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Abstract. Nanomodified fiber-reinforced concrete is a building material for which the required characteristics of fracture
toughness are a distinctive feature. Determination of the stress intensity factor of fiber-reinforced concrete makes it possible to
correctly assess the resistance of the material during the formation and development of cracks. The proposed multi-parameter
methodology for assessing the quality indicators of nanomodified fiber-reinforced concrete makes it possible to evaluate
the quality of a fiber-reinforced concrete structure in construction and laboratory conditions. To carry out control at the con-
struction site, modern and long-used methods of non-destructive testing are used: ultrasonic sounding, ultrasonic tomography,
elastic rebound, separation with chipping. For laboratory studies, the technique provides for the manufacture of prism samples
that can be molded or cut from the body of the structure. This methodology makes it possible to obtain in laboratory con-
ditions such material parameters as tensile strength in bending, tensile strength in splitting, critical stress intensity factor for
normal separation, critical stress intensity factor for transverse shear, energy consumption for individual stages of deformation
and destruction of the sample, as well as to evaluate the uniformity of distribution fibers. Moreover, it is provided to obtain
all the parameters on one sample from the series, which eliminates errors and inaccuracies in the quality indicators of the ma-
terial associated with different conditions of hardening, molding, inaccuracies in duplicating the composition.
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KOHTpPOJISI: yJIBTPAa3ByKOBOE 30HIMPOBAHUE, YJIBTPA3BYKOBYIO TOMOrpaduio, ynpyruil OTCKOK, OTPBIB CO CKaJbIBAHHEM.
Jlnst mabopaTopHBIX HCCIIEN0BaHUI METOJMKA MPETyCMaTPUBAET U3TOTOBIEHHE MPU3MATHUECKUX 00Pa3LOB, KOTOPBIE MOTYT
OBITh OTINTHI B HOPMY WIIM BEIPE3aHbI U3 TeNla KOHCTPYKIUH. DTa METOMKA HO3BOJISET MOIYYHTh B JTAOOPATOPHBIX YCIOBUSIX
TaKWe MapaMeTpsl MaTepuaia, Kak MPOYHOCTh Ha M3THO, MPOYHOCTH MPH PACTSDKCHUH HA pacKanblBaHKE, KOY(Q(UINEHT HH-
TEHCUBHOCTH HAINPsHKEHUH IPH HOPMAJILHOM OTPBIBE, KO (PUIMEHT NHTCHCUBHOCTH HAINPSHKEHHH TIPH MIONIEPEYHOM C/IBUTE,
SHEpro3aTpaTsl Ha OTJAEIbHBIC CTAAUH Ae(hOpMAINN U pa3pylIeHUs 00paslia, a TaKkke OLEHUTh PABHOMEPHOCTH pacipeserne-
HMS BOJIOKOH. Bonee Toro, mpemycMOTpeHO IOIyuYeHHE BCEX MAapaMeTpoB Ha OJAHOM 00pasle M3 CepUH, YTO HCKII0YaeT
OIIMOKY M HETOYHOCTH B MOKA3aTelsIX KauecTBa MaTepHaia, CBI3aHHBIC C PA3INIHBIMU YCIOBUSIMHU TBEpACHHUS, (pOpMOBaHHUS,
HOTPEIIHOCTSMHU IIpH Ty OIUPOBAaHUH COCTABA.
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Introduction

The stress intensity factor is one of the most
important indicators of the crack resistance of a
material such as fiber-reinforced concrete [1-3],
since the ability of fiber-reinforced concrete to
prevent crack development is the main advantage
over conventional concrete [4-7]. For this reason,
methods for determining this indicator should most
fully disclose all the features of work under load
and the quality of nanomodified fiber-reinforced
concrete [8—10].

Nanomodified fibre-reinforced concrete is a
composite material with dispersed reinforcement at
different structural levels. Starting from the na-
noscale level (carbon nanotubes) and up to the
macroscale (traditional reinforcement), effective
resistance to cracking under the action of external
loads is assumed [1-3].

Of particular interest in construction is the
quality control of the manufacture of structures
in construction conditions. Since the basis of fiber-
reinforced concrete is the concrete-matrix, the con-
trol methods used for monolithic concrete struc-
tures will also be applicable to nanofiber-reinforced
concrete. Due to the fact that dispersed reinforce-
ment does not significantly affect the change in
compressive strength, which is one of the main
quality indicators for ordinary concrete, the quality
control method for nanomodified fiber-reinforced
concrete should provide for obtaining parameters
that characterize the properties of the material de-
pending on the introduction of fiber fibers (crack
resistance, fracture toughness, etc.).

