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Abstract

Artificial stone has been one of the most common materials in construction for a long time by now. Despite the variety of types of con-
crete, the composite is in constant motion of development and improvement. The common use of high strength composite is for the

construction of high-rise buildings or projects complex in geometry.

This article suggests preparing high-strength cementitious composites by complex chemical activation using chemical admixtures in
combination with reactive aggregates, as they give good hydration (hardening) of concrete. Research results confirm that this practice of
complex chemical activation of cement gives high-strength concrete with better strength, deformation and durability properties.
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1. Introduction

Current building science develops towards the construction of
unique and complex buildings and structures, as well as towards
their renovation, so the use of high-strength binders and concretes
made with them is essential.

Because concretes have a range of unique properties, they are
widely applied in the construction of essential structures, such as
high-rise buildings, road and airfield coverings, transmission
towers, and special facilities.

Such an application calls for the use of high-strength concrete
with a surface enhanced against abrasion, which has good crack
resistance, and resistance to aggressive media, high deformation
and durability properties.

High-strength concrete of new generation has a wide range of
properties, so they are often broken into two blocks.

Parameters of a fresh concrete mixture compose the first block
[22]:
- consistency with cone flow diameter range 65 to 70 cm;
- compaction degree of 1.0 to 1.4;

- flow properties remaining for not less than 3 to 4 hours;
- minimal delamination;

- air content less than 1%.

The second block houses characteristics of hardened composite
[23]:

- compressive strength at range of 50 to 100 MPa; flexural
strength of at least 4 MPa;

- density and pore structure;

- high abrasion resistance;

- frost resistance above F400 and water resistance above
W10;

- water absorption capacity (less than 1%);

- Low modulus of elasticity.

The creation of such concrete is possible only by chemical activa-
tion, which can give new hydrated phases of a more complex
composition, characterized by better surface hardness and reduced
solubility. Hydrated specimens will have a special structure, such
as fibrous structure, for example, which has a reinforcing effect on
the concrete being formed [1-5].

Unlike chemical activation, hating is less effective, as the increase
in the rate of hydration comes usually without the formation of
new phases. Instead, a calcium-silicate-hydrate analog appears in
the form of CSH (l) group hydrosilicate, characterized by a large
specific surface area. This phase gives a dense structure of con-
crete. Concrete consolidation is an essential step in concrete mak-
ing, but alone it is not enough to produce concrete with unique
properties.

This is when chemical activation comes in handy, performed by
using chemical admixture in combination with a reactive aggre-
gate.

Chemical admixture alters the properties of concrete, extending its
workability, making the structure uniform, and eliminating delam-
ination and water loss. Therefore, the admixture must be of poly-
functional action (activating and plasticizing actions).

The new generation of admixtures is made from highly effective
surfactants (aqueous solutions of polycarboxylate comb-polymers
with either side chains of medium length, commonly known as
PCEs) in combination with polymeric high-molecular compounds,
which form new polymer chains by interaction [6-10].
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These new formations must permeate the concrete mixture
throughout the entire volume, increasing its kinetic stability, pre-
venting delamination and water loss so that the mixture forms into
a uniform composite.

The reactivity of chemical admixture can be provided by the use
of nanoparticles, such aqueous dispersions of silicon dioxide
nanoparticles (SiO2 - nH20), which in chemical composition are
similar to ingredients that go into fresh concrete, but have en-
hanced reactivity. Nanoparticles, unlike molecules, ions or atoms,
have high surface free energy and a certain pH. Their special
structure is responsible for high mobility of SiO2 - nH20 nano-
particles so they show improved reactive and dispersion activities.
Considering the character of these nanoparticles, they can affect
the hydration of mineral concrete components. Because of high
reactivity, aqueous dispersions of silica nanoparticles can react
with ingredients and newly formed phases in hardening concrete
mixture [11-16].

