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ABSTRACT

Introduction. Reinforced concrete structures in buildings and structures are subject to various loads during operation, which
cause deformation and destruction. Materials and Methods. It has been shown that the strength and elastic-plastic properties of
modern concretes can be broadly controlled using superplasticizers, nanoadditives, fillers, and fine aggregates. This article exam-
ines the deformation and fracture processes of cement paste and powder-activated concrete. The key characteristics of concrete
deformation processes are determined using stress-strain diagrams, taking into account the downward strain curve. The concrete
deformation diagram on the descending branch is fixed by the ultimate deformation, corresponding to the concrete reaching its
maximum strength value, and the end point of the descending branch, corresponding to the residual strength of the concrete.
Results. Complete concrete stress-strain diagrams with an extended descending section were obtained by loading specimens at
a constant, decaying strain rate, resulting in a smooth decrease in stress in the specimen along the descending section. The influ-
ence of formulation factors on the key parametric points of the o—€ diagram was studied. The influence of the W/C ratio, modifying
additive, and polycarboxylate superplasticizer on the structure-forming factors for cement stone was examined. For concrete, the
influence of the W/C ratio, modifying additive, polycarboxylate superplasticizer, fine filler, rheological filler, and reactive filler was
examined. The resulting diagrams were analyzed for each material structure, both with an individual structure-forming factor and
for powder-activated concrete as a whole. It was found that increasing the W/C ratio from 0.267 to 0.350 resulted in more elastic
behavior of the material under load, a significant (4-5 times) elongation of the descending branch of the full equilibrium stress-
strain diagram of hardened cement paste, and a change in the failure mechanism of the material. The specific parameters for static
destruction of the sample are reduced by 12.1 times and the static J-integral Ji is reduced by 9.1 times.. It was shown that with the
addition of the carboxylate superplasticizer "Melflux 1641F" the deformation pattern of the specimen under load was closer to that
of cement paste obtained using normal-thickness cement paste, however, with a shorter (10 times) descending branch, indicating
more brittle behavior of the specimen. The use of finely dispersed quartz also affected the nature of the deformation of the samples:
their elasticity increased from 1.3 to 1.7 times, but at the same time the magnitude of ultimate deformations decreased by 20%,
that is, the samples became more elastic and less deformable. Conclusion. It has been established that, with optimal component
contents of cement stone and powder-activated concrete, crack resistance parameters significantly increase by 1.3 to 5.8 times,
especially the static J-integral Ji, which characterizes the ductile fracture energy of the material at the crack tip, increasing due to the
increased adhesion of the cement stone to the active surface of the microsilica. The curves of the complete equilibrium diagrams
are approximated in sections by simple linear and quadratic functions or represented by a cubic polynomial.

KEYWORDS: loading modes, hardened cement paste, powder-activated concrete, physical and mechanical properties of concrete,
deformation diagrams with a descending branch, diagram approximation, differential equations
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AHHOTALMA

