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Abstract. Concrete is the most commonly used building material worldwide. One of its main disadvantages is the fragility of
fracture and low crack resistance. The use of dispersed reinforcement of concrete composites is a promising direction in sol-
ving this type of problem. Dispersed fibers, evenly distributed over the entire volume of the material, create a spatial frame
and contribute to the inhibition of developing cracks under the action of destructive forces. In order to increase the fracture
toughness of concrete, dispersed fiber reinforcement is increasingly used in practice. The beginning of crack nucleation occurs
at the nanoscale in the cement matrix. Thus, the use of nano-reinforcement with dispersed nanofibers can have a positive
effect on the crack resistance of the cement composite. It is proposed to consider carbon nanotubes as such nanofibers.
The presence of carbon nanofibers changes the microstructure and nanostructure of cement modified with carbon nanotubes.
The result of the processes occurring in capillaries and cracks are deformations in the intergranular matrix, the free flow of
which is prevented by rigid clinker grains and nanocarbon tubes, which creates a certain stress intensity at the tips of the sepa-
ration cracks. The working hypothesis is confirmed that the required fracture toughness of structural concrete is provided by multi-
level reinforcement: at the level of the crystalline aggregate of cement stone — carbon nanotubes, and at the level of fine-grained
concrete — various macro-sized fibers (steel, polymer). Reinforcement of a crystalline joint with carbon nanotubes leads
to an increase in the fracture toughness of the matrix (cement stone) by 20 %, compressive strength by 12 %, and tensile strength
in bending by 20 %. When reinforcing at the level of fine-grained concrete, we obtain a composite — nanofibre-reinforced concrete
with fracture toughness.
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Hano¢uOpodeToH: MHOTOypPOBHEBOE ApMHUPOBaHHE
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JIOKT. TexH. Hayk, npod. C. H. Jleonopuu”, maructp E. A. CagoBckas’

')Beﬂopyccm/lﬁ HAIIMOHAJFHBIN TeXHUYEeCKMA yHUBepcuTeT (MuHCK, Pecrrybnnka benapycs)

Pedepart. beron sBistercs Hanbosee pacpoCTpaHEHHBIM CTPOUTEIBHBIM MaTepuaIoM Bo BceM Mupe. OCHOBHBIMH €TI0 HEZO-
CTaTKaMH SIBIISIIOTCSI XPYNKOCTh MPU PACTSKEHUU U HHU3Kas TPENIMHOCTOMKOCTh. IIpuMeHeHne IUCHEepPCHOro apMHUpPOBaHMS
OETOHHBIX KOMIIO3UTOB — NEPCIEKTUBHOE HAIPABJICHHE B PEIICHHN TaKOTO poja 3ajgad. JlucnepcHble BOJIOKHA, PABHOMEPHO
pacrpe/eneHHbIe 110 BceMy 00beMy MaTepHaa, CO3/aloT MPOCTPAHCTBEHHBIH KapKac U CIOCOOCTBYIOT TOPMOXKEHUIO Pa3BH-
THSI TPEILUH 110 JeHCTBUEM Pa3pyIlaomuX cuil. J[Isi MOBBIICHHS TPEIMHOCTOMKOCTH OETOHA Ha NPAaKTHKE BCE Yalle MpH-
MEHSIOT apMHPOBAHUE JUCIEPCHBIME BOJOKHaMH. Hawano 3apokaeHus TPeIHbI IPOUCXOANT Ha HAHOYPOBHE B IIEMEHTHOM
Mmarpune. TakuM 00pa3oM, IpUMEHEHNE HAHOAPMUPOBAHHUS TUCIICPCHBIMH HAaHOBOJIOKHAMH MOJKET ITOJIOXKUTEIBHO CKa3aThCs
Ha TPEIMINHOCTOHKOCTH [IEMEHTHOTO KOMIIO3UTa. B kauecTBe TakWXx HAaHOBOJIOKOH IIPEAIAaraeTcsl pacCMaTpUBATh YIIEPOTHEIE
HaHOTPYOKH. [IpHuCyTCTBHE YIIepoIHBIX HAaHOBOJIOKOH MU3MEHSIET MUKPOCTPYKTYPY U HAHOCTPYKTYpYy LeMEHTa, MOAU(HIN-
POBAHHOTO YTJIEPOAHBIMH HAHOTPYOKaMH. Pe3ynpTaToM MpoIeccoB, MPOMCXOMSIINX B KAMWUIIPAX U TPEIIUHAX, SBILTIOTCS

Anpec 1J1s1 IepenucKu Address for correspondence

JleonoBuu Cepreii Hukonaepua Leonovich Sergey N.