The use of reactive aggregate should increase the density and
strength of the composite, and grant the concrete with unique
properties (improved deformation and durability properties).

The advisable reactive aggregate to use are the magnesian lime-
stones, modified with alkali metal salts, which reveal their reactiv-
ity. In hydrated cement paste, the supplement is capable of gener-
ating super-strong calcium magnesium silicates and basic fibrous,
acicular or elongated prismatic crystals of calcium carbonates,
characterized by increased hardness and good chemical stability in
aggressive media [17-21].

2. Methods

The admixture performance and the effect of its components, as
well as the performance of a modified reactive aggregate, were
evaluated by measuring the compressive strength, flexural
strength, water absorption and density of concrete. For trial, con-
crete with 400 (kg/cm?) strength was produced as the most com-
mon concrete in use for the construction of essential structures.

For this type of concrete production, Portland cement CEM | 42.5
N was used (GOST 31108-2016), sand intended for construction

applications with the fineness modulus of 2.26, (GOST 8736-
2014) and granite fractions 5-10 mm (GOST 8269-93).

The major admixture components were:

- polycarboxylate-based polymers as 25% aqueous solu-
tion (density p=1.038 g/cm® at pH 6.5);

- polymeric high-molecular compounds with 19 to 21
carbon atoms in a chain (density p=0.97 g/cm® at pH 10.5);

- aqueous dispersions of silicon dioxide nanoparticles,
prepared by dispersion with colloidal solution (sol) of silicic acid,
which density was p=1.014 g/cm? at pH 10.5).

For concrete production, the following materials were used (pro-
portion expression provided in kg per 1m® of concrete mix):

- Portland cement CEM 1 42.5 N: 430;

- Sand with the fineness modulus of 2.26: 655;

- Granite fraction: 1025;

- Water, determined by trial and error to achieve a Mix P4
plastic level (settlement 16 to 20 m): 250.

The procedure of determining concrete strength parameters was
performed in accordance with the GOST 10180-2012. Some
samples of concrete mix were taken to normal hardening until 28
days, and some to steam curing at the range of 78 + 2 degrees
Celsius. Curing regime: first 3 hours — pre-setting period, when
specimens were cured by standard; 3 hours — period of tempera-
ture rise from 20°C to 78°C; 6 hours — an isothermal period, when
curing was performed under isothermal conditions at the range of
78 + 2 degrees Celsius; last 3 hours — a cooling period, when the
temperature dropped to -40° C.

Besides the properties mentioned above, analysis was applied to
frost resistance (GOST 10060-2012) and abrasion resistance
properties (GOST 13087-81). The consistency and accuracy of
trial results were validated by XRD and differential-thermal data
provided by comprehensive physico-chemical studies of hardened
paste samples.

3. Results and Discussion.

Results of physico-mechanical studies are presented in Table 1.

Table 1. Trials to Find Rational Proportion between Components in an Admixture added to Trial Concrete
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1 430 0.62 Steam Curing - - - 4.8 38.9 4.6
2 430 0.62 - - - 4.9 39.6 4.6
3 430 0.58 0.6 - - 4.4 41.8 4.9
4 430 0.54 Normal 0.8 - - 3.9 43.2 5.1
5 430 0.52 1.0 - - 3.6 47.2 5.6
6 430 0.51 1.2 - - 3.5 48.1 5.7
7 430 0.50 15 - - 3.4 46.4 5.5
8 430 0.52 1.0 - - 3.6 47.2 5.6
9 430 0.51 1.0 0.2 - 3.3 48.0 5.8
10 430 0.50 Normal 1.0 0.4 - 3.2 48.9 6.1
11 430 0.49 1.0 0.6 - 3.2 49.1 6.2
12 430 0.49 1.0 0.8 - 3.3 49.6 6.3
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13 430 0.50 1.0 0.4 - 3.3 48.9 6.1
14 430 0.49 1.0 0.4 0.4 3.1 52.4 6.6
15 430 0.48 Normal 1.0 0.4 0.6 2.9 58.6 7.6
16 430 0.47 1.0 0.4 0.8 2.8 59.0 75
17 430 0.47 1.0 0.4 1.0 2.8 58.4 74

Table 1 shows that PCE administrated as 25% aqueous solution
with a dosage of 1% by cement weight gives an plasticizing effect
by reducing the W/C ratio from 0.62 to 0.52 (16% drop) and
improving the compressive strength by 19%. Thus, a naturally
made assumption is that concrete strength improves due to consol-
idation by plasticizing action.

