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ABSTRACT: Introduction. One of the most large-tonnage wastes of the construction industry is a concrete scrap, obtained as
a result of the dismantling of buildings and structures, the service life of which has reached its maximum or requires significant
capital changes. In our opinion, works on the use of the resulting dust-like fraction are of particular interest. One of the promising
methodological approaches in this direction is the observance of the principles of nanotechnology, which consists of obtaining
finely dispersed components as active components of the created compositions. Materials and methods. Therefore, the objects of
research in this work were fine powders obtained by mechanical grinding of lightweight (sample 1) and heavy (sample 2) concrete
of a five-story residential panel house built in 1979. The elemental composition and specific surface area of the samples were deter-
mined, thermogravimetry of the studied powder systems was carried out, the surface tension of the experimental samples and the
dispersion and polarization components of this indicator were determined by the OVRK method. A new methodological approach to
the determination of the surface tension of powder systems is proposed, based on the determination of the functional dependence
of the surface tension on the pressing force of the prototypes. The possibility of calculating macroenergy characteristics (atomiza-
tion energy, specific mass atomization energy) of waste concrete samples is shown. These physicochemical indicators characterize
the potential supply of internal energy of the system, which is capable of transforming into free surface energy during mechanical
destruction of the material. Results and discussions. Thermogravimetric analysis of experimental concrete samples showed the
presence of a residual amount of belite. Calculations of the surface activity of the samples showed that it is more preferable to use a
powder obtained by crushing a sample of heavy concrete as an active additive in compositions capable of exhibiting the properties
of a binding agent. Conclusions. To assess the activity of dusty fractions of concrete scrap as a component in binding composi-
tions of the hydration type of hardening, it is proposed to use the value of the surface activity of powder systems as a criterion. The
absolute numeric value of this criterion is equal to the ratio of the values of the free surface energy of the investigated powder and
the specific mass energy of atomization of the initial waste concrete. It was found that for concrete waste the value of this criterion
is determined by the polarization component of surface tension.

KEYWORDS: recycled concrete, surface activity, composite binder, atomization energy, dust fraction of concrete scrap, thermo-
gravimetric analysis.
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INTRODUCTION

he problem of processing and reuse of industrial

waste is a key global factor in improving the ecologi-
cal state of the environment. This provision fully applies
to the building materials industry. In addition, research
in this direction also allows not only to conserve natural
resources, but also to significantly reduce the cost of final
building materials. One of the most large-tonnage wastes

of the construction industry is a concrete scrap, obtained
as a result of the dismantling of buildings and structures,
the service life of which has reached its maximum. There-
fore, the significant interest of research aimed at solving
the problem of using various fractions of concrete scrap
in building materials science is understandable [1—4].
Of particular interest are studies on the use of the re-
sulting dust fraction. For example, the results of studies
[2, 5] on the effect of the dusty part of the screenings
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of concrete scrap crushing when creating composite bind-
ers (CB) on the strength of cement stone showed that
the strength of cement stone does not decrease signifi-
cantly when secondary concrete dust is added to the ce-
ment. Thus, this screening exhibits the properties of a
low-grade cement. However, a number of unresolved
issues related to the determination of the activity of this
fraction as a component of CB hinder its widespread use.
This is largely due to significant time and labor-intensive
costs in the traditional approach to solving this problem.
At the same time, considering the pulverized fraction
of concrete waste as a finely dispersed system consisting
of micro- and nanosized particles with an increased ener-
gy potential, a nanotechnological approach can be applied
to assess its ability to transformations. Thus, in [6—9],
to determine the surface activity (kg) of such systems,
a quantitative criterion is proposed, which is calculated
based on the ratio of the values of the free surface energy
of a highly dispersed system and the potential energy char-
acteristic of its macrostate.

