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AHHOTALUS

Tonyuenue 6emonos ¢ 3a0aHHBIMU CEOUCTNBAMU NO3BOAEN PEUIAMb OONLUIUHCINGO KOHCMPYKMOPCKUX 3a0ay. Ilpumene-
HUsL CIMEKIOKOMNO3UMHOLU Qubpbl 8 Kauecmee OUCHEPCHO20 APMUPOBAHUS MANCENBIX OEMOHO8 NO360AUN He THOTLKO NOLYUUMDb
Mamepuansl ¢ NOSLIUEHHLIMU IKCHAYAAYUOHHBIMU XAPAKMEPUCTHUKAMU U 6A3KUM PA3PYUEHUEM, HO U MAMEPUanbl co chne-
YUATLHBIMU C8OUCMBAMU TMAKUMU KAK PAOUONPO3PAYHOCb, NOBbIUEHHble Oudiiekmpuyeckue ceolicmead. B uccredosanus
Onpeodensanucy PuUKo-MexaHuyecKue u IHepeemuyecKue Xapakmepucmuxy oubpobemoHo8 co CmekioKOMRO3UMHOU Pubpoil.
C nomowpio Opmo2oHAILHO2O YEeHMPATbHO-KOMNOZUYUOHHO20 NAAHUPOBAHUS NOLYUEHbl 4 3a8UCUMOCIU OM PeYenmypHbIX
napamempos OUCHepCHo-apmMuposannozo bemona. Ilo pezyrbmamam anHaiu3a noayueHHvix QyHKYuil vioeneHvl ONMmumMalbHble
napamempbi KOHYeHMpayuii CmeKIoKOMnOo3UmHol Quopsl u eé ceomempuneckux napamempos. C mouku 3peHus npoyHOCmu
HA pacmaxjcenue-cocamue ONMUMATbHLIM COCMABOM QuOpodemona AeAemcs npaMoaunelinas puopa c wazom HasusKu 4 mm
u 00vemuvim codeporcanuem 2%. C moyKku 3peHus JHepeemuyeckux Xapaxmepucmux Onmumym 0yoem Haxooumscsa ¢ npamo-
JIUHEHOU pubpoll ¢ wazom Hasusku 5,5 um u o6vemHvim codeparcaruem (1,8-2,0) %. B smom cuyuae snepeust Ha paspyuieHue
obpasya yseauyusaemcs 6onee uem 8 2 pasa 8 CPasHeHuu MUHUMATLHEIMU SHAYEHUAMU QYHKYUU OMKIUKA 8 00IacmU 6apbl-
POBAHUS.
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ABSTRACT

The development of concrete with predefined properties makes it possible to solve most structural design challenges. The
use of glass composite fiber as dispersed reinforcement in heavy concrete allows the production of materials not only with
enhanced performance characteristics and increased fracture toughness, but also with special properties such as radio trans-
parency and elevated dielectric strength. In this study, the physical, mechanical, and energy-related properties of fiber-rein-
forced concrete containing glass composite fiber were evaluated. Using an orthogonal central composite design (CCD), four
response  functions were obtained based on formulation parameters of dispersed-reinforced concrete.
Analysis of these functions revealed optimal values for both the concentration and geometric parameters of the glass composite
fiber. From the standpoint of tensile-compressive strength, the optimal composition includes straight fibers with a helix pitch
of 4 mm and a volumetric content of 2%. In terms of energy characteristics, the optimum is achieved with straight fibers having
a helix pitch of 5.5 mm and a fiber content of 1.8—2.0%. In this case, the energy required for specimen fracture increases by
more than twofold compared to the minimum values of the response function within the experimental range.
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BBEJEHUE

