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Pospooneno nanomoougixosani ueuoxo-
meeponyui 6emonu O popmudixauiiinux cno-
PYO0 3 8PAXYBAHHAM NPUHUUNIE KOMNOZUUTUHOT
nodyoosu, axi rpywmyiomvca na Gazamopis-
HeeoMYy MOOUDiKYyeanni cmpyxmypu opeano-
MinepanvHum Hanomooudixamopom ma ouc-
nepchumu eonoxknamu. JJocaioiceno xinemuxy
meepoHenHs, 0CoOIUBOCMI NOPOBOT CIMpPYKMY-
pu, Oedpopmamueni enracmueocmi ma cmiii-
Kicmv 00 0ii 6UCOKOUEUIKICH020 YOaPYy WEUOKO-
meeponyuux Qiopodemonie, mooudixoeanux
opeano-minepanrsHumu 000a8KamMu HA OCHOBI
noJikapéoxcuarammnozo cynepniacmudixamo-
pa, MiKpo- i HaHOKpemHe3eMmy

Kntouoei crosa: nanomooudixyeanns, ouc-
nepcre apmyeanns, opeano-minepanvia 006as-
Ka, weuoxomeeponyuil 6emon, depopmamueni
8J1ACMUEOCMI, 6UCOKOUWBUOKICHULL yoap
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Paspabomanvt nanomoouduuyuposannvie
ovicmpomeepoetouwue Gemonnvt 01 popmugu-
KAUUOHHBIX COOPYHCEHUL C YHemoM NPUHuU-
n06 KOMNO3UUUOHHOZ20 NOCMPOEHUSl, OCHOBAH-
HbIX HA MHO20YPOBHE6OM MOOUDUUUPOSaAHUU
CMpYKmypvl 0P2aHo-MUHEPATbHOIM HAHOMO-
Juuxamopom u oucnepcHviMu 60J0KHAMU.
Hccneoosana xunemuxa meepoenus, ocooen-
HOCmu nopoeoil cmpyxmypol, dedpopmamus-
Hble C80UCMEA U YCMOUUUBOCMb K 0elcmeuto
8bLCOKOCKOPOCMI020 Yyoapa Gvicmpomaeepiero-
wux Qubpobemonos, moouduuuposanmvix op-
2aH0-MUHEPANTLHLIMU 000ABKAMU HA OCHOGE
noauUKapooKcuUIAm020 cynepnaacmuduxamo-
Pa, MUKpo- u HaHoKpemHezema

Knrouesvie crosa: nanomoouduuuposanue,
oducnepcroe apmupoeanue, Op2aro-MuHepab-
naa 0dobaexa, Gvicmpomeepoerouwuil Gemot,
depopmamusnvie ceoiicmea, 6vLCOKOCKOPOCM -
HoOU yoap

1. Introduction

Concrete is used for the construction of fortifications,
hangars, protective shelters, dugouts, firing positions and
other types of specially designed structures subjected to im-
pact loads. This is predetermined by its increased mechanical
properties, a low coefficient of penetration compliance, dis-
charge compliance, and a low required protective thickness
from bullet action [1, 2].

There are often high requirements set for the time al-
located for construction and repair of building structures.
That is why such construction or repair works require using
rapid-hardening concrete with necessary technical and tech-
nological properties. At the same time, a disadvantage of nor-
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mal-weight high-strength concretes is low impact strength
and increasing sensitivity to cracking and brittleness, which
manifests itself by reducing plastic deformations in con-
crete under load. As a result, boundary loads destroy high-
strength concrete almost instantaneously. Such a feature po-
ses a threat to safe operation and reliability of buildings and
structures when loads in compressed elements are exceeded.

In this regard, the actual task is the development of mod-
ern building composites, which have high indicators of early
and final strength, increased level of crack resistance, resis-
tance to various types of power influences and stable ope-
rational properties throughout a life cycle. The application
of such concretes makes it possible to perform fast repair and
renovation works, construction of protective structures of




fortifications and shelters both for protection of the person-
nel of the armed forces and for civil protection of population.

