at 175-185°C;

- the second endothermic effect is ob-
served at temperatures 510-520°C.

On thermograms of samples with replace-
ment of 10% of cement with fly ash at the age of
7 days, hardened at temperatures of 20, 30, and
40°C the first effect is observed at a temper-
ature of 175-185°C, which corresponds to the
composition without fly ash.

The evaporation of chemically unbound
water occurs at the same temperature. The
second peak is shifted at a temperature of
515-535°C. The samples cured at 60°C show
an intermediate peak at 220°C. On thermo-
grams of samples replacing 20% of cement
with fly ash at the age of 7 days, the first endo-
thermic effect was recorded at the temperature
of 140-155°C, which is lower than the temper-
ature of the control composition. This means
water evaporation occurs at a lower tempera-
ture than the control composition. The second
peak associated with the reorganization of the
crystal lattice occurs at 520-525°C, which is
close to the temperature of the control compo-
sition. The thermograms of the cement stone
without fly ash and with the replacement of part
of the cement are presented in Fig. 3.

Thermo-moisture treatment is a techno-
logical operation that includes heating concrete

Table 16

After 28 days of interacting fly ash and opoka samples with calcium hydroxide solution,
magnesium oxide, and silicon dioxide content in the liquid phase

Sample number Content of ions in terms of oxide, mg/I|
d MgO cao,
Opoka 90 113
Fly ash N¢ 1 40 9.5
Fly ash N2 2 80 12.5
Fly ash N° 3 90 20
Fly ash N2 4 105 19.5
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Fig. 3. Thermograms of cement stone without fly ash and with replacement of a part of cement

1 - control composition at the age of 28 days at normal hardening;
2 - control composition at 28 days at thermal-humidification treatment (THT);
3 - composition with ash (B/C=const) at 28 days at normal hardening;
4 — composition with ash (B/C=const) at 28 days at thermal-humidification treatment (THT);
5 - composition with ash with constant plasticity at 28 days at normal hardening;
6 — composition with ash with constant plasticity at 28 days at thermal-humidification treatment (THT).

and reinforced concrete products saturated with
steam, because of which their hardening in ther-
moforms is carried out. There is no direct con-
tact of the product with steam. Assumed quan-
titative changes in concrete strength with the
replacement of part of cement with waste heat
and power engineering are confirmed by the re-
sults of studies of cement stone with different
contents of fly ash. Cement stone samples
were prepared from mixtures corresponding to
normal density for electron microscopic studies.
The samples were hardened under normal hu-
midity conditions (NHC). Cement stone was
made from cement without fly ash, with 10%
replacement of cement with fly ash, 50% re-
placement of cement, and fly ash without ce-
ment. The investigations were carried out with

specimens No. 1 to 4. The test results are pre-
sented in Table 17.

The data given in Table 17 shows that the
introduction of fly ash leads to a decrease in the
water content of cement dough and increases
its setting time. Analysis of chipping of cement
stone and stone containing fly ash sample No. 1
shows the microstructure development peculiari-
ties depending on the filler percentage. Hydration
of clinker phases starts simultaneously on the
whole surface of clinker grain contact with water.
Water in the process of interaction with cement is
saturated with lime, gypsum, and alkalis passing
into solution, and as a result, hydrate new forma-
tions appear. As shown in Fig. 3.10, the micro-
structure of cement stone has a fibrous, lamellar
form. When 10% fly ash is added to the cement
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Table 17
Compositions and test results of cement stone depending on the amount of fly ash
Sample Amount of fly ash, | Water-cement |Water Demand| Cement batter | Setting time, min
number | % of mass of binder ratio, W/C W/D thickness Start End
Fly ash N2 1 0 0.26 0.26 25.50 185 235
10 0.27 0.25 24.50 195 245
50 0.47 0.23 23.25 205 280
100 0 0.21 21.00 225 315
Fly ash N° 2 10 0.28 0.24 24.20 195 255
50 0.48 0.23 22.50 210 290
100 0 0.22 22.00 235 325
Fly ash N¢ 3 10 0.26 0.25 24.50 195 265
50 0.47 0.22 22.75 215 295
100 0 0.22 22.00 235 335
Fly ash N¢ 4 10 0.26 0.25 26.25 200 275
50 0.47 0.24 24.50 205 205
100 0 0.21 20.00 235 340

dough, the micrograph clearly shows that cement
dust balls fill the voids formed by hexagonal
plates. When 50% cement is replaced with fly
ash, the cement stone structure becomes denser.
Micrographs of cement stone with different fly
ash contents are shown in Fig. 4.