BBepgeHue. Xene3ob6eToHHbIe KOHCTPYKLMMN B 30aHNAX U COOPYXKEHUAX BO BPeMs KCrlyaTalumn nofBep>KeHbl BO3AENCTBUIO
pa3nuuHbIX HAarpy30K, KOTopble Bbi3blBaOT Aedopmauuy 1 paspylieHus. MaTtepuanbl n metogpbl. [ToKasaHo, YTO MPOYHOCTHbIE
1 ynpyronnactnyeckme CBOCTBA, JOITOBEYHOCTb COBPEMEHHbIX GETOHOB B LUMPOKMX Npefenax PerynmpyTcs C MOMOLLbIO cynep-
nnactudnKaTopos, HAHOLOOABOK, HaMoHUTENEeN 1 MeNKKX 3anonHuTenei. CtaTbs NOCBALLEHA M3yUeHNIo NpoLieccos fedopmauunm
1 pa3pyLIEHUs LLeMEeHTHOTO KaMHs 11 MOPOLLKOBO-aKTUBPOBaHHbIX 6eTOHOB. OCHOBHbIe XapaKTeprCTMKK NpoLieccoB fedopmanm
6eTOHOB B paboTe yCTaHaBMBAKTCA C MOMOLLbIO AVarpamMmm «HanpsaxeHne-gebopmaLmsa» C y4eToM HUCXoAsLL e BeTBY aedopma-
uun. Onarpamma gepopmupoBaHmsa 6eToHa Ha HUCXOAALLEN BeTBM GUKCHMpPYeTCs npeaernbHon AedpopMaTVBHOCTbIO, COOTBETCTBY-
loLLel JOCTUMKEHNIO GETOHOM MaKCMMaibHOTrO 3HAaUYEHUs NMPOYHOCTU 1 KOHEYHOW TOUKOI HUCXOASALLEN BETBY, COOTBETCTBYIOLLEN
OCTaTOYHOW NPOYHOCTN GeToHa. Pe3ynbTaTtbl. [onyyeHbl NOJHblE Arnarpammbl 4edOPMUPOBaHMSA OETOHA C MPOTAXKEHHbIM YYacT-
KOM HUCXOpsALLel BeTBY NyTeM HarpyeHus obpa3LoB C MOCTOSHHON 3aTyXalolell CKOpOCTbio AebOopMUPOBaHUS, NMPU KOTOPOM
Ha HUCXOAALLEM yyacTKe NPOVCXOAUT NIaBHOE CHUPKEHME HanpsikeHUs B o6pa3sue. M3yueHbl 3aBUCMOCTY BAVSHNA peLenTypHbIX
$aKTOPOB Ha OCHOBHbIE NapamMeTpUYecKre TOUKN AuarpaMmbl 0—€. B KauecTBe cTpyKTypoobpasytoLunx GakTopoB Ans LEMEHTHOro
KaMHS paccMaTpuBanoch BnvsHue B/L-oTHoweHns, mogudrumpytoulein fob6aBKu 1 nonmkapboKkcunaTtHoro cyrnepniactudukatopa,
a ans 6eToHOB — BNuAHWE B/Ll-oTHoWweHWsA, MoguduLmpyoLlein o06aBKK, MONMKapOOKCUMIAaTHOrO cynepniactudrkaTopa, TOHKO-
AMCMNepCHOro HanoJsHWTEeNA, PeoSIOrMYeCcKOro 1 PeakLMOHHOIo HanosIHMTeNen. BbiNonHeH aHann3 noslyYeHHbIX guarpamm s
KaXk[oW 13 CTPYKTYP MaTepranoB Kak C OTAeNbHbIM CTPYKTYpoo6pasyowym GakTopom, Tak 1 A MOPOLLIKOBO-aKTUBUPOBAHHOMO
6eToHa B Lieniom. BbisiBneHo, uto nosbiwweHre B/Ll-oTHoweHunA ¢ 0,267 go 0,350 Bbi3biBaeT 6onee ynpyroe nosegeHvre matepurana
NoA Harpyskoi, 3HaumTenbHoe (B 4-5 pa3) yanuHeHvie HACMAAatoLwell BETBU NMOMIHON paBHOBECHOW AvarpaMmbl 1ebopMrpoBaHUs
LIeMEeHTHOr0 KaMHs 1 N3MeHeHVe MexaH13ma paspyLleHna MaTepurana, yMmeHblualoTcs B 12,1 pa3a yaenbHble napameTpbl Ha CTa-
TUYeckoe paspylieHune obpasua v B 9,1 pasa — cTaTyecknin fken-nHTerpan J. MokasaHo, 4To Npu BBeAEHNN KapbOoKCUNIaTHOro
cynepnnactuédukatopa «Melflux 1641F» xapaktep gedopmMmupoBaHmsa o6pasLia nog Harpyskom 6nmxe K LLleMeHTHOMY KaMHio, Mosy-
YEeHHOMY Ha LieMeHTHOM TecTe HOPMasbHOW ryCTOTbl, OfHaKo ¢ 6onee KopoTkol (B 10 pa3) H1cnagawLleln BEeTBbIO, YTO rOBOPUT
o 6onee xpynkom nosegeHun obpasua. icnonb3oBaHne TOHKOANCNEPCHOTO KBapLIa Tak»Ke NMOBMANO Ha XapakTep AepopmmpoBaHus
06pasLoB — NoBbicKnach Ux ynpyroctsb ot 1,3 go 1,7 pa3sa, Ho npwu 3ToM Ha 20% CHU3MNACh BENMUYMHA NpefenbHbIxX gepopmannii,
TO eCTb 06pa3Lbl CTaHOBATCA 6onee ynpyrumm 1 meHee fedopmaTuBHbIMY. 3aKntoUueHne. YCTaHOBIIEHO, YTO NP ONTUMasbHbIX
COAEPKAaHUAX KOMMOHEHTOB LIEMEHTHOIO KaMHsl 11 MOPOLLIKOBO-aKTUBUPOBAHHOTO 6eTOHa cylecTBeHHO oT 1,3 fo 5,8 pa3a nosbi-
LAKTCA NapameTpbl TPELLMHOCTOMKOCTM 11 OCO6EHHO CTaTUYeCKNIA AxKeli-nHTerpan J, xapakTepusywunin S3Hepruo BA3KOro paspy-
LeHVA MaTepurana y BepLUMHbI TPELLVHbI, KOTOPasa BO3pacTaeT BC/1eCTBME NOBbIWEHs CLenieHNsa LEMEHTHOTO KaMHS C aKTVBHOW
NMOBEPXHOCTbIO MUKPOKpeMHe3eMa. KpuBble NONMHbIX PaBHOBECHbBIX AMarpamMm anmnpoKCMMUPOBaHbI MO yYacTKam MpoCTeNLLnMI
JINHENHBIMUN 1 KBaAPaTUYHbIMU QYHKLMAMM UV NPEACTaBAATCA KyOUYECKUM NONIVHOMOM.

KJTIOYEBDIE CJIOBA: peXXumbl Harpy»KeHus, LLeMeHTHbI KaMeHb, MOPOLLIKOBO-aKTVBNPOBAHHble 6eTOHbI, PU3UKO-MexaHnvecKkme
XapaKTepUCTUKM 6ETOHOB, AnarpaMmbl 1ehOPMMPOBAHUA C HUCXOAALLEN BETBbIO, annpoKcMmaLumna auarpamm, anddepeHumanbHble
ypaBHeHu A
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INTRODUCTION

Concrete elements and reinforced concrete structures in
buildings and structures are subject to various loads dur-
ing operation, which cause deformation and destruction.
It has been shown that the strength and elastic-plastic
properties, as well as the durability of modern concrete,
can be broadly controlled using superplasticizers, nano-
additives, fillers, and fine aggregates [1—6]. The use of
reactive powder concretes contributes to the production of
concrete with improved physical and mechanical proper-
ties and performance characteristics [7—11].

Reactive powder concrete (RPC) is a new type of
structural material with high strength, a high modulus
of elasticity, and durability. These concretes do not con-
tain coarse aggregate. Therefore, they are formed without
a boundary between the transition regions between par-
ticles, which imparts higher resistance to cracking [7, 4,
12, 13]. The potential of using reactive powder concrete in
steel-concrete composite beams has been proven, allow-
ing for increased crack resistance, rigidity, and durability
when replacing conventional concrete [8, 14]. A T-shaped
beam constructed from reactive powder concrete of low
height demonstrated high ultimate load-bearing capacity
with high safety factor results (more than 2.2) [9, 10].

Russian and international researchers are working
to optimize the compositions of powder concrete at the
macro-, micro-, nano-, and pico-scale levels [15—18]. To
date, reactive powder concrete compositions have been
developed based on the fundamental principles of the
physicochemistry of water-dispersed systems, primarily
micrometric and, to a lesser extent, nanometric aqueous
suspensions and their rheology [16, 18]. The authors have
obtained micrometric suspensions of cement and rock
powders and converted them into highly concentrated
and aggregate-stable ones with a minimum amount of
water [19—22].

Nanotechnologies for producing concrete using hy-
drosilicate additives are promising [23]. Progress in accel-
erating the hardening of cement systems using hydrosili-
cate crystallization nuclei has reached a high level. Cur-
rently, nanometric calcium hydrosilicates (with superfine
particles) in suspension form have been synthesized both
abroad and in Russia [23—25].