In this article, the authors propose a technique
that allows assessing the quality of a nanomodi-
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fied fiber-reinforced concrete structure and nano-
modified fiber-reinforced concrete as a mate-
rial (Fig. 1).

At the first stage, continuous control is per-
formed by a combined (complex) method. As a
result of measurements by the ultrasonic method
and the elastic rebound method, the strength value
of the concrete matrix is obtained. Sections (struc-
tures) with different (low) indicators are tested
additionally at subsequent stages without fail.

At the second stage, ultrasound tomography of
the structure is performed. This method allows you
to determine the thickness of the structure and the
adjacent base with one-way access, to detect voids
and “hedgehogs” of fiber fibers. The control can
be performed point and solid. Point control is
mandatory on all structures. Continuous inspection
can be carried out for structures with questionable
strength indicators, defects (based on the results
of point inspection).

At the third stage, the method of direct separa-
tion with chipping is used to determine the critical
coefficient of stress intensity and strength of nano-
fibre concrete in the structure. This method is nec-
essarily carried out in areas (structures) where
defects, reduced strength, etc. were detected at pre-
vious stages of testing.

The fourth stage includes sampling of the mate-
rial for subsequent tests in the laboratory. Test
samples can be molded or cut from the body of the
structure. In laboratory conditions, one sample
from the series is subjected to step-by-step tests:
bending tension, splitting tension, normal separa-
tion and transverse shear, non-destructive testing
methods.
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Fig. 1. The algorithm of quality control of fiber concrete in construction

Combined method

The purpose of this method is to determine the
strength of the concrete matrix in the composition
of the fiber-reinforced concrete material. The com-
plex method for assessing the strength of nano-
fiber-reinforced concrete is based on the correction
of data from the elastic rebound method according
to STB 2264 and GOST 22690, an amendment that
is a function of the difference in the strength esti-
mates of nanofiber-reinforced concrete by the ul-
trasonic pulse method according to GOST 17624
and the elastic rebound method (Fig. 2-3). The
ultrasonic pulsed method was used as a calibration
method. It is used to correct the data of the dyna-
mic indentation method [11].

In the same control zone, tests are carried out
by the indentation method and the ultrasonic me-
thod; the values of the indirect parameters of these
methods are /; and V;. The strength of nanofiber-
reinforced concrete fc of the control area is deter-
mined depending on the difference in the dynamic
moduli of elasticity of the surface layer of nano-
fiber-reinforced concrete E'; and the inner area
of nanofiber-reinforced concrete of the control
area £,y from the system of equations [12].
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®=0,0026 1> 0,115, +2,79,

(1

f. — strength of nanofiber-reinforced concrete of the
controlled section of the structure, MPa; f.,; u ., —
respectively, the assessment of the strength of na-
nofiber-reinforced concrete by the indentation
method and the ultrasonic pulse method, MPa; @ —
dimensionless coefficient.

Fig. 2. Scheme of measurements by the combined method
“indentation — ultrasonic pulse method” [11-13]:
1 — controlled item; 2 — area of concrete involved
in the transmission of an ultrasonic pulse from the emitter
to the receiver; 3 — emitting and receiving ultrasonic
transducers; 4 — indenter; 5 — concrete indentation area
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When testing by the method of elastic rebound,
the distance from the places of testing to the rein-
forcement must be at least 50 mm. When perfor-
ming selective control of monolithic fiber-rein-
forced concrete or nanofiber-reinforced concrete
structures, it is necessary to test at least 60 % of the
structures of the grip, floor, building [13].

The number and location of controlled areas
during testing of structures may be indicated in
the working drawings for monolithic structures and
(or) technological control charts. Tests are car-
ried out on a structure area with an area of 100
to 600 cm®. The number of tests on the site is at
least 5. The thickness of the structure on the test
site must be at least 100 mm.

Control of nanofiber-reinforced concrete
in a structure by ultrasonic tomography

The principle of operation of ultrasonic tomog-
raphy devices is based on the emission of low-
frequency sound vibrations. Ultrasound penetrates
into the object under study and is reflected. Every-
thing is recorded by a device that, with the help of
special devices, converts simple data into a com-
plex graphical display, which allows you to quick-
ly read information [14-15].