High molecular compounds in combination with 25% aqueous
solution increase the concrete mix density without a significant
reduction in the W/C ratio, apparently due to a branched polymer
chain system generated.

PCE together with high molecular compounds improve the com-
pressive strength by 23% and the flexural strength up to 31+32%
(relationship range 0.125).

The next component in the admixture being developed is a silicic
acid sol containing SiO2 - nH20 nanodispersions, assuming that
they will significantly increase the concrete mix density. The
improvement will occur because of a reduction in water absorp-
tion by 41%, down to 2.9%. This is when the compressive
strength will be improved, up to 48%. The increase in flexural
strength (up to 65%) oversteps the compressive strength ad densi-
ty properties. This contributes to a better resistance to cracking
(11% increment), due to reinforcement with new phases generated
in the concrete being hardened.

Data from Trial 2 (Table 1), by contrast to Trial 1, show that at the
age of 28 days, concrete without additional chemical activation in
both hardening phases has properties of concrete with 400
(kg/cm?) strength.

Data from Trial 15 shows that developed chemical admixture
gives a composite with better physical and mechanical characteris-
tics than just heat treatment. Besides, it improves compressive
strength by 51% relative to concrete strength after heat treatment.
Based on data from Table 1, a rational admixture composition was
defined:

- PCE as 25% aqueous solution (density 1.038 g/cm?®, pH
ranging between 6.5% and 47.6%);

- aqueous solution of high-molecular compounds (density
0.97 g/cm®, pH ranging between 10.5% and 23.8%):

- colloidal solution of silicic acid (density 1.014 g/cm®,
pH ranging between 3.5% and 28.6%).

The rational amount of developed admixture to add in the concrete
mix was determined from the change in the produced concrete
strength at 28 days. The amount of cement used was 430 kg/m®.
Dosages of admixture added were expressed in percentage to
cement weight. Results are shown in Figure 1.

Relationship between Trial Concrete
Strength Characteristics and the
Concentration of Chemical Admixture

w1
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Fig. 1: Relationship between Trial Concrete Strength Characteristics and the Concentration of Chemical Admixture

Figure 1 shows that with an admixture added to the mix (dosage:
0.9-1.1% by cement weight), compressive strength of concrete
will reach its high, so the 1.0% dosage was further applied to
activate the concrete in any trial performed.

For even better density, deformation and durability properties,
chemical activation of a modified concrete mix was performed in

combination with a reactive aggregate. The aggregate used was
the floured magnesia limestone (specific surface area 320 m2/kg)
modified with sodium carbonate.

The rational amount of aggregate to add in the concrete mix was
determined from the change in density, compressive and flexural
strength of produced concrete. Results are shown in Table 2.

Table 2: Trials to Find Rational Amount of Reactive Aggregate using Physical and Mechanical Data on Trial Concreate Treated by Standard
S
N rr—— B g g Strength at 28 Days, MPa
Ne | Cement in 1 v® of Concrete Mix, kg | Water/Cement Ratio | . ke eactive Adgregate, % | 2 =
in Total Cement in Total Cement s
§ S | Compressive Strength | Flexural Strength
1 3 4 5 6 7 8 9
1 430 0.62 - - 49 39.6 4.6
2 430 0.48 1.0 - 29 58.6 7.6
3 430 0.48 1.0 0.5 2.7 59.1 7.7
4 430 0.475 1.0 1.0 23 60.3 8.0
5 430 0.47 1.0 15 2.0 62.4 8.4
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6 430 0.465 1.0 2.0 1.8 63.7 8.7
7 430 0.46 1.0 25 1.6 66.1 9.2
8 430 0.48 1.0 3.0 1.7 64.8 8.9
9 430 0.49 1.0 35 1.9 64.1 8.6