2. Literature review and problem statement

Primarily, regulated compressive strength determines
the resistance to destruction of building structural materials.
However, the ability of a concrete structure to prevent for-
mation, growth, and a spread of cracks, as well as the ability
to control mentioned processes ensure the effective operation
and durability of concrete structures under conditions of
impact action [3].

According to authors of paper [4], concrete has a hierar-
chically organized multilevel structure. A cause of structural
heterogeneity is the presence of discrete inclusions placed in
a continuous matrix and initial defects at various scale levels.
Accumulation of cracks and formation of a main crack begins
from them at a load including an impact load. Given this, the
authors made a conclusion about the need to eliminate struc-
tural defects, to increase static strength of concrete to ensure
the ability to withstand extreme actions of external loads [5].
However, high strength of concrete worsens its brittle nature
of destruction and increases sensitivity to cracking.

It is possible to apply metal reinforcement to eliminate
the mentioned disadvantages. Authors of papers [6—10]
confirm the expediency of using reinforced concrete as
a constructive material for reinforcements and protective
structures for various underground shelters and hangars.
However, properties of reinforced concrete depend on the
level of the stressed-deformed state significantly. Inhomoge-
neity, anisotropy, essential nonlinearity, cracks formation of
reinforced concrete appear already at the early stage of for-
mation of a structure. Papers show that a difference between
deformation properties of concrete and reinforcement causes
a redistribution of tension from concrete to reinforcement
with increase in a load level [6—8]. This leads to a reduction
in integral stiffness of cross sections and internal forces
redistribution between parts of a construction at structural
changes in a system. Based on the conducted studies, authors
of paper [10] recommend using concrete slabs reinforced
with double mesh, transverse reinforcement or a whole steel
sheet for structures operating under a high-velocity impact.
This circumstance relates to the over-consumption of steel
reinforcement that leads to an increase in energy intensity
and the structure cost.

Papers [11-15] propose methods for modification and
improvement of a structure to overcome problems of con-
trol of cracks formation and compensation for defects of
concrete, such as low tension strength and high brittleness.
Such methods are associated with the introduction of new
structural elements that block the development of cracks in
concrete, specifically viscoelastic components and dispersed
reinforcing fibers.

Authors of work [11] developed and applied steel fiber
concrete with a compressive strength of 80—100 MPa. They
established that the use of steel fiber concrete makes it pos-
sible to increase crack resistance of structures by 1.5 times [12].
However, an important problem when using steel fiber con-
crete is a possibility of formation of so-called «hedgehogs»
and uneven distribution of steel fiber. It requires applying
special devices for a uniform supply of fibers to a concrete
mixture, as well as using forced mixers with high energy con-
sumption, which leads to a rise in the price of concrete.

An increase in stiffness parameters, strength, and ener-
gy characteristics of crack resistance of high-strength con-
crete [13, 14] confirm the expediency of a disperse rein-
forcement with synthetic fiber, which improves deformative
properties. According to results of paper [15], it is possible
to observe a main reinforcing effect of introduction of poly-
propylene fibers in a subcritical stage of destruction from
the moment of development of a main crack to its complete
defragmentation. Despite the practical significance of such
results, the paper did not consider the kinetics of hardening
of the studied fiber-reinforced concrete.

Work [16] shows that it is possible to solve the problem
of cracks inhibition at one structural level only at traditional
disperse reinforcement. However, the hierarchy of cracks for-
mation and an aggregate of cracks indicates the presence of
defects of various sizes in concrete and belonging to the cor-
responding scale level — nano-, sub-micro, micro, meso- and
macro levels. According to authors of paper [17], it is possible
to obtain disperse reinforced concrete with improved opera-
tional properties by a multilevel modification of its structure
by additives of various functional purposes in combination
with reinforcing fibers of the so-called hybrid reinforcement.
Reinforcing elements are mineral fibers at the macro- and
the mesoscale levels, and at the microscale level — they are
highly dispersed mineral additions [18]. The disadvantage of
fiber concrete made of the mentioned composition is that the
concrete reinforcement occurs at the macro- and the micro-
levels without changes in a structure of a cement stone at the
nanolevel.