To implement the method of ultrasonic tomog-
raphy, an ultrasonic low-frequency tomograph
A1040 MIRA can be used (Fig. 3). This device is
designed to examine monolithic concrete (fiber-
reinforced concrete) and reinforced concrete buil-
ding structures in order to search for voids, chan-
nels, power fittings, foreign inclusions, delamina-
tions, cracks and other cavities, both empty and

filled with liquid or solid material that differs from
the surrounding concrete physically-mechanical
properties [14-15].

The device uses the method of synthesized fo-
cusable aperture with Raman probing, in which
ultrasound is focused into each point of the half-
space. The data array is formed by collecting in-
formation from all measuring pairs of the antenna
device of the tomograph. The signals received by
the antenna array are processed on the builtin com-
puter directly during operation.

The total area of the sites to be controlled must
be at least 10% of the total area of the controlled
surface. The number and location of controlled
sections should be indicated by the design organi-
zation in the working drawings of structures,
depending on the geometric dimensions, purpose
and technology of their manufacture. The area
for measurement should be no more than: for linear
structures — one section per 4 m of length; for
flat structures — one plot per 4 m* of area; for mo-
nolithic structures of solid walls — one section
per 8 m” of area.

Determination of the strength
and critical stress intensity factor
of nanofiber-reinforced concrete
by the direct separation method

The objective of this method is to determine the
critical stress intensity factor of the nanofibre-
reinforced concrete of the operated structure at
normal separation. This method is based on the
method of separation with chipping according
to STB 2264 and GOST 22690 (Fig. 4).

M v e T &

=3

Fig. 3. Ultrasound tomography using the A1040 MIRA device in continuous scanning mode
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Fig. 4. Truncated fracture cone after separation with shearing: 1 — length of the generatrix of the fracture cone /;
2 —borehole length 4; 3 — the difference between the maximum radius of the fracture cone and the radius of the borehole R;
4 — borehole radius 7y; 5 — maximum radius of the fracture cone r,,; 6 — the angle between the generatrix of the fracture cone
and the side of the borehole o [16]

Depending on the stress intensity factor, directly
in the structure, it is possible to predict such parame-
ters of nanofiber-reinforced concrete as crack resi-
stance, frost resistance, and durability of the material.

The method for determining the critical stress in-
tensity factor of nanofibre-reinforced concrete is im-
plemented as follows [17]. A special anchor device is
installed in a hole drilled in a nanofiber-reinforced
concrete mass with a radius ry, and a part of the nano-
fiber-reinforced concrete is pulled out by a press
pump, such as GPNS (self-centering hydraulic press
pump), in the form of a truncated cone with a maxi-
mum destruction radius ry.x and the length of the
hole 4. The destruction occurs along the surface of
the cone, the generatrix of which coincides with the
area of principal stresses.

In the process of pulling out a microvolume di-
rectly from the structure in a given area, in addition
to the magnitude of the force, the dimensions of the
truncated fracture cone are determined: the radius ro,
the length / of the hole, the length of the generatrix /
of the fracture cone, and the critical stress intensity
factor K- of nanofiber-reinforced concrete is calcu-
lated according to the formula [16]

3P[cos*(90 —a) —sin* (90 — o] ~—
= 3 27[[ X
21k (1 I -
7, + htga
0,8

where P is the pull-out force, MN; o — the angle
between the generatrix of the destruction cone and
the side of the hole;

1c

+0,7, 2)

o= arctg[%). 3)
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When testing after the formation of cracks,
the adhesion of the fiber to the concrete is broken,
accompanied by the movement of the pulled-out
microvolume relative to the body of the structure.
The strength of nanofiber-reinforced concrete,
which is a quality parameter, is determined by the
magnitude of the force, and the calculation of the
critical stress intensity factor is carried out taking
into account the geometric parameters of the hole
and the truncated fracture cone.

When testing by the pull-off method with
shearing, the sections should be located in the zone
of the lowest stresses caused by the operational
load or the compression force of the prestressed
reinforcement. The centers of the test sites must be
at least 200 mm apart, and at least 150 mm from
the edge of the structure.

Laboratory tests

A multi-parameter method for testing nano-
fiber-reinforced concrete in laboratory conditions
makes it possible to determine the power and ener-
gy characteristics of crack resistance under static
short-term loading (Fig. 5). The characteristics
of crack resistance are determined during non-
equilibrium mechanical tests [17].