Table 2 shows that adding of modified limestone aggregate to a
modified concrete mix (dosage: 2.5% by cement weight) signifi-
cantly modifies concrete properties (increases density, reduces
water absorption by 67.3%, down to 1.6%, and improves com-
pressive strength by 67%). The increase in flexural strength, up to
101%, outstrips the compressive strength, apparently due to chem-
ical interaction of modified magnesia limestone with the ingredi-
ents of activated concrete mix. This interaction results in the

formation of strong, fibrous calcium-magnesium hydroaluminosil-
icates.

The resistance of modified concrete to cracking increased by 18%
at the critical stress intensity factor (CSIF) of 0.14%, which is
unique for high-strength concretes. Hence, produced concrete can
be used in the construction of high-rise buildings.

Further studies were to determine physico-mechanical characteris-
tics of modified concrete. Comparative research results are pre-
sented in Table 3.

Table 3: Comparative Data on Physical and Mechanical Properties of Trial Concretes Cured by Steam and under Normal Conditions of Hardening
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1 3 4 5 6 7 8 9 10 11 12
1 Steam Curing 430 - - 4.8 38.9 4.6 0.118 200 0.8
2 Normal 430 - - 4.9 39.6 4.6 0.116 200 0.85
3 Normal 430 1.0 - 29 58.6 7.6 0.13 400 0.70
4 Normal 430 1.0 25 1.6 66.1 9.2 0.14 600 0.53

Note: Riexural — flexural strength; Reompressive — COMpressive strength.

The 28-days concretes, prepared by steam curing and standard
curing without additional chemical activation, have comparatively
the same characteristics of strength, density, frost and abrasion
resistance.

A 1.0% portion of developed admixture added to a concrete mix
was a significant boost to compressive strength and flexural
strength of hardened formation. Thus, deformation property of
concrete was improved, as evidenced from an increase in crack
resistance by 12%, up to 0.13, due to the formation of new com-
plex hydrate fibrous compounds, as well as from an increase in
frost resistance to a twofold or so, due to a formation of uniform
small pores.

Table 3 shows that a concrete mix modified with a developed
admixture is quite effective. Besides the improved deformation
characteristics, there are other improvements provided by the
aggregate. The additional use of modified fine-grained reactive
aggregate enhances chemical activation, since flexural strength
increased to a twofold from prior value and the crack resistance

increases by 20%, up to 0.14. Frost resistance increased to a three-
fold.

Trial results were validated by XRD and differential-thermal data
provided by comprehensive physico-chemical studies of hardened
paste samples.

The trial was performed on a concrete with 400 (kg/cm?) strength:
- passed through steam curing with no prior chemical
activation;

- hardened under normal conditions with no prior chemi-
cal activation;

- hardened under normal conditions subsequent to chemi-
cal activation with a developed admixture;

- hardened under normal conditions subsequent to chemi-
cal activation with a developed admixture in combination with a
reactive aggregate.

The first stage was an X-ray phase analysis, which results are
described below.

Sample 1 was a concrete without any additives, passed through
steam curing.
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Fig 2: XRD data on samples 1-4.

The roentgenogram (Figure 2) displayed not only the appearance
of typical minerals, but also lines of new material with d-spacing
of d/n = (12.5; 3.07; 2.80; 1.83)-10™ m, which correspond to
partially crystallized CSH (I) group hydrosilicates, apparently
with a Ca/Si~1 ratio, as evidenced from the presence of a line with
d/in=12.5x10"" m.