A new direction appeared in the disperse reinforcement
of concrete with the development of nanotechnology. It is
a dynamic disperse self-reinforcement of a cement stone [19].
It implies introduction of dispersion-strengthening additives
such as basaltic microfiber, carbon microfibers modified
with fulleroid, nanotubes and astralenes [20—22]. In this
case, carbon nanotubes act as «nano-reinforcement» due to
a high tension strength [20]. There is a significant change
in properties of a cement matrix when using nanotubes with
a diameter close to the thickness of C-S-H layers. At the same
time, compressive and bending strength increases and crack-
ing reduces, especially in surface layers of high-performance
cement composites [20, 21]. In addition, papers [19, 22] note
that carbon nanomaterials can change the microstructure of
a cement matrix by increasing a content of calcium hydrosi-
licates of high density and reducing porosity. However, the
introduction of carbon nanomaterials may cause difficulties
from a practical point of view due to the problems of homo-
geneous distribution in the medium of a cement matrix and
determination of the optimal amount of additives.

In order to increase deformation characteristics of ce-
menting materials, authors of work [23] proposed the in-
troduction of energetically active ultra- and nanofine active
mineral additives. Nanoparticles of additives have high
surface energy and can change physical and chemical inter-
actions in concrete significantly. They play a role of crys-
tallization centers of hydrosilicates in a pore space between
cement grains. At the same time, they provide an effect of
a filler at the initial period and the early pozzolan reac-
tion with the formation of nanosized scale fibrous C-S-H
phases [24, 25]. However, one should note that ultrafine
additives have high dispersion, which causes increased wa-
ter demand and reduced workability of concrete mixtures.
Work [26] shows that using organo-mineral nanocomposites —
materials of mineral and polymeric components based on



silica additives of various origin and polycarboxylate super-
plasticizers is effective for the production of high strength
cement stone. However, there are no detailed studies on
features of the early formation of cement-silica-based com-
positions, as well as their crack resistance.

Therefore, there are reasons to assume that insufficient
understanding of the influence of a multilevel modification of
a concrete structure on the hardening kinetics; deformation
parameters and behavior under an action of high-velocity
impact necessitate studies into development of concretes for
special-purpose facilities.

3.The aim and objectives of the study

The objective of present study is the development of
nanomodified rapid-hardening fiber-reinforced concretes with
regulated operational properties, specifically with high resis-
tance to a high-velocity impact for special purpose facilities.

To accomplish the aim, the following tasks have been set:

— to investigate influence of complex nanomodifier and
disperse reinforcement on the kinetics of strength develop-
ment of nanomodified fiber-reinforced concretes based on
highly flowing concrete mixtures;

— to determine parameters of a pore structure and de-
formation properties of nanomodified fiber-reinforced con-
cretes;

— to determine behavior of developed nanomodified ra-
pid-hardening fiber-reinforced concretes under an influence
of a high-velocity impact.

4. Materials and methods to study rapid-hardening
nanomodified fiber-reinforced concretes

4.1. Examined materials and equipment used in the
study

The development of rapid-hardening high-strength con-
crete as a composite polystructure material involves a multi-
stage organization where a structure of any lower level is
an integral element of higher-level structural in homoge-
neities based on «composite in composite» principle. We
used common Portland cement with high early strength
CEM 142.5R PJSC Ivano-Frankivskcement (Ukraine) ac-
cording to EN 197-1 based on a clinker of mineralogical com-
position, wt. %: C3S — 64.20; C,S — 12.88; C3A—-5.65; C4AF —
14.62, for the development of nanomodified rapid-hardening
fiber- reinforced concretes. According to the particle size
distribution of Portland cement CEM I 42.5R (Table 1), the
content of 10.0; 50.0 and 90.0 wt. % correspond to particles
of 5.75; 19.42 and 56.29 um, respectively.

We used natural quartz sand from Zhovkva deposit with
a fineness modulus of Mp=2.1 as a fine aggregate for con-
crete; and granite crushed stone of 5-20 mm fraction as
a coarse aggregate.