The dependence of the water-solid ratio
on the amount of fly ash (middle sample) intro-
duced to replace part of the cement is presented
in Table 18 and Fig 5.

From Table 18 and Fig. 5 it is observed
that the introduction of fly ash reduces the
water content of the concrete mix. Usually, the
water content is in the range of 24-28%. With
the increase in the amount of fly ash introduced,
the percentage of reduction in water demand
increases and is close to linear. An increase in
water demand leads to an increase in concrete
porosity and a decrease in its performance prop-
erties.

Fig. 4. Micrographs of cement and fly ash stone magnification x 10000
1 - cement + water; 2 - cement + water + 10% fly ash; 3 - cement + water + 50% fly ash; 4 - fly ash + water.
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Table 18

Dependence of water-solid ratio on the quantity of fly ash (average sample)

substituted for a portion of cement

Quantity of fly ash, % 0

10

50

100

W/D 0.26

0.25

0.23

0.21

Reduction of water consumption W, % 0

4.0

13.0

23.8

30

25 |—
20 }——no
Z 15
10
5
0¢

0

Fly ash, %

Fig. 5. Effect of fly ash on reduction of water content W of cement stone

CONCLUSION

1. The conducted studies on the model
system ash + aqueous solution of calcium hy-
droxide allowed us to specify the initial period
of their interaction, from which it follows that in
the initial period of curing, there is no binding of
calcium ions, but there release from spherical
ash particles. This process helps to explain the
effect of ash in the concrete mix on the kinetics
of strength growth and other fundamental prop-
erties of concrete, such as density, frost resist-
ance, and water resistance.

2. Improvement of concrete properties is
due to a stronger association of cement hydra-
tion products with ash particles, the surface of
which has acquired a relief-shaped surface be-
cause of the departure of calcium ions from the
surface layers of fly ash, giving it a more active
adhesive surface for subsequent interaction with
cement hydration products.

3. All ash samples contain in their com-
position quartz B-SiC>2 in the amount from
40 to 20% depending on the type of ash; mul-
lite (3AL,0,-2Si0,) from 5 to 10%; hematite
(a-Fe,0,) approximately 5-10%; and in addi-
tion, some ashes also contain anhydrite (CaSO,)
in the amount of roughly 2-4%, periclase (MgO)
from 2 to 6%. It should be noted that the ashes,
besides the above substances, contain free CaO
in the amount of 2-5% and, in some cases, up
to 20%, as well as amorphous silicate glass from
10 to 40%.

4. The results obtained and decipherment
of the composition of the formed reaction prod-
ucts of ash with liquid phase in concrete allow
us to explain the formation of strong bonds be-
tween ash particles and cement hydration prod-
ucts. Therefore, concrete containing ash as a

component continues to build up strength by the
above mechanism.

5. Replacement of 10% cement with fly
ash during curing of specimens does not result
in a significant difference in endothermic effect
temperatures compared to the control composi-
tion without fly ash. Replacing 20% cement with
fly ash changes the cement stone structure such
that the evaporation of adsorption-bound water
occurs at a lower temperature. These data were
used in planning the experiment and studying
the strength of concrete in which the maximum
content of fly ash was assumed to be 100%. The
optimum amount of introduction of fly ash in the
concrete mix is 80%.

6. The positive effect of increased holding
temperature on cement compositions with fly
ash has been noted, which allows for the reduc-
tion of the formation of calcium hydroxide, re-
sulting in increased corrosion resistance of con-
crete when exposed to aggressive media.