The essence of this technique is to obtain all
the declared quality indicators of nanofibre-
reinforced concrete as a result of testing one sam-
ple from a series. A prism sample with a notch
(stress initiator) is initially tested for tensile ben-
ding according to a four-point loading sche-
me (Fig. 6a). As a result of the test, the tensile
strength value is determined and the complete
deformation diagram is recorded. Based on the
resulting deformation diagram, the energy indicators
and the fracture toughness index, the quasi-static
stress intensity factor (K7) [18], are calculated.
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Fig. 5. Model of a multiparametric test procedure for nanofibre concrete in laboratory conditions

After the bending test, two halves of the prism
specimen are formed, suitable for further tests. One
half is tested for tension during splitting (Fig. 6b).
The test procedure for splitting strength corre-
sponds to the test procedure for tensile tests during
splitting according to cube samples set out in
GOST 10180. A sample-cube with crack initiators
in the form of symmetrical cuts is formed from
the second half using diamond-coated cutting
tools. The resulting sample is tested for normal tear
(Fig. 6¢). Tests are carried out with eccentric com-
pression. As a result of the test, the value of the
critical stress intensity factor (for normal separa-
tion Kjc, MN/m® 2) is determined [19].

After the normal pull test, two fragments
(plates) are formed. On the obtained plates, using
diamond-coated cutting tools, a stress concentra-
tion zone is made in the form of symmetrical cuts
on one face of the product [18]. Plate samples are
tested under central compression (Fig. 6d). As a
result of the test, the value of the critical stress in-
tensity factor (for transverse shear Kjc (N/m*?))
is determined [20].
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For testing, prism specimens are made in ac-
cordance with the requirements of GOST 10180.
The ratio of the height to width (diameter) of the
specimen is assumed to be 4. The recommended
dimensions of the prism are 100x100x400 mm,
150x150x600 mm. The presented technique makes
it possible to obtain an estimate of the fracture
toughness of nanofiber-reinforced concrete on one
sample from a series, which eliminates errors and
inaccuracies in the quality indicators of the mate-
rial associated with different conditions of harde-
ning, molding, and inaccuracies in duplicating the
composition.

Table 1 shows the results of testing according
to the proposed laboratory method of nanofibre-
reinforced concrete samples-prisms in the con-
struction laboratory “Atomstroyexport” (Russian
Federation) at the construction site of the Belarus-
ian NPP in the Republic of Belarus. The composi-
tions of concrete mixtures used in the construction
of the Belarusian nuclear power plant were taken
as a basis.
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Fig. 6. Tests of nanofibre concrete in laboratory conditions: a — tensile in bending with registration of the fracture diagram;
b — tensile during splitting; ¢ — normal separation under eccentric compression; d — transverse shear

Table 1
Test results of nanofibre concrete samples
Fiber quantity Nanoconcrete matrix
(% by volume .
of the mixture) Corrugated Anchor Fiber 0.07 % basalt
Without +0.26 % micro fiber
steel fiber steel fiber polymer .
) fiber (1%) (1%) (1 %) steel straight +
Options ’ ’ Wavy L7 1 1 0.26 % steel anchor
Flexural elongation fz, MPa 2.8 5.9 9.4 6.2 4.2
Specific energy consumption G, J/m* 208.9 800.58 1329.08 312.72 760.22
Tensile strength £;,, MPa 1.7 3.1 32 2.8 2.3
Critical stress intensity factor K¢, MN/m*? 0.7 3.5 2.6 0.97 1.9
Critical stress intensity factor Kjc, MN/m*? 39 3.7 7.2 4.5 5.8
CONCLUSIONS each other. So, a direct indicator of quality —

The presented technique makes it possible to
evaluate the quality of nanofibre-reinforced con-
crete in construction conditions. According to the
described method, methods based on ultrasonic
sounding, shock impulse and direct separation
method are used. The combination of these me-
thods allows obtaining indicators that complement

[ Hayka
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the strength of nanofiber-reinforced concrete in
a structure is determined by a complex method
and a method based on the separation method.
An indirect indicator — the speed of propagation
of ultrasound (which characterizes the homogenei-
ty of the material) is determined by a complex
method and the method of ultrasonic tomography.
The laboratory tests use a combination of well-
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known widely used standardized test methods.
The characteristics of crack resistance determined
by the proposed method (along with other charac-
teristics of mechanical properties) can be used for:

— comparison of different options for the com-
position, technological processes of manufacturing
and quality control of nanofiber-reinforced con-
crete;

— comparison of nanofiber-reinforced concre-
tes in substantiating their choice for structures;

— calculations of structures, taking into account
their defectiveness and operating conditions;

— analysis of the causes of structural failures.
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