We used concrete of C 35/45 strength class of nominal com-
position 1:1.35:2.71 with the consumption of CEM I42.5R
430 kg per 1 m? of concrete mixture as control. We used an
organo-mineral nano-additive to provide polystructure mo-
dification of a concrete matrix (nanomodified concrete — NC).
As a admixture of a plasticizing action, we used a super-
plasticizer of the new generation based on polycarboxylates
with nanodesigned chains MasterGlenium Ace 430 (PCE).
This makes it possible to achieve a high water-reducing ef-

fect at obtaining a given workability of concrete mixtures.
A rational design of a dense matrix is based on the principle
of optimized filling of the Portland cement system with
a provision of gap-graded particle size distribution with
a use of ultrafine mineral additives that complement the gra-
nulometric composition of Portland cement [27]. As mineral
components of organo-mineral nanomodifier, we used an
ultrafine additive — silica fume (SF) of Elkem Microsilica
Grade 940-U trademark containing SiO of 94.71 %, as well
as Aerosil-380 (NS) nano-silica containing 99.8 % of SiOs.
According to the granulometric analysis (Table 1), micro-
silica contains 50 % of active particles of nanometric size (less
than 0.15um) and has specific surface Sy, =15,000 m?/kg.
The specific surface of NS additive is 380+30 m?/g with an
average particle size of 4—7 nm.

Table 1
Particle size distribution of Portland cement
and mineral additives
Material Dyp, um D50, um Dy, um
CEM 142.5R 5.75 19.42 56.29
Silica fume 0.07 0.15 0.30
Aerosil-380 0.006 0.008 0.015

We carried out disperse reinforcement at the macro-
and the meso-scale levels with alkaline-resistant modified
basalt fiber (36 mm in length, 18 um in diameter) to in-
crease an impact viscosity of nanomodified concrete. The
degree of disperse reinforcement of fiber concrete (FRC)
and nanomodified rapid-hardening fiber reinforcement con-
crete (NFRC) with basaltic fiber was 1.0 %.

We determined a particle size distribution of Portland ce-
ment and ultrafine mineral additives using the laser granulo-
meter Mastersizer 3000.

4. 2. Procedure for determining the properties of samples

We determined consistence of modified concrete mix-
tures by the slump test according to EN 12350-2, as well
as by flow table test according to EN 12350-5. We carried
out tests for compressive strength of control and nanomodi-
fied concretes on sample-cubes of 10x10x10 cm after 1, 2, 7
and 28 days. We carried out the evaluation of defects of
a surface layer of the developed composites to their porosity
parameters. We studied peculiarities of a porous structure
of nanomodified concrete according to the kinetics of water
absorption of samples of 7.07x7.07x7.07 cm, which hardened
for 28 days. We used the method of discrete weighing of
pre-dried samples carried out after 0.25; 1.0 and 24 hours
after immersion in water. Absorption curves of polycapillary
materials are approximated by a three-parameter exponential
function of type:

W, =W, [1-e ]

where W, is the water absorption of a sample at ¢ time in per-
centage by weight; Wi« is the water absorption of a sample
determined after 24 hours in a percentage by weight; ¢ is
the time of water absorption, hours; A is a parameter of an
average size of open capillary pores determined by nomo-
grams [28]; a is a parameter of homogeneity of sizes of open
capillary pores determined by nomograms [28].



After 28 days of hardening, we used samples of developed
nanomodified fiber-reinforcement concretes to determine de-
formation properties, and we also exposed them to a high-velo-
city impact. We determined a prism strength, an elasticity
modulus, and the Poisson coefficient of nanomodified rapid-
hardening concretes on sample-prisms of 10x10x40 cm at
aload level of 30 % from the destructive one. We fired samples
of concrete with single shots from a distance of 25 m using
ordinary bullets of 5.45 caliber from a Kalashnikov assault
rifle for the implementation of impact tests. The initial velo-
city of a bullet was 915 m/s with kinetic energy at the time
of departure of about 2.8 k]. We carried out a microscopic
analysis of the surface of samples of control and nanomodified
concrete after a high-velocity impact using a portable optical
microscope USB 1.3 MPix 25x-500x with CS02-500 stand.