7. Analysis of microscopic studies of ce-
ment stone with fly ash allowed us to draw con-
clusions about the increase of its strength due
to a denser structure. Particles of fly ash show
pozzolanic properties, binding free lime formed
during hardening of Portland cement.

8. The presence of fine particles of fly ash
in hardening cement causes acceleration of hy-
dration of clinker minerals because of fine pow-
ders, i.e., sliding of new formations.
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AHOTALIA

CrenaHuyyk O. B., SIH LUnnuHb, FpaboBuyak B. B. [ocnig)xeHHs woa0
3acrocyBaHHSs J1€TIOYOI 30/14M B 6yAiBHMYTBI AOpir Ta aeponopris.

Y yivi cTaTTi 4OCNIAXEHO BUKOPUCTAHHS JIETIOYOI 30711, OTPUMAHOI 3 pPi3HUX Te-
rnao0BuUX €sIeKTPoCcTaHuyivi Kutaro, y BUPOGHMUTBI Ba>kkoro 6eToHy. BoHa BK/o4ae
KOMIJIEKCHUI aHasi3 XiMidHUX i Qi3n4YHMX BJIaCTUBOCTEN 3pa3KiB 30/1M, BMICTYy B HUX
paaioHyKnigiB Ta ix B3aemMogii 3 iHWMMyY MatepiasiaMmy B 6ETOHHIN CyMmilui. [JOCiAXXEHHS
BUBYAE, 5IK 30J/1a-BUHECEHHS BM/INBAE HAa TaKi BAaCTUBOCTI GETOHY, SIK CyMICHICTb,
LYiNIbHICTb, MOPO3O0CTIHKICTb | BOAOHENPOHNKHICTb. peacTaBsieHi pi3Hi TeCcTy 1a aHa-
i34, BKJIOYar4Yu MikpogoTtorpadii 3paskis 3014, ix XiMiYHWA cknag 1a ¢izuko-me-
XaHi4yHi BNacTtuBOCTI. Y AOCNIAKEHHI TaKOX BUBYEHO MEXaHi3M peakuii 1eTo4oi 301
y 3arBepgiziomy 6€TOHi Ta il posib y niABULLEHHI MILHOCTI Ta AOBroBiYHOCTi 6ETOHY.
BucHoOBKU MigKpeC/It0Tb KOPUCHY POJib 30/1M-BUHOCY B 6ETOHHUX CyMilax, 0cobmBo
B NigBULLEHHI MiLJHOCTi Ta KOPO3ikliHOI CTilIKOCTI.

Mera. Lle focnigxeHHsa Ma€e Ha METi npoaHasilysBatu Bri/iMB JIETIOYOI 3011 Ha
pi3Hi BactmnBoCTi 6€TOHY, TaKi SIK JIErKiCTb, MilYHICTb i AOBroBi4yHiCTb. BOHO cripsiMo-
BaHe Ha pO3yMiHHS XiMi4HOI Ta pi3n4HOI B3aEMOAIT 1IETIOYOI 3071 B 6ETOHHUX CyMiluax
3 aKLI€HTOM Ha MOJIMNWEHHS 3arajlbHUX €KCrilyataliiHuX XapakTtepucTuk i CTilIKOCTi
6€eTOHY 3a paxyHOK BKJIHOYEHHS JIETHOHOI 30/14.

Metogosnorisi. Y [0CnigXeHHI BUKOPUCTaHi CydYacHi TeOpEeTUYHI, eKcriepu-
MeHTasnbHi Ta @Qi3nKO-XIiMiYHI METOAN AOCNIMIKEHHS (E€1EKTPOHHA MIKPOCKOMIs).
ExcnepmnmeHTanbHi AOCTIAXEHHS MPOBOANIN B 1abOPaTOPHMUX YMOBax Ta Ha HaTypHUX
06’ekTax 3 BUKOPUCTAHHSIM Cy4aCHOro BUMiptoBasibHOro obiagHaHHs.