On the roentgenogram, new intense lines were also detected with
d-spacing of d/n=(4.93; 2.63; 1.93)-10™° m, which are specific to
Ca(OH),.

Ca(OH);, in the hardening system is a hydrolysis product of trical-
cium silicate (3CaO - SiO?), which is a typical basic mineral of
Portland cement:

3CaOS|02 + (n+1)H20 = 3CaOSIOz -nH,O + Ca(OH)z,

the more intensive the reaction is, the more Ca(OH), will be at the
end.

X-ray data show intense lines specific to Ca(OH),, which can
indicate intensive hydration of portland cement during steam
curing.

Sample 2 was a concrete without any additives, hardened under
normal conditions.

As in the first case, lines were found on the roentgenogram with d-
spacing of d/n = (12.5; 3.07; 2.80; 1.83)-10° m, which corre-
spond to partially crystallized CSH (I) group hydrosilicates. There
were also lines specific to Ca(OH), with d/n = (4.93; 2.63;
1.93)-10%° m.

By comparing two roentgenograms made for samples 1 and 2, one
can see that patterns and line intensity are almost the same, indi-
cating hydration process of the same intensity in both concrete
mixtures with no admixtures in them, and the conditions of hard-
ening did not matter.

Sample 3 was a concrete with an admixture added, hardened
under normal conditions.

The roentgenogram displayed lines with d-spacing of d/n=(13.7;
3.07; 2.80; 1.83)-10™° m, which correspond to partially crystal-
lized CSH (1) group hydrosilicates, but Ca/Si ration here, appar-
ently, equals 0.8, since no lines with d/n=12.5x10"" m were
found. Instead, new ones appeared with d/n=13.7-10"° m, which
correspond to calcium silicate hydrate.

Lines with d/n=(4.93; 2.63; 1.93)-10‘10 m, which are specific to
Ca(OH),, have a minimum intensity, so a very little Portlandite
footprint can be found in the hardened stone.

Apparently, a decrease in Ca(OH), in the hardened activated
composite came not with a decrease in hydration of tricalcium

silicate, but with synthesis between the formed hydrolytic lime
and the admixture component (SiO2 nanodispersion). This as-
sumption is supported by the fact that new lines with d/n=(9.25;
2.82; 2.47; 1.90)-10" m, specific to a low-basic hydrosilicate
3Ca0-6Si0,-8H,0 (matted-fibrous crystals of nekoite), were not
found.

Instead, the picture shows lines with d/n=(6.46; 5.74; 4.73; 3.19;
2.74; 2.14)-10™ m, which may correspond to the complex hydrate
compound 3Ca0-2Si0,-3H,0, known as afwillite (elongated
prismatic crystals). Afwillite is a quite hard material (4 on the
Moh’s scale), characterized by a lower solubility.

The formation of new phases, represented by low-basic hydrosili-
cates and silicates of more complex composition, imparts unique
properties to hardened concrete (improved flexural strength, crack
resistance and hardness).

Sample 4 was an activated concrete with an admixture added in
combination with a reactive aggregate.

With an admixture used in combination with a reactive aggregate,
the hydration of concrete mixture was high, as evidenced from the
reduced height of lines on the roentgenogram with d-spacing of
d/n=(3.02; 2.77; 2.73; 2.60; 1.77 )-10"*° m, which are specific to
tricalcium silicate 3CaO - SiO,, the major mineral in Portland
cement.

By comparing two roentgenograms made for samples 3 and 4, one
can see lines specific to nekoite (3Ca0-6SiO,-8H,0) and afvillite
(3Ca0-2Si0,-3H,0), but no lines specific to Portlandite,
Ca(OH),. It seems that Portlandite completely entered into the
synthesis reaction with SiO2. The exclusion of hydrolytic lime is a
good achievement that contributes to an increase in concrete
resistance to aggressive media.