5. Results of studying the parameters of nanomodified
rapid-hardening concretes reinforced with disperse fibers

According to the results of workability determination, we
established that the concrete mixture of the control compo-
sition has a parameter of a slump of 180 mm that meets the
requirements for the slump class S4 (Fig. 1, a). We should
note that the introduction of organo-mineral SF+NS+PCE
nanomodifier provides a significant water-reducing effect
(AW/C=43.4 %) when providing workability parameters of
NC and NFRC concrete mixtures for the slump class of S4.
We also should note that a use of disperse reinforcing ele-
ments causes some decrease in workability of concrete mix-
tures (§=160-170 mm).
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Fig. 1. Workability of concrete mixtures:
a — slump test; b — flow table test

As we can see from Fig. 1,5, workability parameters
determined by flow table test change more. Thus, the con-
trol concrete has a flow of 515 mm, which corresponds to

F4 class. According to the flow parameter, nanomodified NC
and NFRC concrete mixtures have high viscosity and relate
to F3 class (F=440-450 mm).

According to the results of determining strength at the de-
sign age, the concrete of the control composition corresponds
to the strength class C 35/45 (f.m2s="52.6 MPa), and has
a medium strength development (foua/femos=0.42) (Fig. 2).
At disperse reinforcement with basalt fiber, the strength
of concrete increases by 6-14 % and meets the require-
ments for concrete with medium strength development
(fema/[emas = 0.46). Nanomodification of concrete by organo-
mineral nano-additive provides growth of its strength at the
early age and after 28 days. Thus, the strength of nanomo-
dified concrete NC without fibers after 2 days is 78.1 MPa,
which exceeds by 3.6 times the strength of concrete with
control composition. The compressive strength of such con-
crete after 28 days is 111.2 MPa, which corresponds to the
strength class C 80/95.
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Fig. 2. Compressive strength of nanomodified
fiber-reinforced concretes

The early strength of fiber-reinforcement concrete in-
creases by 5.7-12.6 % compared to non-reinforced nanomo-
dified concrete. The strength of nanomodified fiber-reinforced
concrete is 118.8 MPa after in 28 days, which corresponds
to strength class C 90/105. Nanomodified concretes NC
and NFRC correspond to the requirements for concrete
with a rapid strength development according to the specific
strength parameter (fuu//fem2s=0.7) and are categorized as
high strength concrete.

According to experimental data, we obtained curves of
water absorption kinetics of samples of control and nano-
modified rapid-hardening concrete (Fig.3), which have
a smooth character of an exponential type. At the same time,
concrete of the control composition has a higher velocity of
water saturation in the initial period compared with nano-
modified concretes.

As we can see from Table 2, nanomodification of concrete
by an organo-mineral additive makes possible to adjust
parameters of both integral and differential porosity (para-
meters of an average pore size — Ay and homogeneity of
pore sizes o). Thus, volumetric water absorption of nano-
modified NC concrete and NFRC fiber-reinforced concrete,
which characterizes open capillary porosity (W,), reduces by
6.2 times compared with control.

An analysis of differential porosity parameters showed
that the pore homogeneity parameter is 0.55 by the size of
the control concrete and is higher than the parameter of
nanomodified composites. However, a size of the pores shifts
to the macrocapillary region, as shown by the mean pore size



of 2.62 and the low microporosity parameter (K,,=0.47). The
introduction of basalt fiber to concrete control composition
improves a pore structure substantially. The parameter of an
average pore size of NC nanomodified concrete and NFRC

microstructural analysis of concrete samples confirms the
presence of deep cracks with the opening width of more than
5 mm (Fig. 4, b).