Pe3ynbratn. B pe3ysibTaTi TEOPETUYHOrO aHasily 1a eKCcriepuMeHTaabHUx 40-
cigxeHb 6y oTpuMaHi Taki ABa pe3yibTatu: 1. BKIHOYEHHS 1eTIOYOI 3071 B 6ETOHHI
CyMiLli 3HAYHO MOKPAaLLY€E eKCr/yaTalitiHi XxapakTepuctuku 6€ToHy 3 OCHOBHUMU pe-
3y/ibTatamu, BK/IOYa0YM MigBuLLEHY MILHICTb i AOBroBiYHICTb, noainweHy obpobsio-
BaHICTb i Kpally CTiAKICTb A0 BM/IUBY (PakTopiB HaABKOJINLLIHLOIO CeEPESOBULLAE, TaKUX
K MOpo3 | Boga. 2. JleTroya 30/1a rno3nMTUBHO BI/IMBAE Ha (Pi3NKO-MEXaHIYHI B/1acTu-
BOCTi 6€TOHY, Lo pobuTb ii KOPUCHOI A06aBKOK Yy BUPOOBHULTBI HaAMILUHUX GETOHIB.

HaykoBa HOBM3Ha. HayKoBy HOBU3HY LbOIro AOC/TIAXKEHHS MOXKHA ri4cyMyBatu
TakmMm yuHom: 1. Lle nepiue KoMrsieKcHe AOC/IAXEHHSI BUKOPUCTaHHSA JIETIOYOI 3011
3 JEKIZIbKOX TENI0BMUX e/IeKTPOCTaHUid y Kutai 47159 BUpO6HNLTBa HaAMILUHOIO 6ETOHY.
2. BoHo e 6inbLie norainbatoe po3yMiHHS XiMiYHUX | Qi3NYHUX B1ACTUBOCTEN /1IETHOYOI
30/m Ta il BAIMBY Ha €KCriyaTauifiHi xapakTepnctnkmn 6eToHy; 3. Lle AO0C/igxXeHHSs
Aa€ nepLini AeTasabHni Onuc MEXaHiamy peakuyii 1eTio4oi 30m y pasi TBepAiHHS 6e-
TOHY i e 6inbLie norsinbitoe 3HaHHS rpo BUKOPUCTaHHS POMUC/I0BMX MOBIYHMX po-
AYKTIB 47151 NOJINWeHHS MiLJHOCT | JOBroBiYHOCTI 6ETOHY.

MpakTn4yHa 3HaJyywWicTb. [IpaKkTU4YHa LIHHICTb UbOro AOC/IIAXEHHS 0/15rae
B Moro roteHyiasi 4718 po3BUTKY OyAiBE/IbHOI rasy3i LW/sIXOM CTas0ro 1a e(heKTmMBHOro
BUKOPUCTaHHS 30/IM-BUHOCY Y BUPOBHULTBI 6€TOHY. [JeMOHCTPYO4YM, L0 30/1a-BUHE-
CEHHSI MOXe b6yTn epEeKTUBHO BUKOPUCTaHa B BETOHHMX CyMiliax, Ue AOC/iAXEHHS
nigTpUMy€E €KOJIOriYHO 4YUCTi 6yAiBesibHi NMPakKTUKM i 3a0xo4y€e rnepepobky rnobiyHux
MPOMUC/IOBUX MPOAYKTIB, 3MEHLLYIOYN Ki/IbKICTb BiAX0AIB i Cripnsitoum 6isiblu CTiIKUM
metonam 6yaiBHNLTBA.

Kno4oBi crioBa: 30/1a-BUHECEHHS, LL/1aKOBA CyMilll, BOJIOKHO i3 30/7IM-BUHECEHHS,
yeMeHT, 6€eTOH, 30/IbHMI KaMiHb, MNPoAYyKTU CratoBaHHs BYyrisijis, MoAgnikoBaHi 6e-
TOHHI matepiasv, rpoMuc/ioBi BigxoAn, PEMOHT AOPOXHBLOIr0 MNOKPUTTS,, 6ETOHHE M0-
KpUTTS, aepoapoMHE MOKPUTTS, A0poru, 6yaiBHULTBO aeposapOoMiB.
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