This article examines the deformability of hardened
cement paste and reactive powder concrete. It is known
that the main characteristics of material deformation and
failure processes are determined using stress-strain (o0—¢)
diagrams. For this purpose, various types of diagrams
can be used in engineering calculations [26—29]: curvi-
linear, characterizing the behavior of concrete, including
those with a descending branch; piecewise linear (two-
and three-linear). Curvilinear diagrams characterize the
relationship between stresses and strains in the form of
a curvilinear line. These diagrams are used to describe

the behavior of a material under plastic deformation. The
effectiveness of this method when loading materials with
tensile forces has been demonstrated. The characteris-
tic points on such diagrams are the corresponding yield
points (the stress at which strains increase without a no-
ticeable increase in load) and the ultimate strength (the
stress at which the material fails). Piecewise linear dia-
grams, which include bilinear and trilinear diagrams, are
approximated by a smooth nonlinear relationship between
stress and strain. This replacement of a smooth nonlin-
ear relationship with a piecewise linear approximation
significantly simplifies the solution of static objectives.
These methods are used to describe the deformation be-
havior of microfractured, porous, and fibrous materials
with elastic, viscous, and plastic properties. In particular,
bilinear diagrams, which represent the relationship be-
tween stress and strain as straight sections, are also used
to describe the stress-strain state of compressed concrete
or tensile reinforcement. In this case, normal stresses in
elastic deformation zones vary according to Hooke’s law
proportionally to the relative strains, while they remain
constant in plastic deformation zones. The use of trilinear
diagrams is effective when determining the relationship
between stresses and relative strains, taking into account
loads of varying duration. These types of trilinear dia-
grams are used to calculate the deformations of reinforced
concrete elements when assessing the stress-strain state
in compressed and tensile concrete using a nonlinear de-
formation model in the absence of cracks. This method
allows for a more accurate determination of the height
of the compressed zone of a section and savings in re-
inforcement compared to traditional calculations using
a rectangular stress diagram in concrete.

The overall view and main parametric points of the
o—¢ deformation diagram of concrete under compression
are shown in Fig. 1.

Three regions of deformation development are dis-
tinguished in the o0—e diagram: linear — on the ascending
branch — characterizes elastic deformations (accompanied
by compaction of concrete); elastic-plastic — the non-
linear section of the ascending branch — characterizes
irreversible plastic deformations (accompanied by loosen-
ing of concrete); plastic stage — the descending branch of
deformation — characterizes plastic deformations leading
to destruction of concrete. That is, the total deforma-
tions of concrete consist of elastic (linear) and long-term
(which are both reversible, obeying the principle of su-
perposition, and irreversible, nonlinearly dependent on
stresses) [30—32].

There are various interpretations of the deformation
curve. V.M. Bondarenko initially proceeds from R. Ol-
son’s position that, from the point of view of the molec-
ular-kinetic theory of the structure of solids, only a non-
linear relationship exists between stresses and strains,
while a linear relationship (in the form of the well-known

http://nanobuild.ru 649

info@nanobuild.ru


http://nanobuild.ru/ru_RU/

2025; 17 (6):
647-665

Nanotechnologies in construction
HaHoTexHonornn B cTponTenbCcTBe

No. 100

Nanobm

CONSTRUCTION MATERIAL SCIENCE

G
Maximum point of
Plastic strain the diagram
range
Descending part of
Rblwmlm:us the chart
Elastic strain
range
0,3 Rp Ascending part of
y a EO =tga the chart -
[ Eq=tg a4
E€bR Epmax

&

J
Maximum point of
the diagram
Turning peint of
the diagram
Rp
Minimum point of the
Rtu diagram
Rmin
EpR &u Ebmax €

Fig. 1. Stress-strain diagram for concrete [29]

Hooke’s law) is only a simplified notation of the equa-
tion of state of the material, permissible only at very low
stresses [33—35]. In his works, concrete deformations are
proposed to be composed of instantanecous (inelastic-
nonlinear) and retarded nonlinear deformations. There-
fore, he proposes his own version of the engineering
calculation of reinforced concrete structures using the
integral deformation modulus.

The diagrams obtained by different authors indicate
that with an increase in the deformation rate, the maxi-
mum stress increases, and the corresponding ultimate
deformations also increase (according to a linear law),
and the time before the onset of destruction decreases
according to a power law [36—41].

The heterogeneity of the concrete structure causes
different relative deformations at different measurement
bases. Ultimate deformations depend on the specimen
size and loading conditions (the ultimate deformations
of smaller specimens are greater). The diagrams of more
heterogeneous materials are more distorted. To ensure
reliable assessment of material quality, standards for
specimen sizes and testing procedures have been es-
tablished.

The modulus of elasticity (Young’s modulus) is related
to the straight-line region. If such a region is absent, the
modulus of elasticity is tangential to the curve. Under
prolonged loading, deformations can increase over time,
meaning concrete exhibits plastic yield deformations. Un-
der slow loading, concrete plastic yield partially relaxes
the stress, causing stress redistribution and a change in the
secondary stress field. Plastic yield develops particularly
rapidly with increasing stress and ductility of the concrete
and is already noticeable after a relatively short loading
time. At high loading rates, the liquid phase has virtually
no time to penetrate the mouths of newly forming mi-
crocracks and influence their further development. This

can be observed with loading times up to failure times of
less than 0.2—0.3 s.

Concrete failure occurs gradually. Initially, overstress
occurs, followed by cracks in individual microvolumes,
stress distribution, and the involvement of a larger vol-
ume of material in cracking, eventually leading to the
formation of a continuous fracture of one type or another,
depending on the shape of the specimen (structure), its
dimensions, and other factors. In the final stage of load-
ing, the microfailure process becomes unstable and takes
on an avalanche-like nature.

Concrete failure under compression is caused by the
development of tensile microcracks directed parallel to
the applied force. An apparent increase in the volume of
the specimen occurs. The process of microcrack develop-
ment is determined by the structure of the concrete, as
well as the type and mode of the applied load. It should be
noted that the process of microcrack development in the
0 .—¢, concrete behavior diagrams can only be detected by
comparing the longitudinal and transverse deformations
of the concrete specimen. Increasing crack resistance for
concrete elements and reinforced concrete structures is
a critical issue. This is especially important for materi-
als and products used in the construction of high-rise
buildings and structures [42], large-sized concrete beams
[43], products subjected to impact loads [44], elements
subjected to tensile loads [45, 46], for pile foundations
[47], beam-column connections [48], prestressed beams
[49], and for bridge structures [50].