Benopycckuii HalMOHAIBHBINA TEXHUYECKUIH YHUBEPCUTET Belarusian National Technical University
npoct. HesaBucumocty, 65, 65, Nezavisimosty Ave.,

220013, r. Munck, Pecryonuka benapych 220013, Minsk, Republic of Belarus
Ten.: +375 17 368-61-56 Tel.: +375 17 368-61-56
sleonovich@mail.ru sleonovich@mail.ru

Hayka
392 wTexHuka. T. 21, Ne 5 (2022)



Civil and Industrial Engineering

nehopMaIi B MEXK3epHOBOH MaTpHIle, CBOOOIHOMY TEUESHHIO KOTOPBIX HPEISITCTBYIOT JKECTKHE 3epHA KIMHKEPA 1 HAHOYTIIEPO/I-
HbIe TPYOKH, UTO CO3/1aeT B BEPILMHAX PA3JEIUTEIBHBIX TPEIHH HEKOTOPYIO HHTEHCUBHOCTD HanpshkeHus1. [loaTeprkeHa paboyast
THIOTE3a, 4TO TpedyeMasl TPEeIMHOCTOMKOCTh KOHCTPYKLMOHHOTO OeTOHa 00EeCIeuMBASTCS MHOTOYPOBHEBBIM apMHUPOBAHHEM:
Ha YPOBHE KPHCTAUIMYECKOrO 3allOJIHUTEIS LIEMEHTHOrO KaMHS — YIJIEPOAHBIMH HAHOTPYOKaMH, Ha YPOBHE MEJIKO3EPHUCTOTO
0eToHa — pa3IMYHBIME BUIAMH Makpopa3MepHoii (pHOps! (CTasbHbIE, MOJMMEPHBIE). APMUPOBAHUE YIJICPOAHBIMUA HAHOTPYOKaMU
KPUCTAJUTHIECKOTO CPOCTKA MPHBOAUT K MOBBIIICHUIO TTOKA3aTEIsl BA3KOCTH Pa3pyIIEHHs] MaTPHITEI (IeMeHTHOro KaMmHs) Ha 20 %,
MPOYHOCTH Ha CXaTre Ha 12 %, MpOYHOCTH Ha pacTspkeHne mpu n3rude Ha 20 %. [Ipu apMupoBaHiM Ha YPOBHE METKO3EPHHUCTOTO
0eToHa MoJTy4aeM KOMITO3UT — HAHO(PHOPOOETOH C BI3KOCTHIO Pa3pPyILICHUSL.

KiroueBble ci10Ba: HAHOYACTHUIIBL, OSTOH, TPEIMHOCTOHKOCTD, BOJIOKHO

Jost nutuposanus: Jleonosuy, C. H. Hanopu6poberon: muoroyposueBoe apmuposanue / C. H. Jleonosuu, E. A. Canos-
ckast // Hayxa u mexnuxa. 2022. T. 21, Ne 5. C. 392-396. https://doi.org/10.21122/2227-1031-2022-21-5-392-396

Introduction

Concrete is the most commonly used building
material worldwide. One of its main disadvantages
is the fragility of fracture and low crack resistance.
The use of dispersed reinforcement of concrete
composites is a promising direction in solving this
type of problem. Dispersed fibers, evenly distri-
buted over the entire volume of the material, create
a spatial frame and contribute to the inhibition
of developing cracks under the action of destruc-
tive forces.

The beginning of crack nucleation occurs at the
nanoscale in the cement matrix. Thus, the use of
nano-reinforcement with dispersed nanofibers can
have a positive effect on the crack resistance of the
cement composite. Carbon nanotubes (CNTs) can
be considered as such nanofibers. The influence
of CNTs on the microstructure and nanostructure
of the modified cement stone depends on the type
of carbon material, its physical and chemical cha-
racteristics, the geometrical parameters of the
fibers, and the uniformity of dispersion in the
composite body.