THEORETICAL FRAMEWORK

At present, we have developed a mechanism for
the experimental determination of k, which is numerical-
ly equal to the ratio of two characteristics: E/E . In this
expression, the numerator is the free surface energy of the
dispersed system (J/kg), and the denominator is the spe-
cific mass atomization energy (J/kg) of the test material.
In turn, the calculation of the values of the free surface
energy is carried out on the basis of the experimentally de-
termined values of the specific surface of the investigated
fine powder (S, m?/kg) and its surface tension (o, J/m?)
[10—12] is equal to:

Eg=0+S,. (1)

If there are practically no problems with the choice
of the method for determining the specific surface area
of highly dispersed powders (accurate and reproducible
results are obtained by methods based on the BET theory
and implemented by cryogenic adsorption of nitrogen on
analytical systems Autosorb [13—15]), then the determina-
tion of surface tension (specific surface energy) of powder
systems, for example, by the OVRK (Ouns, Wendt, Rabel
and Kjellble) method [10, 11] requires the use of exact
recommendations worked out for such standard fluids as
decane, glycerin, water [16].

The specific mass energy of atomization is the algebra-
ic sum of the standard enthalpies of formation of chemical
compounds (atomization energy, E , J/mol) that make up
the prototype taking into account their molecular (for-
mula) masses (M, mol/kg) [17, 18]:

E =E /M. )

Standard enthalpies of formation of basic chemical
compounds (in terms of their oxides) are presented in
the corresponding reference literature [19—22]. Therefore,
it seemed interesting to carry out a comparative analysis
of the surface activity of the test samples of the dust-like
fraction of concrete waste obtained after preliminary
grinding of macro-samples to a specific surface close
to that of a hydraulic cement (300 m?/kg). These values
of the specific surface area of Portland cement are deter-
mined by the Kozeny-Karman gas permeability method
using an installation, for example, PSH-10a.

In addition, the results of thermogravimetric analysis
(TGA) of prototypes can represent significant results in
terms of the scientific substantiation of the validity of the
criterion used. This fact can be associated with the de-
termination of the residual content of non-hydrolyzed
calcium silicates during concrete hardening [5, 23, 24,
25]. These minerals, by mechanoactivation of the ana-
lyzed samples to a sufficient degree of dispersion, pass
into an active state. For example, the degree of hydration
of clinker minerals can be judged by the amount of weight
loss (TGA curve) in the temperature range 400—500°C,
which characterizes the loss of tightly bound water from
the cement gel [26].

MATERIALS AND METHODS

In this work, the objects of study were concrete struc-
tures: internal wall panels and a floor slab (lightweight
concrete, sample 1) and external wall panels (heavy con-
crete, sample 2) of a five-story residential panel house
built in 1979 in the village of Obozersky, Arkhangelsk
region. The residual strength of concrete samples was
determined by the shock pulse method according to
GOST 22690-2015 using an IPS-MG#4 device. Before
preliminary crushing, concrete samples were brought to
constant weight in a drying oven and subjected to the pro-
cedure for measuring the true density by a standard meth-
od. Then the prototypes were split into pieces no more
than 120 mm in size, from which the reinforcement was
removed. Then the concrete fragments were crushed on
a jaw crusher. The screenings were divided into fractions
on a standard set of sieves. The elemental mineral compo-
sition of the obtained dust-like fractions was determined
by X-ray fluorescence analysis using a “MetExpert”
device. The specific surface area of the obtained con-
crete powders was measured by nitrogen sorption using
an AUTOSORB-iQ-MP specific surface area and pore
size analyzer and Kozeny-Karman gas permeability us-
ing a PSKh-10a unit. Thermogravimetric analysis of ex-
perimental samples (simultaneous thermogravimetric and
differential thermal analysis) was carried out on an SDT
Q650 thermogravimetric analyzer (TA Instrument Inc.,
USA) in a nitrogen atmosphere (flow rate 50 ml/min)
at a heating rate of 10°C/min. Samples weighing 11 mg
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Table 1
Values of surface tension of reference liquids [27]
Liquid ¢, mJ/m’ ¢, mJ/m? ¢, mJ/m?
Water 72.8 51.0 21.8
Glycerin 63.4 26.4 37.0
Decane 23.8 0.0 23.8