The new lines that appeared due to the formation of magnesium
bicarbonate MgCO3-3H,0 were with d/n=(3.85; 2.50; 3.55)-10°
m, and lines that appeared due to the formation of hydromagnesite
MgCO;-Mg(OH),-3H,0 were with d/n=(5.79; 2.90; 3.15)-10"° m.
The magnesium-containing phases formed probably because of
the reactive aggregate added, which was a magnesian limestone.
Because of the increased hardiness of matted-fibrous phases,
changes in deformation property and abrasion resistance of con-
crete were positive.

The X-ray phase data show that the use of a complex chemical
admixture of a new generation in combination with a reactive
aggregate has a high activating effect on hardening concrete,
which is better that heat treatment and steam curing.
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By comparing two roentgenograms made for samples 1 and 4, one
can see new hydrate phases on the roentgenogram 4 (complex

chemical activation), which are not on the roentgenogram

1

(steam curing). These phases promote bonding of concrete com-

ponents, forming a strong and uniform structure.

The X-ray phase data were validated by differential-thermal data
provided by comprehensive physico-chemical studies of hardened
paste samples. Differential-thermal data are presented in Table 4.

Table 4: Comparative Differential-Thermal Data on Modified Concrete Hardened under Normal Conditions and Cured by Steam

% Endotherms Resulted Loss, %
o =
© @ =2
o = =
= (@)
S > )
Eg 2
S o %
= 14
> 8 | 1 11 \Y4 \Y4 Vi | 1 11 \Y4 VvV | VI N
S E 9
g8 5
5 g
£ =
[+
z
1 2 3 4 5 6 7 8 9 10 | 11 12 | 13 14
- . Olol .|l . ] ) |
Concrete, no additives (SC) 135 | 185 540 7.0 9.0 5.0 100
. 25,8/
Concrete, no additives (N)** 138 | 193 - 538 - - 8.0 9.0 - | 88 - - 123
Concrete, admixture added 10 - ) ) 8(13- 105 | 115 | - | 05| 95| - |32Y
! 140 | 206 53]l 748 830 ’ ’ ’ ’ 152
Concrete, admixture added in combination with reac- ) ) ) ) () 35,3/
' ; - 740- 800- 116 | 142 | - - 95| - X
tive aggregate 143 | 210 | 380 790 830 168

Note: SC — Steam curing; N — Normal conditions of hardening
Table 4 confirms the findings, which are as follows:

- concrete without chemical activation, hardened under
normal conditions or cured by steam, is characterized by the
formation of complex hydrate compounds and similar hydra-
tion intensity at 28 days;

- chemical admixture of a new generation enhances the
hydration process and promotes the formation of new hydrate
phases, defined as low-basic CSH (1) group hydrosilicates with
a molar ratio, Ca/Si~0.8 (at 830°C above zero), nekoite
3Ca0-6Si0,-8H,0 (at 748°C below zero; at 830°C above zero)
and afwillite (at range 810-830°C above zero);

- complex chemical activation is illustrative of high
compatibility between the developed chemical admixture and a
reactive aggregate, which in combination enhance the hydra-
tion process and the formation of hydrate compounds from
magnesium carbonate (at 390°C below zero; at range 740-
790°C below zero).

4. Conclusion

1. By comparing with heat treatment, preparing of high
strength concrete with unique properties by complex
chemical activation was established to be more effective
when using chemical admixture of a new generation in
combination with a reactive aggregate.

2. A chemical admixture containing SiO2 nanodispersions
enhances the hydration process and improves the flexural
strength, crack resistance and hardness of concrete.

3. The use of a chemical admixture in combination with a
reactive aggregate improves the deformation properties of
high strength concrete, improves durability, frost re-
sistance, and resistance to other aggressive external im-
pacts. It also makes the product more resistant to abra-
sion.

4.  Modified high-strength concrete with unique properties
can be recommended for use in the construction of essen-
tial facilities.
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