Research aimed at establishing analytical expressions
that best reflect the physical nonlinearity of concrete be-
havior under loading is relevant [51]. In this case, physical
linearity is largely associated with cracks and their devel-
opment. The deformative properties of concrete, taking
into account the downward branch of deformation, have
been examined in many studies [52, 53].
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The ultimate deformability of concrete depends on
various factors. The concrete deformation diagram on the
descending branch is determined by the following para-
metric points: ¢, , (the ultimate deformability of concrete
corresponds to the concrete reaching its maximum strength
R), ¢, €, (the end point of the descending branch of
the diagram corresponds to the residual strength of con-
crete R ). The diagram evaluates various concrete states
both before and after cracking. Currently, the deformation
properties of powder-activated concrete, depending on the
main structure-forming factors, have not been fully studied.

PURPOSE AND OBJECTIVES OF THE RESEARCH

The purpose of the study is to investigate the pro-
cesses of deformation and destruction of cement stone
and powder-activated concrete.

Research objectives:

1. To compile an analytical review of the works of do-
mestic and foreign authors in the field of studying the
deformability of cement stone and concrete based on
stress-strain diagrams.

2. Justify the composition of cement matrices for new
generation concretes for conducting research: 1) cement,
ground filler, plasticizer, water (matrix of the first kind);
2) cement, ground filler, fine filler of fraction 0.1—0.5
or 0.16—0.63 mm, plasticizer, water (matrix of the sec-
ond kind); 3) matrix of the first kind or matrix of the
second kind, including fine filler of fraction 1.0—5.0 or
0.63—5.0 mm (matrix of the third kind).

3. To determine the influence of key structure-forming
factors of cement stone and powder-activated concrete on
the main parameters of crack resistance: static J-integral;
specific energy costs for destruction; static stress intensity
factor.

4. Obtain stress-strain diagrams for cement paste and
powder-activated concrete and describe the influence of
key formulation factors on the key parametric points. The
type of diagrams studied should be descending-branch
diagrams, which allow to examine of elastic, elastic-plas-
tic, and plastic properties in addition to the elastic ones.

5. To study the influence of key structure-forming
factors on the main physical and mechanical properties
of cement stone and powder-activated concrete.

6. When studying cement stone, the influence of the
water/cement ratio, modifying additive, and superplasti-
cizer should be considered as structure-forming factors.
When studying powder-activated concrete, along with
the above, the influence of fine filler, rheological fillers,
and reactive fillers should be considered. Analyze the
resulting diagrams for materials with individual structure-
forming factors, as well as for powder-activated concrete
as a whole.

7. Conduct an approximation of complete equilibrium
diagrams.

8. Suggest polynomial stress-strain relationships with
odd integer exponents.

9. Write differential equations for typical cases of con-
crete deformation.

MATERIALS AND METHODS

The main binder was pure cement produced by Uly-
anovsk-Cement LLC. The properties, chemical composi-
tion, and mineralogical composition of the used cement
are presented in Tables 1 and 2.

The Melflux 1641F hyperplasticizer (HP) from the
Melflux series (manufactured by Degussa Construction
Polymers, SKW Trostberg, Germany) was used as a plas-
ticizing additive. By structure, they are graft copolymers.
They are distinguished by their electrosteric dispersion
(deflocculation, agglomerate breakdown, and plasticiza-
tion).

The characteristics of the hypersuperplasticizer are
given in Table 1.

Stone flour was used as a rheologically active dispersed
filler, and microquartz from the Lipetsk Mining and Pro-
cessing Plant (LMPP) was used as the stone flour. The
microquartz characteristics are presented in Table 2.

Microsilica was used as a reactive-chemical pozzo-
lanic additive, the characteristics of which are presented
in Table 3.

Sands from the Smolnensky quarry in the Ichalkovsky
district of the Republic of Mordovia and the Kh-
ramtsovsky quarry in the Ivanovo region were used as
fine-grained fillers and aggregate sand. The physico-
chemical characteristics of the fillers and the grain size
distribution of the sands are presented in Tables 4—7.

Table 1. Characteristics of the hyper-superplasticizer “Melflux 1641F"

Characteristics

Melflux 1641F

External appearance, colour

Powder, color from yellowish to brown

Loss on drying, % by weight max 2.0
Bulk density, kg/m? 400-600
Reaction — pH 20% solution t = 20 °C 6.5-8.5

Recommended dosage in relation to the mass of the binder, % 0.05-1.0
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Table 2. Microquartz characteristics
Lipetsk sand (molding)
Sieve sizes, mm Residue on sieves, g | Partial residuals, % | Total residuals, % Size module
5 0 0 0
2.5 0 0 0
1.25 0 0 0
0.63 5 0.25 0.25
0.315 205 10.25 10.5 102
0.16 1620 81.0 91.5 ’
less 0.16 155 7.75 102

Table 3. Characteristics of Lipetsk microsilica

. SiO2 content, % S
Name of materials - - Colour | p, kg/m* | p ., kg/m? spec’
total including amorphous kg/m
Lipetsk MK-65 powder 70 60-65 Dark gray 2.3 178 6000
Table 4. Characteristics of sand from the Ichalkovsky quarry of the Republic of Mordovia
Item No. Characteristic Units of measurement Indicator
1 Sand class - 1
2 Fineness modulus - 1.7
3 Bulk density g/sm? 1.35
4 Content of dust and clay particles % 2.0
5 Clay content in lumps % 0.2
6 Filtration coefficient m/day 3
Table 5. Characteristics of sand from the Khramtsovsky quarry in the lvanovo region
Item Name of indicators Requirements of GOST (State Actual
No. Standard) 8736-2014 indicators
1 Fineness modulus 2,5-3,0 2.76
2 Content of dust and clay particles, % No more than 2.0 1.0
3 Clay content in lumps, % No more than 0.25 Absent
4 Bulk density, kg/m? 1580
Content of harmful components and impurities:
5 SO, 0-1.0 0.37
% amorphous SiO,, mmol/L 0-50 28.83
6 'SpeC|ﬁc effective activity of natural radionuclides Up to 370-1% sort. 39
in sand, Bg/kg

Table 6. Characteristics of the grain size composition of quartz sand from the Ichalkovsky quarry of the Republic of
Mordovia

. Residue on sieves, %, with size of mesh, mm
Residuals
2.5 1.25 0.63 0.315 0.16 pallet
Partial 0.28 1.1 6.44 32.16 47.34 12.67
Total 0.28 1.39 7.83 39.99 87.33 100
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Table 7. Characteristics of the grain size distribution of quartz sand from the Khramtsovsky quarry in the Ivanovo

region
. Residue on sieves, %, with size of mesh, mm
Residuals
2.5 1.25 0.63 0.315 0.16 pallet
Partial 9.63 8.89 34.35 35.37 9.94 1.82
Total 9.63 18.52 52.87 88.24 98.18 100

The compositions shown in Table 8 were selected for
the study.