were placed in an alumina pan and vacuum dried at 30°C
for 2 hours before testing. The temperature range was
30—1500°C. In addition, a similar analytical operation
was performed with Portland cement M400, for which
the elemental composition was determined by the X-ray
fluorescence method and the specific surface area was
determined by nitrogen sorption. The calculation of the
surface tension of powder materials from the experimen-
tally measured surface wetting angle with reference liquids
was carried out as follows. Compacted samples with a di-
ameter of 30 mm were formed from the obtained powders
on a PLG-20 hydraulic press when exposed to a fixed
excess pressure (p) of 2, 4, 8, 12 and 16 tons for 2 min-
utes. Then, using a DSA-20E goniometer (EasyDrop),
we determined the contact angle of wetting the surface
of the pressed samples with working fluids with known
polar and dispersive components of surface tension: water,
glycerin, decane (Table 1). The average wetting angle and
its cosine were calculated after two parallel measurements
of the contact angle of wetting of the samples with each
working fluid. The dispersion (g,) and polarization (osp)
components and the total value (o) of the surface ten-
sion of the test material were determined by the OVRK
method (Ouns, Wendt, Rabel, and Kjellble). Further,
the value of oS at an excess pressure p = (0 was obtained
by extrapolating the dependence o, = f (p). This value
of surface tension was used to calculate the surface activ-
ity of a highly dispersed system (concrete and cement
powders). The calculation of the values of the specific

Table 2

mass atomization energy E_ of concrete and cement pow-
ders was carried out taking into account a predetermined
elemental composition (in terms of oxides) by algebraic
addition of the standard enthalpies of formation of the
corresponding oxides taken from the reference literature.

RESULTS AND DISCUSSIONS

Determination of the residual strength of test con-
crete samples showed that lightweight concrete (sample 1)
can be attributed to class B22.5, and heavy (sample 2) —
to B40. The average value of the true density (p) of the
samples under study was 2253 kg/m? for sample 1, and
2350 kg/m? for sample 2. Grinding and fractionation
of the initial concrete waste made it possible to obtain
9 size fractions each, differing in the size characteristics
of the particles. For further research, we used fractions
that had particle sizes of less than 0.14 mm. The elemental
composition of the obtained prototypes of highly dis-
persed powders of concrete waste and Portland cement
is presented in Table 2. The standard enthalpies of the
formation of these oxides and their molecular weights
are also given here.

The data presented in Table 2 made it possible to cal-
culate the macroenergy characteristics of the samples
under study. Thus, for sample 1 atomization energy (E,)
equal to 1510 kJ/mol, for sample 2 — 1281 kJ/mol, as for
Portland cement — 1237 kJ/mol. Specific mass atomi-
zation energy (E ) for concrete (samples 1 and 2) and

Elemental composition of experimental samples (in terms of oxides), enthalpies of formation (AH,,) of oxides,

atomization energy (E ) and their molecular weights (M)

Content, %
Oxide Portland Al - 105, 1 - , kJ/mol M, g/mol
Sample 1 Sample 2 kJ/kmol a
cement
SiO, 36.68 16.73 8.98 -910.7 [22] 1859 60.0
CaO 51.39 76.63 80.99 —635.1 [21] 1062 72.0
Fe,0, 11.18 5.89 6.72 —823.419] 2398 143.6
TiO, 0.75 0.76 — —944.0 [20] 1916 80.0
SO, — — 3.31 —438.4[19] 1463 80.0
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Portland cement take the following values: 4.3 « 10° kJ /kg,
3.6+ 10° kJ/kg and 3.5« 10° kJ /kg, respectively. The spe-
cific surface area of the analyzed samples, determined by
the nitrogen sorption method, was 5000+30 m?/kg for
the pulverized fraction of lightweight concrete (sample 1),
for the pulverized fraction of heavy concrete (sample 2) —
5150£50 m?/kg and 50010 m?/kg for Portland cement.
Determination of the specific surface area of prototypes
on the PSKh-10a installation showed the following spe-
cific surface area: 260 m?/kg — for sample 1, 240 m?/kg —
for sample 2. The underestimated results in terms of the
specific surface area, obtained on the PSKh device, can
be explained by the complex structure of the particles
of the concrete test samples. Thus, gas filtration through
a layer of powder in this method is carried out at a pres-
sure close to atmospheric, in the mode of “leakage” of gas
flows through the pores of the powder body. However, in
this case, the developed surface of the powder particles
is not taken into account (the viscous flow passes only
along the outer surface of the powder particles). This ef-
fect is excluded when determining the specific surface
area of dispersed systems by nitrogen sorption. However,
the experiment carried out allows us to conclude that
there is a developed pore structure of powder prototypes
of concrete, in contrast to particles of Portland cement.