fiber-reinforced concrete reduces to 0.53 and 0.50, respec- Table 3
tively. The number of macropores in nanomodified concrete Parameters of deformability of concretes
reduces, as evidenced by the increased microporosity para- - — -
meters of 0.77 and 0.85, respectively, for NC and NFRC. Con- Prism | Elasticity PO]?’ Shear | Modulus of
crete | strength, | modulus, | son’s | modu- | volume elas-
marking | MPa GPa ratio | lus, GPa | ticity, GPa
6 . control | 40.3 394 | 018 | 167 20.5
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g. 3. Kinetics of water absorption of nanomodified

centrated bullet impact after the action of a high-velocity
impact. A destruction load of axial compression and bending
went in three main directions. Cracks on a surface of the in-

concretes tact part of the cube are almost absent (Fig. 5, a).
The results of microscopic investiga-
Table 2 tions of a surface of samples of nanomo-
Basic parameters of a porous structure of nanomodified concretes dified rapid-hardening concrete reinforced
Water absorption, % Micropo- | Parameter of | Parameter of with a disperse fiber show a homogeneogs
Concrete . . . structure of a hardened cementing matrix
marking weight, | volume, | equilib- | Tosity coef- | averagesize | homogeneity of Fic 5. b
w w rium. W, | ficient, K,, | of pores, A1 | pores by size, o (Fig. 5, b). ) )
n d > P At the same time, there is a streng-
control 5.4 12.4 2.54 0.47 2.62 0.55 thening of a contact area between ce-
FRC 4.9 1.4 214 0.44 248 0.52 ment matrix and a aggregate, as well
NC 0.8 2.0 0.74 0.77 0.53 0.41 {'J;S Yersatfﬂe Qr}ent.atio?band .even distri-
NFRC | 08 2.0 0.65 0.85 0.50 0.45 m‘;ttlﬁi of reinforeing fibers in a cement

The results of study into deformation properties of
the control concrete indicate that its prism strength is
40.3 MPa, while the prism strength of NC nanomodi-
fied concrete of isoworkability mixtures increases to
86.0 MPa (Table 3). The prism strength of nanomodified
rapid-hardening concrete increases to 96.2 MPa at fiber
reinforcement and providing a water-reducing effect.
The modulus of elasticity, which characterizes a degree
of stiffness of material, of nanomodified NC concrete in-
creases by 1.5 times compared with the control concrete
based on highly flowing mixtures. Disperse reinforce-
ment of nanomodified concrete provides an increase
of its modulus of elasticity by 7.6 % compared to the
non-reinforced one and is 63.9 GPa, while the Poisson’s
coefficient is equal to 0.17.

According to Table 3, the displacement modulus
of nanomodified concrete and fiber concrete increases
by 1.5-1.6 times in comparison with the control one.
Nanomodification and disperse reinforcement of a con-
trol concrete matrix also gives possibility to increase
ability of a material to resist a volume change that is not
accompanied by a change in a shape, as evidenced by an
increase in the modulus of volume elasticity.

A breakdown damage occurs under the action of
a impact wave of a high-velocity impact in a sample
of the control concrete (Fig. 4, a). A pronounced zone
of radial cracks appears around a crater of an impact.
It corresponds to the thickness of the sample. The

b

Fig. 4. Sample-cubes of concrete of the control composite after

tests for a high-velocity impact: @ — general view;
b — microstructure

Fig. 5. Sample-cubes of nanomodified fiber-reinforced concrete
after tests for a high-velocity impact: a — general view;
b — microstructure



6. Discussion of results of studying the properties
of nanomodified rapid-hardening fiber-reinforced
concrete

We showed the possibility of obtaining high-tech con-
crete mixture. It follows from the obtained results (Fig. 1)
when determining the effectiveness of nanomodification of
concrete by the organo-mineral SF+NS+PCE additive. We
established a high water-reducing effect of the organo-min-
eral nano-modifier (AW/C=43.4 %) with the provision of
the slump class of S4 of a concrete mixture, because of a high
dispersant action of a polycarboxylate-based superplasticizer.
We should note that a use of reinforcing elements leads to
a decrease in consistence of concrete mixtures from 200 to
170 mm. Apparently such mechanism of influence is related
to a structure of a mixture with fibers, a growth of a phase
separation surface and a need to increase an amount of water
for wetting, an increase in internal friction of components of
a matrix in the presence of fibers.