Ensuring the required fracture toughness (crack
resistance) of structural concrete is solved in
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a complex way: we reinforce the crystalline inter-
growth of cement stone with carbon nanotubes,
and fine- and coarse-grained concrete are rein-
forced with steel, polymer, basalt fibers or their
combination of various concentrations. If concrete
is considered as a multilevel structure, then the
onset of crack nucleation occurs at the nanoscale
in the cement matrix, followed by growth to the
size of macrocracks (Fig. 1). Dispersed fibers,
evenly distributed over the entire volume of the
material, create a spatial frame and contribute
to the inhibition of developing cracks under the
action of destructive forces [1-8].

Carbon nanotubes are used as nanofibers,
the effect of which on the microstructure and
nanostructure of the modified cement stone de-
pends on the type of carbon material, its physi-
cal and chemical characteristics, the geometric
parameters of the fibers, and the uniformity of
dispersion in the composite body. The presence
of carbon nanofibers changes the microstructure
and nanostructure of CNT-modified cement.
A decrease in capillary and total porosity was re-
corded, followed by an improvement in the pore
structure.
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Fig. 1. Multilevel structure of nanofiber-reinforced concrete
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The result of the processes occurring in capil-
laries and cracks are deformations in the inter-
granular matrix, the free flow of which is pre-
vented by rigid clinker grains and nanocarbon
tubes, which creates a certain stress intensity at the
tips of the separation cracks. The stress intensity,
as well as the stress-strain state near the tops of
capillaries and cracks, are determined by the crack
resistance criterion (K¢) and stress intensity fac-
tors (ch, Knc) [9, 10]

Materials

The main components of concrete mixtures are:
binder — Portland cement PC 500 DO; modifying
substance — carbon nanomaterial (CNM): average
diameter of tubes and fibers 10300 nm, average
length of tubes and fibers 0.01-20.00 p, bulk den-
sity 0.15-0.22 g/cm’, ash content not more than 5 %,
specific adsorption surface from 60 m?%g; super-
plasticizer (SP) in the form of an aqueous solution —
a polycarboxylate copolymer with a density
of 1.1-1.14 g/ml, pH = 6-8, viscosity 230-330 cP,
non-volatile substances content 39-41 %, water-
reducing capacity over 40 %; water for mixing and
subsequent hardening (Tab. 1).

The results of testing the studied compositions
for fracture toughness are shown in Fig. 2a, by the
method of nanoindentation (Fig. 2b), strength indi-
cators (Fig. 3).

The presented results indicate that the introduc-
tion of carbon nanotubes contributes to an increase
in the fracture toughness index of cement stone
by 50 % relative to the unmodified composi-
tion (No 1) and by 21 % relative to the composi-
tion with a plasticizer (No 2).

An analysis of the obtained strength indicators
indicates the effect of carbon nanotubes on the
compressive and flexural strength of the cement
stone. The increase in compressive strength with
the introduction of CNTs was 12 % relative to
composition No 2 containing a plasticizer without
CNTs as an additive. The joint effect of the plasti-
cizer and CNT (composition No 3) had an increase
in compressive strength by 21-23 % relative to the
composition without additives (composition No 1).
The increase in the flexural strength of the cement
stone was 21 % (37 days) with the introduction
of CNTs into the plasticizer (composition No 3
relative to composition No 2) and 51 % (37 days)
with the addition of CNTs and a plasticizer (com-
position No 3) relative to the composition without
additives (composition No 1).