Taking into account the values of the true density
of the analyzed objects and the specific surface area,
the diameter of the equivalent sphere (as the dimensional
characteristic of porous particles of cornerstone asym-
metric shape) (deq) of particles was calculated according
to the following expression [28]:

d, =2/pS,, 3)

For samples 1 and 2, this parameter is 177 nm and
165 nm, respectively.

The results of thermogravimetric analysis of sample 1
and Portland cement are presented in Figures 1 and 2.

In the presented diagrams (Fig. 1), in our opinion,
one should pay attention to the following characteris-
tic temperature ranges. Thus, in the temperature range
of 400—500°C, the sample weight loss is associated with
the removal of strongly bound water from the cement gel.
The total weight loss of the sample due to its temperature
modification was 16%. In addition, there is a clear en-
dothermic effects in the region of 570, 735 and 1300°C.
In the first case, the manifested effect is associated with
the modification transformation of quartz (o~ 3). Endo-
thermic effects in the temperature ranges of 730—800°C
and 1300—1350°C are associated with the presence of a re-
sidual (not consumed in the main process of hydration)
amount of dicalcium silicate (2CaO ¢ SiO,). The endo-
thermic effects in the temperature ranges of 420—430 and
900—1200°C, accompanied by a loss of sample weight, can
be associated with the decomposition of calcite (CaCO,)
and the release of CO,,.

Table 3 shows the primary experimental data of the
experiments obtained by the OVRK method and the cal-
culated values of the surface tensions of the prototypes.

To determine the value of the surface tension (o)
corresponding to the initial powder system without its
forced compaction, which is necessary in the imple-
mentation of experimental methods for determining

Enthalpy (normalized): 11,557 Jig
Onset x: 427,92 °C
Peak temperature: 443,81 °C

Time: 19,81 min
Temperature: 410,36 °C
Weight Loss: 0,577 mg
Weight Percent Loss: 5,278 %

Temperature Difference(°C)
Heat Flow (Normalized)Q (W/g)

Enthalpy (normalized): 1,1259 Jig
Onset x: 571,87 °C
Peak temperature: 575,08 °C

Enthalpy (normalized): 117,11 Jig
Onset x: 670,90 °C
Peak temperature: 735,08 °C

100

- 95

Enthalpy (normalized): 13,416 J/g
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Peak temperature: 1316,69 °C

Time: 22,87 min Enthalpy (normalized): 1567,0 J/g s
Temperature: 471,74 °C Onset x: 794,99 °C a
Weight Loss: 0,668 mg \ Peak temperature: 1148,53 °C Lloo S
Weight Percent Loss: 6,107 % 3
=
I 8s
Time: 38,57
Temperature: 785,74 °C Time: 61,57 min
‘Weight Loss: 1,622 mg Temperature: 1245,35 °C
Weight Percent Loss: 14,835 % Weight Loss: 1,790 mg
Weight Percent Loss: 16,376 %
1 4 ; ; ; ; ; . . 8
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Temperature T (°C)

Fig. 1. TGA of the concrete sample
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0 200 400 600 800 1000 1200 1400 1600
Temperature T ("C)
Fig. 2. TGA of a Portland cement sample
Table 3
Contact angles of wetting of test powders and calculated values of surface tensions by the OVRK method
T Pressing Contact angles of wetting, 6, +0.1, ° Surface tension, mJ/m?
owder
force, t Decane Glycerin Water c? ¢! o,
2 15.5 31.9 334 38.38 21.87 60.26
4 12.8 30.4 33.6 38.07 22.32 60.40
Concrete 8 10.3 29.1 34.1 37.63 22.72 60.36
(sample 1)
12 9.0 25.0 34.8 37.24 23.37 60.61
16 9.2 23.4 35.2 37.04 23.58 60.62
14.3 28.5 25.5 42.58 21.60 64.19
4 11.3 23.3 25.0 42.69 22.37 65.06
Concrete 10.2 21.9 26.5 41.92 22.71 64.63
(sample 2)
12 10.0 21.9 28.3 41.00 22.90 63.90
16 9.3 21.9 28.4 40.90 22.95 63.85

the contact angle of the powder surface, the dependences
of the surface tension of compacted samples (o,) were
obtained at different (fixed) pressing forces (p), having
a straight-line character with a high value of the coeffi-
cient of accuracy of the approximation, (R), followed by
extrapolation of this dependence to p = 0 (Fig. 3 and 4).
Thus, as a result of the performed mathematical opera-
tion, the value of o, was 60.23 mJ/kg and 65.45 mJ/kg
for samples of the dust-like fraction of light and heavy
concrete, respectively.