The study showed that the introduction of an organo-
mineral nanomodifier causes an increase in the initial density
of a system, which determines a growth in the number of
contacts and acceleration of structure formation processes.
We can explain this with implementation of a water-reduc-
ing effect of a superplasticizer, optimization of packing of
particles of a cementing system by ultrafine mineral additives
(micro- and nano-silica) [27]. A content of nanofractions in
the composition of mineral additives leads to development
of excess surface energy and is crucial for achievement of
technological and technical macro-effects. The mechanism
of increase in the strength of nanomodified concrete works
due to the obtaining of an additional number of submi-
cro-reinforcing hydrosilicate phases in the early stages of
hydration (the phenomenon of «self-reinforcements) as
a result of the interaction of ultra- and nanofine particles of
a mineral additive with Ca(OH), [29, 30]. In this regard,
an interest is estimation of strength of nanomodified fiber-
reinforced concretes in the early periods given in Fig. 2. After
1 and 2 days, the strength of nano-modified fiber-reinforced
concrete NFRC is 67.8 and 82.6 MPa, respectively, with
a strength ratio value after 1 day — fin1/femos =0.57 and after
2 days — foma/fem2s=0.70, which meets the requirements for
ultra-rapid hardening concretes. The strength of nanomodi-
fied rapid hardening fiber-reinforced concrete after 28 days
is 118.8 MPa.

The results of the test of strength are well correlated with
the results of determination of parameters of a pore structure
of the control and the nanomodified concretes. The number
of macropores in nanomodified concretes decreases, as evi-
denced by increased microporosity parameters (0.77-0.85),
open porosity at the same time decreases in 6.2 times. In-
creasing homogeneity, reducing defects of the structure of
a surface layer and a transition zone of nanomodified concrete
by reducing a number and a size of pores that are the initia-
tors of a growth of a stress leads to an increase in stiffness of
a matrix component. In this case, the elastic modulus increa-
ses from 39.4 GPa for the control concrete and to 59.4 GPa
for the nanomodified concrete. Reinforcement with basalt
fibers, which have a high modulus of elasticity, provides
further growth in deformation characteristics. Thus, the mo-
dulus of elasticity of nanomodified fiber-reinforced concrete
rises by 7.6 % compared to non-reinforced one.

An analysis of the results of the tests of concretes under
the influence of a high-velocity impact indicates that strati-

fication of the control concrete passes through a surface of
a contact zone «cement matrix — aggregate» and is deter-
mined by a brittle destruction.Coarse aggregate remains
almost intact indicating its weak adhesion with a cement
matrix. We should note that the breaking off of separate
particles of nanomodified and disperse reinforced concretes
took place not on a contact surface of a cement matrix and
an aggregate, but along the area of the greatest impact load,
and grains of crushed stone were destroyed in the direction
of the force. At the same time there is a point breakdown of
a nanomodified cement matrix, and the bulk of a cube re-
mains solid and almost intact. This indicates an increased
impact strength of the developed nanomodified rapid-har-
dening fiber-reinforced concretes and the ability of a struc-
ture to withstand tension and compressive stresses that arise
at impact waves action.

We can consider the obtained results of the tests of the
developed nanomodified rapid-hardening fiber-reinforced
concretes as expedient ones from a practical point of view,
as they give possibility to build fortification, protective and
other types of constructions of a special purpose in short
terms. They ensure their effective operation under an action
of a high-velocity impact.

From a theoretical point of view, they make possible to
state the establishment of a set of principles for multilevel
modeling of a structure of rapid-hardening fiber-reinforced
concrete with increased impact viscosity, including the
nano-, micro-, meso- and macroscale levels. And these are
certain advantages of the study. It is advisable to carry out
further studies on the effect of a high-velocity impact on
nanomodified rapid-hardening concretes reinforced with
different types of fibers at an early age.