Cement paste-based samples were prepared manually.
The components were weighed before mixing. Cement
and superplasticizer were weighed using an electronic
scale with an accuracy of 0.01 g. When preparing the mix-
tures, a solution of dry superplasticizer in water was first
prepared. This solution was then added to the cement. For
mixtures containing superplasticizer, the amount of water
was adjusted to ensure a paste of normal consistency.

Concrete mixtures were prepared using a mixer or
a gravity-fed concrete mixer. Bulk concrete ingredients,
namely, Portland cement, aggregates, and fillers, dosed
by weight, were sequentially added to the mixer along
with mixing water and a plasticizer. The mixture was
thoroughly mixed until a self-compacting, homogeneous
mass was obtained. The mixture was poured into standard
molds and compacted on a laboratory vibrating platform.
Specimens measuring 4X4X 16 cm were prepared in met-
al molds, which were pre-lubricated with paraffin. The
specimens were cured using heat and humidity treatment
after curing for 24 hours in a bath with a hydraulic seal.

To obtain an equilibrium force-displacement (F-V)
diagram for crack resistance testing of highly brittle (high-
strength) specimens, a high-rigidity rig was used. Based
on the force Fand displacement V' data, the F-V diagram
shown in Figure 2 was constructed.

The experimental diagram was then transformed into
a calculated one according to the requirements of GOST
(State Standard) 29167. For this purpose, using the Au-
toCAD graphics editor, a stress-strain diagram was re-

constructed from the data set. The algorithm for these

operations is given below.

The following algorithm was adopted for determining
crack resistance:

— from the beginning of the rectilinear descending sec-
tion of the diagram, that is, from point D, where the
condition (dF/dV) ~ const is satisfied, a segment DK
was drawn perpendicular to the OV axis;

— from point C, a perpendicular CH was dropped to
the OV axis and a line CA, parallel to the elastic line
oT,

— the length of the segment OM was determined from
the expression:

2
Ve =V, 1+238¢ 1)

142892+ 6¢- [(ﬁ)z . (5,58 — 19,57 + 36,8217 — 34,940% + 12,77#)] ’
where A =a,/b; @ = b/L; V, — elastic displacements
of the sample (segment AH in Fig. 2);

— from point M, a perpendicular MC ¢ was drawn to
the OV axis until it intersected with line CC ¢, parallel
to the OV axis. Point O was connected to point C ¢ by
segment OC .

The use of an equilibrium diagram allows one to de-
termine the energy and force characteristics of the test
material.

Using AutoCAD tools, we determined the areas on the
equilibrium diagram that correspond to the energy costs
(W, MJ) associated with: W — the processes of develop-
ment and merging of microcracks before the formation of
the main crack of static failure (equal to the area of OTCA
in Fig. 2); W — elastic deformation before the onset of

Table 8. Basic compounds of the compositions for the preparation of samples

Content of components, mass. h, for the composition
Components

1 2 3 4 5 6
Ulyanovsk cement PC 500 DO 1 1 1 1 1 1
Water 0.267 0.35 0.171 0.6 0.475 0.525
GP «Melflux 1641F» - - 0.009 0.009 0.009 0.009
Lipetsk microsilica - - - - 0.1 -
Microquartz - - - 1.1 0.75 -
Quartz sand fraction 0-0.63 mm - - - 2.753 1.775 2.065
Quartz sand of fraction 0.63-2.5 mm - - - 2.347 1.975 1.76
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Fig. 2. Equilibrium diagram of deformation of sample N T17 [51]

movement of the main crack of static failure (equal to the
area of ACH in Fig. 2); W, — local static deformation in
the zone of the main crack (equal to the arca of HCDK
in Fig. 2).

By calculating the area of the triangle OC* M, we de-
termined the estimated energy costs for elastic deforma-
tion of a solid sample:

Wawi=Fp-Vii/2, ()

where Fis the maximum force achieved during the
test.

The specific energy consumption values G, in MJ/m?,
were calculated using the corresponding formulas.

G, — specific energy consumption for static destruction
before the start of the main crack movement:

_ WntW,
G = t(h—ag)’

3)

where ¢t = b are the geometric dimensions of the
specimen’s cross-section; a,, is the initial crack length.

G, is the specific effective energy consumption for
static fracture:

— Wi_We
Gr = toman)” )

G, — total specific elastic energy consumption for
static deformation of samples before dividing them into
parts:

GeE = G ary ©)

The influence of technological factors on the crack
resistance of concrete is assessed in two areas of the sam-
ple’s operation: before the main crack starts to develop
and after it starts to develop until the sample is divided
into two parts.

Before the main crack starts to form, the crack resis-
tance criteria are: W — energy consumption, MJ, equal to
the area of the OTCA in Fig. 6; W, — energy consumption,
MJ, equal to the area of the HC/IK in Fig. 2; G, — spe-
cific energy consumption, calculated using formula (3),
as well as the static J-integral, MJ/m?, calculated using
the formula

Wm + We B Wui
= O
b(b—ay)
K. — static stress intensity factor, MPa-m'/:
K. =,G E,, 7

where the static modulus of elasticity of concrete E,,
MPa, is calculated using the formula

_F, L
Ve abt
After the crack starts and until the sample is divided

into two parts, the crack resistance criteria are: W, —
energy consumption, equal to the area of the HC/JK in

®)

b
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Fig. 2; G,— specific energy consumption, calculated using
formula (4); K — critical stress intensity factor, MPa-m'”2,
calculated using the formula

K. =G, E,. )

Based on the test results, final Tables 9, 10, 11 are
generated.