The surface tension of condensed dispersed systems
is the specific surface energy, the value of which is de-
termined by the van der Waals interaction of particles
(dispersion component) and the presence of active sur-
face centers (polarization component). Considering
this provision, it should be noted that for concrete pow-
ders (samples 1 and 2) the polarization effect prevails
over the dispersion interaction. However, for samples
of heavy concrete, this difference is more significant than
for light concrete. This may be due to the fact that dur-
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Surface tension, mJ/m?
=N
=
o
1

y =0,026x + 60,23

R*=0.8

Pressing force, t

8 12 16

Fig. 3. Functional dependence o, = f (T) for lightweight concrete powder (sample 1)

65,6 -
654 -
65,2
65,0 -
64,8 -
64,6 -
64,4 -
64,2
64,0 -
63,8

Surface tension, mJ/m?

y =-0,109x + 65,45

R2=0,9

63,6

Pressing force, t

Fig. 4. Functional dependence o, = f (T) for lightweight concrete powder (sample 2)

ing the pressing process, additional destruction of the
structure of the particles of these systems occurs. In our
opinion, the presence of such an effect is associated with
the anomalous value of the dispersion component of the
surface tension at a force of 2 tons for sample 2, which is
not compatible with the rest of the data set. Based on this
fact, this experimental point for sample 2 was not used
when approximating the functional dependence o = f(T)
by the equation of a straight line. In addition, the ex-
perimental results showed that an increase in the pressing
force leads to a more significant increase in the van der
Waals dispersion interaction of particles in lightweight
concrete samples than in heavy concrete samples (Fig. 5).
Thus, the slope of the functional dependence ¢ = f (T)
for sample 1 is more than two times higher than for sam-
ple 2. At the same time, the decrease in the values of the
polarization components of the surface tension with an

increase in the pressing force of the test samples occurs
at almost the same speed (Fig. 6).

Physicochemical and energy characteristics of the sur-
face of the test powders are presented in Table 4.

It can be noted that for the powder of light and heavy
concrete, there is practically equality of the ratio of the
surface tension component (o_,/ 0,), varying in the range
0.5+0.6, however, and the absolute value of the polariza-
tion component of the surface tension for sample 2 is
higher than for sample 1. This fact indicates an increased
content of active centers of the surface of the powder sys-
tem of heavy concrete, which is the dominant factor in
the manifestation of the greater reactivity of particles.
Calculations of the surface activity of the samples showed
that, as an active additive in compositions capable of ex-
hibiting the properties of a binding agent, it is most pref-
erable to use a powder obtained by crushing sample 2.
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@
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Pressing force, t
Fig. 5. Functional dependence of the form ¢ ! = f (T) for concrete powders
44
N e y =-0,14x + 43,01
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=
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:2(40
o ® Sample 1
39
© y =-0,10x + 38,48 ® Sample 2

38 '\»\'\‘\w:om
37

Table 4

0 2 4 6 8 10 12 14 16 18
Pressing force, t

Fig. 6. Functional dependence of the form ¢ = f (T) for concrete powders

Physicochemical and energy characteristics of powders

Powder G,+10%, J/m’ S,,» m’/kg E.-10%,J/kg | E _+10-% J/kg kg« 10°
Concrete (sample 1) 60.23 5000 0.030 4.3 0.070
Concrete (sample 2) 65.45 5150 0.034 3.6 0.094

CONCLUSIONS

The possibility of calculating the macroenergy char-
acteristics (atomization energy, specific mass atomiza-
tion energy) of waste concrete samples using the results
of X-ray fluorescence analysis is shown. It was found that,
despite the similarity of the elemental composition, con-
crete with a residual strength class B15 has a higher value
of the atomization energy. This physicochemical indicator

characterizes the potential reserve of internal energy of the
system, which is capable of transforming into free surface
energy during mechanical destruction of the material.

To assess the activity of dusty fractions of concrete waste
as a component in binding compositions of the hydration
type of hardening, it is proposed to use the value of the
surface activity of powder systems as a criterion. It has been
established that for concrete waste the value of this criterion
is determined by the concrete strength class.
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