7. Conclusions

1. We developed nanomodified rapid-hardening fiber-re-
inforced concretes resistant to a high-velocity impact based
on the study into strength, porosity and deformation pro-
perties. We established that nanomodification of concrete
by organo-mineral additives based on micro, nano-silica and
polycarboxylate superplasticizer ensures obtaining of highly-
flowing fiber-reinforced concrete mixtures of slump class S4
with a significant water-reducing effect AW/C=43.4%. Pe-
culiarities of the acceleration of kinetics of hardening of
nanomodified concrete are optimization of packing of par-
ticles of a cementing system, provision of initial density,
stimulation of nucleation processes in an intergranular space
due to heterogeneous nucleation, acceleration of pozzolana
reactions. Nanomodified fiber-reinforced concrete relates
to ultra-rapid-hardening high strength concretes by the
strength development (fou1/fem2s=0.74 and fona/femas=0.7)
and 28 days-strength (fzu28 =118 MPa).

2. We established that using the principles of nano-
modification with organo-mineral modifiers and disperse
reinforcement, we provide optimization of a structure of
nanomodified concretes on nano-, micro-, meso- and macro
levels, which manifests itself in formation of a dense, finely-
porous, less defective matrix. An increase in the number of
contacts, reduction in size and the number of initial defects
such as pores, microcracks, an increase in the homogeneity
of nanomodified concrete leads to an increase in deformation
characteristics. Thus, the stiffness of nanomodified fiber-re-
inforced concretes increases by 1.5—1.6 times, which makes it



possible to withstand greater stresses at a constant value of  sistance of nanomodified fiber-reinforced concretes to the ac-
relative deformations. tion of a high-velocity impact at the micro level. At the macro-

3. An increase in the density of a cement matrix, formation ~ and meso-levels, we achieve inhibition of cracks and efficien-
of products of hydration of a fiber habitus, strengthening of ¢y of a system operation under the action of impact loads by
a contact zone between cement stone and aggregate ensure re-  spatial three-dimensional reinforcement with a dispersed fiber.
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Pospobaeno enexmpoximivnuii memoo cum-
me3y MOHKOOUCNEPCHO20 NOPOUWKY KOOANL-
my, npu3Hauenoz20 011 GUPOGHUYMEA MEePOuUx
cnnasie. 3anpononoeano 66edeHHs amiaxy
6 eaexmponim, 008edeHo (Qopmysanus npu
yvomy aminoxomnaexcy Co*3. Iloxasano ym-
eopennsa npu 100 A/0m* yavmpaducnepcrux
35-150 mxm uacmunox Co xopanonodionoi
dopmu, axi aezko niddaromvcs po3moay 00
cpepoionux cxnadoeux. Busnaueno marxcu-
Mmaavny memnepamypy enexmpoaimy — 30 °C,
Po3paxoeano Kamoonui 6uxio 3a Cmpymom
39 % ma numoma eumpama enexmpoenepeii
48 kBm-200/xe

Kniouogi cnosa: aminoxomniexc xoéans-
my (+3), nopowox xobanvmy, meepdi cnnaeu,
denopum

[, 0

Paspaboman snexmpoxumuneckuii memoo
cuHme3a MoHKOOUCNEPCHOZ0 NOPOUKA KOOATb-
ma, npeonasHauennozo 0Jis nPoU3e00Ccmea meep-
ovix cnaaesos. Ilpednodicerno 6600umv ammuax
8 anexmpoaum, 00Kazawo Qopmuposanue npu
amom ammunoxomniexca Co*3. Ioxazamno 06-
pasoeanue npu 100 A/0m> yavmpaducnepc-
Hotx 35—150 mxm wacmuy, Co nopowka kopanio-
no0do0HOU (PopMbL, NIe2KO PAIMATBIEAIOWUXCS
Ha cepoudnvie cocmasasowue. Onpedenena
MAKCUMATBHAS MeMnepamypa 3JeKmposuma
30°C, paccuuman xamoowuwlii 6b1X00 NO MOKY
39 % u yoenvhviii pacxo0om 3neKmposxepeuu
48 kBm-uac/xe

Knioueevle crosa: amunoxomniexc kooain-
ma (+3), nopowox xobanrsma, meepovie cnaa-
6vL, denopum

1. Introduction

Ultrafine metal powders are widely used in various fields
of engineering and manufacturing. Cobalt powder possesses
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high electrical conductivity, electrochemical and catalytic
properties and is used for various purposes. For instance, it
is used in chemical power sources [1], including hydrogena-
tion [2] or as anodic material [3].