EXPERIMENTAL RESULTS AND THEIR ANALYSIS

This section presents the results of a study of the
strength, crack resistance and deformation characteristics

of cement stone and powder-activated concrete samples
and an approximation of the complete equilibrium dia-
grams.

Equilibrium testing of the specimens was performed
according to GOST (State standart) 29167—91, assessing
the influence of structure-forming factors on the energy
and force parameters of crack resistance. The test results
are presented in Tables 12 and 13.

From the test results presented in Table 12, it follows
that an increase in the water-cement ratio causes a sharp
decrease primarily in the energy parameters of fracture
mechanics — a decrease by a factor of 12.1 in the specific
energy consumption for static fracture of the GF sample

Table 9. Determination of crack resistance characteristics of sample Ne T17. Initial data

Sample Solidification Geometric dimensions of the sample Sample | Sample den- Humidity
composition behavior L-103 B-10° | H-10° | A:10° | L10° weight, kg | sity, kg/m? (weight), %
T17 TBO 160 40 40 4 120 0,581 2270 3,0

Note: L - specimen length; B — width; H - height; A - length of crack induced in specimen; L - distance between specimen supports.

Table 10. Load values £, H, displacement values V, m, at characteristic points on the curve “F-V”

C H T A D M E
F:10° | V:10° | F,-10° | V,-10° | F+10° | V-10° | F,-10° | V,-10° | F,-10° | V+10° | F,-10° | V,+10° | F.10° | V,.10°
2503.0 | 32.0 0.0 32.0 2385 18.8 0.0 11.8 22 219 0.0 18.2 0.0 278.0
Table 11. Calculated material characteristics
Energy characteristics Crack resistance Properties of concrete
w,) w,)J w,J w,) G,J G.J J,J  |K,MPam"| R, MPa| E,MPa | X_,m |R_ MPa|R, MPa
1 2 3 4 5 6 7 8 9 10 1 12 13
0.0248 | 0.02939 | 0.193381 | 0.022797 | 37.44375 | 151.5008 | 21.61228 | 0.931784 |6.436214 |23187.38 | 0.084802 | 6.8 105
Table 12. Effect of Melflux 1641F hyperplasticizer on crack resistance parameters of cement stone
Composition G, J, K.
number J/m? Rel. unit. J Rel. unit. MPa-m'”2 Rel. unit
1 558.3 1.00 342 1.00 1.60 1.00
2 46.3 12.1 3.76 9.1 1.12 1.43
3.71 0.81 1.39
3 150.6 0.31 42.19 0.09 1.15 0.07
Table 13. Effect of finely dispersed quartz on crack resistance parameters of sand concrete
Composi- w/C G, J; K;
tion number J/m? Rel. unit. J Rel.unit. | MPa-m"> | Rel.unit.
4 0.6 127.0 2.1 25.8 33 0.63 13
5 0.475 149.4 2.5 455 5.8 1.27 2.6
6 0.525 60.1 1.00 7.9 1.00 0.49 1.00
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and a decrease by a factor of 9.1 in the static J-integral J,
while the strength criterion, estimated by the value of the
static stress intensity factor at normal rupture, decreased
only by 1.4 times, i.e. by an amount comparable to the
decrease in strength indicators (see Table 12).

As follows from the data in Table 13, the sharp de-
crease in the water-cement ratio caused by the use of
superplasticizer led to a decrease by a factor of 3.71 in
the specific energy consumption for the static destruc-
tion of the sample compared to sample Ne 1 and to an
increase by a factor of 3.25 compared to sample Ne 2
with a high water content. In this case, an increase in the
static J-integral J,, which characterizes the nonlinearity
of the material deformation processes at the crack tip,
is observed — insignificant (by 23%) compared to the
sample on the cement paste of normal density (composi-
tion Ne 1) and significant (by 11.22 times) — with a high
water-cement ratio (composition Ne 2). The strength
criterion, estimated by the value of the static stress in-
tensity factor at normal rupture K, by analogy with the
G criterion, has a maximum value for cement of normal
consistency, i.e. both an increase and a decrease in W/C
lead to a decrease in the most important parameters of
crack resistance of the material.

Table 13 presents the results of comparative tests to
determine the crack resistance parameters of powder-
activated concrete. The results demonstrate that the use
of finely dispersed quartz significantly increases the crack
resistance parameters of the concrete under study—by 1.3
to 5.8 times, particularly the static J-integral Ji, which
characterizes the ductile (plastic) fracture energy of the
material at the crack tip, increasing due to the enhanced
adhesion of the cement stone to the active surface of the
microsilica. On the other hand, the effect of introduc-
ing finely dispersed quartz could have been even more
explicit if not for the different water-cement ratio of the
compositions, given that, as was established above, the
influence of the water-cement factor on crack resistance
parameters is not only significant, but can also be ambigu-
ous - both a decrease and an increase in W/C relative to
some rational value leads to a decrease in crack resistance
of the cement stone.

The introduction of finely dispersed quartz in the form
of microquartz (ground sand) and microsilica (amor-
phous form with a specific surface area of 50,000 sm?/g)
had a significant effect on the strength of sand concrete in
bending (Table 13): the addition of microquartz (compo-
sition Ne 4) led to an increase in strength by 1.7 times, and
the combination of microquartz and microsilica (compo-
sition Ne 5) — by two times.

Fig. 3, 4 show complete equilibrium diagrams of the
compositions indicated in Table 8 for uniaxial compres-
sion.

The water-cement ratio also influenced the nature
of the specimen’s deformation under load (Fig. 3).

At a lower water-cement ratio, a steeper ascending section
is observed in the equilibrium deformation diagram (see
Fig. 3a), which characterizes the specimen’s more elastic
behavior and an increased modulus of elasticity compared
to hardened cement paste with a lower water-cement ratio
(see Fig. 3b). However, a longer descending branch is also
observed before complete failure (separation into two
halves) of the beam specimen.

When using a hyperplasticizer, the deformation pattern
of sample composition Ne 3 under load is closer to that of
cement stone composition Ne 1 (see Fig. 3a) with a water
consumption corresponding to the normal density of the
cement paste, but with a shorter (10 times) descending
branch, which indicates the brittle nature of the destruc-
tion of the sample (Fig. 3c).