Table 1
The composition of the raw mixture of nanocement stone
The corpposﬁlon The amount of additive The composition of the additive Normal
.. of the raw mixture, mass % . .
Composition introduced from w/C - - - density
.. Mass fraction SP | Mass fraction of solid .
Cement Additive the mass of cement, % ratio
to cement, % | nanocarbon to cement, %
- 0.26 - - 0.26
99.2 0.8 0.8 0.21 0.4 - 0.21
3 0.8 0.21 04 0.0004 0.21
a b
7
No3 Indicator Sample 1 | Sample 3
g No2 Modulus of elasti- Phase 1 13.0/3.3 21.2/49
X No 1 city, GPa/ Standard | Phase 2 23.2/10.6 30.7/9.1
@ deviation Phase 3 50.6/8.6 62.8/10.7
§ Ricidity. GPa / Phase 1 0.93/0.21 1.04/0.23
. igidity, GPa Phasc 2 | 1.84/0.74 | 1.59/0.87
% Standard deviation
= Phase 3 2.95/1.45 | 4.94/1.28
Vol fracti Phase 1 61.9 46.9
Oipme Tacton | Phase2 34.0 441
I day 3 day 28 day O e PRE 7o e 3 4.1 9.0

Fig. 2. Test results: a — histogram of the change in the conditional critical stress intensity factor at different ages
for composition 1 (without additive), composition 2 (SP), composition 3 (SP + CNT); b — average values of the modulus
of elasticity and stiffness in three phases (after the dividing line, the standard deviation in this phase is indicated)
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37 day

3 day 28 day

Fig. 3. The results of tests of cement stone for: a — axial compression; b —

Studies of heavy nanofiber-reinforced
concrete

For the strength and fracture toughness of
nanoconcrete, 100x100x400 mm prism samples
were made, differing in different contents of the
main components of the mixture (Tab. 2). Diffe-
rent types of fiber reinforcement were introduced

|||||| l:omposmon 2
A
|II|II
Composmon 1
1 day 3 day 37 day
stretching in bending

into each of the nanoconcrete matrices to contain
cracks at the level of fine-grained concrete: F1 —
fiber from sheet steel with a wave profile (volume
fraction py = 1 %); F2 — steel anchor fiber (1, = 1 %);
F3 — wavy polymer fiber (uy = 0.44 %). The ob-
tained values of the stress intensity factor in the
studied compositions are shown in Fig. 4.

Table 2
Formulations of nanofiber-reinforced concrete compositions
Component consumption, %
The ratio of the components Additive modified CNT, %
Composition of the concrete matrix, %
Rubble faction B fraction of soli
Cement Sand By weight of binder y mass fraction of solid
5-10 5-20 nanocarbon to cement
A 18 - 45 37 0.8 0.00060
B 19 - 45 36 0.5 0.00038
C 20 38 - 42 0.7 0.00038
D 23 39 - 38 0.7 0.00060
8
%
K, MPa Jm OKe @Ko 2
ZB7
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2 ‘n
> 7z 7% ] Z 7z
4 : 7 : 0
) Z Z Z 7 Z
, B b 1 0 7 2. 10 1 1
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UL ERL BN EEENEE
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il dmd 0G0 17 1
T T T T T T T T T T T T 1
- o~ o o — o o (=] — o~ o [e=] =i o~ on
Y o S oy s s oy s s s s oy by by by
Fig. 4. Results of testing nanofiber-reinforced concrete for fracture toughness:
Kjc — normal separation; Ky — transverse shear
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Fiber reinforcement has a positive effect on the
crack resistance of nanofiber-reinforced concrete.
The increase in fracture toughness Kjc and Kjc
with the addition of fiber may be due to the fiber’s
resistance to slip of crack surfaces. Nanofiber-
reinforced concretes with multi-level dispersed
reinforcement are promising materials for use in
structures with increased requirements for crack
resistance, frost resistance, water resistance, and,
in combination, durability [11].

CONCLUSION

The working hypothesis is confirmed that the
required fracture toughness of structural concrete
is provided by multi-level reinforcement: at the
level of the crystalline joint of cement stone — car-
bon nanotubes, and at subsequent levels — macro-
sized fiber fibers. Reinforcement of a crystalline
joint with carbon nanotubes leads to an increase in
the fracture toughness of the matrix (cement stone)
by 20 %, compressive strength by 12 %, and ten-
sile strength in bending by 20 %. When reinforcing
at the level of fine-grained concrete, we obtain
a composite — nanofibre-reinforced concrete

with fracture toughness Kjc = (1.3-3.5) MPa\/E,

Kuc = (3.4-7.5) MPa</m. This will make it possi-
ble to switch to the production of nanofiber-
reinforced concrete for industrial, housing and
communal and road construction facilities.
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