The use of finely dispersed quartz also affected the
nature of the deformation of the samples (Fig. 4) — their
elasticity increased from 1.3 to 1.7 times, but at the same
time the magnitude of ultimate deformations decreased
by 20%, i.e., sand concrete samples become more elastic
and less deformable, which is consistent with the general
idea of increasing the brittleness of cement samples with
an increase in their strength.

Analyzing the results of compression tests in the stress-
strain axes, it can be concluded that for all the studied
compositions, at the initial loading stage, the increase in
stress and strain occurs according to a law close to linear,
but with further deformation, the linearity is violated, and
when the ultimate stress values are reached, the concrete
is intensively destroyed, which is accompanied by a de-
crease in stress and an increase in strain.

For each composition, characteristic points with
maximum stresses, beyond which specimen failure be-
gan, were identified on the resulting diagrams. The cor-
responding ultimate strain values (¢__ ) were determined
for these points; the transitions from the first to the sec-
ond section and from the second to the third were also
recorded for individual compositions.

Let us approximate the complete equilibrium defor-
mation diagrams (Fig. 5).

In accordance with Fig. 7 and 8, the curves of the
complete equilibrium diagrams should be approximated
by the simplest functions — linear and quadratic — in
sections.

In studies [52—54], the curves of volumetric and shear
deformation of geometrically and physically nonlinear
and linear continuous media were approximated by bi-
linear [52] and biquadratic [54] functions. This approxi-
mation made it possible to write differential equations of
equilibrium in displacements for characteristic cases of
deformation of a continuous geometrically and physi-
cally nonlinear and linear continuous medium: uniaxial
plane deformation, axisymmetric deformation, centrally
symmetric deformation, plane deformation in Cartesian
and cylindrical coordinates.
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Fig. 3. Complete equilibrium diagram of deformation of cement stone of the following compositions:

a-N°1;b-N°2;c—Ne3

Let us highlight the main parametric points on the
curves of the complete equilibrium diagrams of deforma-
tion of concrete samples (Fig. 5):

Point O — Starting point of the diagram. g, = 0,
g,=0.

Point T — The end point of the initial straight line
section. g; €,

Point C — Maximum stress. g, €.

Point F — Closes the curve approximating the vertex.
O &

Point D. — The point of change of curvature of the
diagram. 0,; €,.

Point E. — The end point of the descending branch
of the diagram. o,; €.

Let us introduce the following approximating func-
tions:

The first section O—T is approximated by a linear

function: ax + b =y.

The second section T—C—F is approximated by a pa-

rabola: ex? + dx + e = y.

The third section F—D is approximated by a parabola:

e+ hkx+1=y.

The fourth section D—E is approximated by a linear

function: mx +n =y.

The coefficients of the approximating functions based
on the main parametric points on the curves of the com-
plete equilibrium diagrams of deformation of concrete

samples cam be determined.
The first section: ax +b =y
o=ac+b,
0 =a0+b, thatis b =0.
o,=ae,thatisa =o/e,
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o=ce +de +e,
- 2 .
g, csT2 +de, +e;
o.=cel tde, e
o,=cel tde,te
Solving this system of linear algebraic equations, it

can be obtained:

g2 g 1 or & 1
A= |2 e 1|;0=|0oc & 1f;
et g 1 op & 1
et op 1 g4 & o7
— |2 A= |2
A= e o 1|;A3= | & o¢|.
2 2
ef op 1 Ef & Op

A
Then:c == d = 2 e = =
A A A

Summarizing:
— 412,82 44
g=7¢ +A€+A' (11)

In the second section, the branches of the parabola are

directed downwards, that is, the curvature of the parabola
is negative:
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A
C
T
F
D
E
» €
0
Fig. 5. Complete equilibrium deformation diagram
Summarizing: or er 1
5 oc & 1
d<o 1
o=Ze¢. (10) 2 =2c=2ZFEF <.
ér de? et er 1
2
The second section: ex? + dx +e =y fc g
812;'- EF

This is possible if the numerator and denominator
have different signs.

The third section: > + kx + =y
o=fe*+ ke+ |,

0, = [} + ke + 1,
o,=fe,) t ke, +1;

2ce,+d=2e, + k.

Solving this system of equations, it can be obtained:
k=2ce,+d -2,

Theno,=fe, + (2ce,+d — 2fe )e, + I,

o,= e+ Qe +d—2fe e, + 1

After rewriting the resulting system:

o, =g+ Qce, +d)e,— 2} + 1=

=—fe + 1+ Q2ce, + d)e;

o,= e+ Qe+ d)e,— e + 1=

=—fe 1+ (2ce, + d)e,,.

Subtracting the second from the first, we get:
0,—0,=—fe2+ fe )+ Qce, + d)(e,—¢€p).

_ (op—ap)—(2cep+d)(ep—ep)

2 2
ED—EF

Thus f

Adding the first and second, we get:
o,to,=—fe}—fe 2+ 2+ 2ce, +d)(e, +€)).
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Thus,
1=1/2[(0,+0,) + (e + fe,)) -

— Qee, td)(e, +e)|=1/2[(0,+0,) +
+ el + ) — Qee, T d)(e, + el
Finally,

f= (op—op)—(2cep+d)(ep—ep).

>

2 2
€D—F¢F

k=2cer+d—2¢p

(op—ap)—(2cep+d)(ep—ep).
eh—ef ’

(op—0p)—QRcep+d)(ep—ep) _

l=% (07 + op) + (eF + €5)

eh—<f
— (2cep + d) (g + £p)
Summarizing:
(o7 — ap) — (2cep + A)(er — &p)
ag= > 3 £+
g —¢
D —€F
oy —op) — 2cegp + d)(ep — €
et -2, == D)
€D —¢F
+l [(O-F + O-D) + (55 + 55) (GF—GD)—(ZZCEF';'@)(SF—ED)_
2 Ep—&f
— (2cep +d)(ep + &p)| (12)

In the third section, the curvature of the parabola is
positive, that is,

d?a or —0p) — (2cep + d)(ep — ¢
—2:2f:2(F D) (2 Fz )(er D)>0.
de &p — Ef

Here the denominator is positive. Then the following
relation must hold:
(0,—0,) — Qce, +d)(e,—¢,) > 0.
Or(0,—0,)/(e,—¢,) > 2ce, +d.
The fourth section: mx +n =y
g =me + n.
0, =.m£D + n;o,=me, +n. .
Solving this system, we obtain:
o,—0,=m(e,—¢€,),
T0 €CTb M = (0, — 0,)/(€, — €,).
o, o, =m(e,+e,)+2n,

1 op—0a]
thatisn=—[0’D+O'E— £ E(ED-i-EE)].
2 ED—EE

Summarizing:

_ 9p—CE Op—0E

Ep—¢E

o E+%[O‘D+O'E - (&'D+EE)]. (13)

ED—EE

Thus, the complete equilibrium diagram is approxi-
mated by two straight lines and two parabolas. At point T
and point D, the approximated curve may have a break;
at points C and F, the curve is continuous up to second-
order derivatives.

Table 14 presents the correspondences of the coeffi-
cients of the approximating polynomials for the complete
equilibrium diagrams of deformation of cement stone of
the compositions given in Tables 8 and 9 (composition
Ne T17).

It is also convenient to use a simplified version of the
diagram digitization.

The average o—e¢ curve for concrete under short-term
loading at a constant velocity is shown in Figure 6.

In this case, a descending section is detected on the
diagram. When selecting and constructing approximating
dependencies, we will use the concepts of ultimate com-
pressibility [¢~] and ultimate tensile strength of concrete
[e*], i.e., concrete deformations at the moment of failure.
For calculations under so-called short-term loading, we
can take ultimate compressibility [¢~] = 2.0-10~3, ultimate
tensile strength under axial tension [e*] = (1.5+3)-107%),
under bending and eccentric compression [¢7] = 3.5-1073.
Ultimate tensile strength under bending is significantly
higher and edge elongations in this case can be twice as
high as the previously indicated values.

When writing equilibrium equations, it is more con-
venient to use dependencies of the form

o =f(e). (14)

In a fairly general form, such a dependence can be
written as follows [56]:

_—_\n L oki
0= L= Aj-ett=

Aprefr+ Ay refe + Ay -efe o+ A - e, (15)

where A, are some physical constants with the dimen-
sions of stress; k, are dimensionless exponents that can be
any positive number (integer or fractional).

By selecting the appropriate values of 4, k, and the
number of terms n, any experimental diagram can be ap-
proximated with the required accuracy.

If, during deformation of a structure, stresses of dif-
ferent signs arise, then it is convenient to approximate
the o0—e dependence using a polynomial with integer odd
exponents, for example, a cubic dependence [57]:

0= FEe— A€, (16)

ensuring the symmetry of the diagram relatively to
tension-compression.

Here F is the initial modulus of elasticity of the mate-
rial:

4 E3
A3 =—_2 .
27 opn

a7)

Thus, when implementing the behavior of a material
taking into account plastic compression deformations and
taking into account tension, relation (16) can be used.
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Table 14. Correspondences of the coefficients of the approximating polynomials

First section O-T: | Second section T-C-F: | Third section F-D: | Fourth section D-E:
O;€E,~0; &, 0, €. ~0,¢&, 0 & ~0, &, 0, &, ~0 &,
Composition N2 3 Parabola.
(Fig. 3) . Point F is taken below Linear.
L Linear . Parabola

Type of approximating point C at the break o = 0
function: point of curve CD E
Compositions N2 4, N2 5, Parabola.
Ne 6. Point F is taken below Linear
(Fig. 4) Linear point C at the first Parabola )
Type of approximating break point of curve op #0
function: cD

-, 0
C(?mp05|t|ons NeT17. Parabola. .
(Fig. 2) . . . Linear.
Type of approximating Linear Point F is taken at the Parabola

ype level of pointT. o =0
function:
Compositions Ne T17. . P'arabola.
(Fig. 2) Point F is taken below Linear
T gé of apbroximatin Linear point C at the first Parabola )
ype ot app 9 break point of curve o # 0
function:
CcD

a O’Jn b A U

Ry,

~
&
6:10%
@ R TR -0 {/
. 030609 1,2 15 1,8 2,1 ©
e, e N Fotey

Fig. 6. Concrete deformation diagram [55]: R, = 0~ ultimate strength of concrete material under compression

CONCLUSION

1. A review of scientific and technical literature by
domestic and foreign authors in the field of studying de-
formability and calculating the physical and mechanical
properties of materials based on stress-strain diagrams
was compiled.

2. The patterns of influence of formulation factors
(W/C ratio, modifying additive, superplasticizer, fine
filler, rheological and reactive fillers) on the deformabil-

ity of cement stone and powder-activated concrete were
established.

3. By conducting physical and mechanical tests of
samples of cement stone and powder-activated concrete,
stress-strain diagrams with a descending branch were ob-
tained, which made it possible to study, along with elastic,
elastic-plastic and plastic properties.

4. It was found that increasing the water-cement ratio
from 0.267 to 0.350 causes more elastic behavior of the
material under load, a significant (4—5 times) elongation
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of the descending branch of the full equilibrium defor-
mation diagram of cement stone, and a change in the
failure mechanism of the material. An increase in the
water-cement ratio causes a sharp decrease primarily in
the energy parameters of fracture mechanics: a decrease
by a factor of 12.1 in the specific energy consumption
for static failure of the specimen GF and a decrease by
a factor of 9.1 in the static J-integral /. Meanwhile, the
strength criterion, estimated by the value of the static
stress intensity factor at normal rupture, decreased only
by a factor of 1.4, i.e., by an amount comparable to the
decrease in strength properties (see Table 12).

5. The use of Melflux 1641F superplasticizer resulted
in a significant reduction in the water-cement ratio—by
a factor of 1.56 compared to the composition based on
normal-thickness test and by a factor of 2.04 compared
to the composition with increased water content. When
using the superplasticizer, the deformation pattern of the
specimen under load was closer to that of the cement
paste based on normal-thickness test, but with a shorter
(10 times) descending branch, indicating more brittle
behavior of the specimen.

6. The use of a superplasticizer resulted in a 3.71-fold
reduction in the specific energy consumption for static
fracture of the specimen compared to a specimen made
with normal-thickness cement paste and a 3.25-fold in-
crease compared to a specimen with a high water content.
Furthermore, an increase in the static J-integral J/,, which
characterizes the nonlinearity of material deformation
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