PasButne cTpouTensHOI oTpaciu TpedyeT BHEAPSHUS CO-
BPEMCHHBIX CTPOHWTEIBHBIX MAaTEPUaliOB, KOTOPBIE CIIOCOOHBI
CHHM3UTh MAaTepUaJIOEMKOCTh KOHCTPYKIWH M TOBBICUTBH 3(-
(DEeKTHBHOCTBh CTPOHMTENHLHOTO IpOLEcca, a TaKKe YBEITHYUTH
JIOJNITOBEYHOCTh M HaJIe)KHOCTh KOHCTPYKIMH. beToH siBisercs
OCHOBHBIM CTPOUTEIBHBIM MaTEPHAIOM HO3BOJISIOIIMM BO3BO-
JIUTh 3JIaHUSI U COOPYXKEHUS! B IPOMBIIIJICHHBIX MacluTadax,
3HAYUTEIBHO YCKOpSISI TPOIEcC CTPOUTENbcTBa. Ero ocHOB-
HBIMH HEJIOCTaTKaMH SIBIISTIOTCS HHU3Kasl MPOYHOCTH HA PaCTs-
JKEHHUE U XPYTIKOE Pa3pyIlIeHHE.

Hcnonp3oBanne puOPOOSTOHOB MOBHIIIACT TPEIINHOCTOMN-
KOCTb KOHCTPYKIIMHU U BSI3KOCTB TTpH uX pazpymennd [ 1,2]. [To-
SBJICHHE HOBOTO BHJA apPMHUPYIOMIETO IEMEHTA — CTEKIOKOM-
MO3UTHOU (HUOPBI TPeOyeT e€ NeTaTbHOTO H3YICHUS.

MopenupoBaHue CBOWCTB Marepualia MO3BOJSIET OOBsC-
HHUTB MPOIIECCHI, IPOTEKAOLINE B MaTrepualie 00yCIOBIUBaO-
IIMe MOBEJCHUE MaTepualia MpH ero dKcIuTyaranuu Hamudue
MaTeMaTHYeCKHX MOJIeieil MaTepraia, HOMOraeT B pa3paboTke
OIITUMAJIBHBIX COCTAaBOB C 3aJaHHBIMH CBOﬁCTBaMH, HOpMa-
THUBHO-TEXHUYECKOW JOKYMEHTAIlUH, OTpaHWYMBaIomeil o00-
JAaCTh MPUMEHEHHS TAKUM MaTEpPHAJIOB.

B pabote momyuena maTemaTudeckue mozaenn Gpuodpode-
TOHA Ha OCHOBE CTEKJIOKOMITO3UTHOH (PUOPHI CIIOKHOM reoMeT-
prdeckoi popmbl. HoBBIM MaTepuan MpakTHUECKH HE UMEET
ananoroB. C 0JHOI CTOPOHBI IUCTIEPCHO-apMHUPOBaHHBIN Oe-
TOH CO CTEKJIOKOMITO3UTHOH (hHOPO# MOX0Xk Ha cTaehudpoode-
TOH, HO XapaKTep B3aWMOJCHUCTBUSI MaTPHLBI U PUOPHI MPHH-
[UITUAIBLHO OTJIMYAETCS AJIS1 KOMIIO3UTA M CTaJlH, C JPYTOH CTO-
POHBI B3aMMOJCHCTBHE BOJIOKHA C OETOHOM [OJDKHO OBITh
CXOXE CO CTEKJIOKOMIIO3UTHON apMatypoit [3-5].

Oco0eHHO aKTyalbHBIM SIBISIETCSI HCCIIEIOBAHHUE BIMSHHS
TE€OMETPUYECKUX PAa3MEPOB M KOHLEHTPALMH CTEKIOKOMIIO-
3UTHON (UOpHI Ha CBOMCTBA TSDKENBIX OCTOHOB PA3IMYHBIX
kinaccoB.  HawmbGonee 3¢h¢dexTHBHO TaHHBIE 3aBUCHMOCTH
MOXHO YCTaHOBHTb C ITOMOIIBIO MAaTEMaTHYECKHX MOJEIEH,
KOTOpBIE OyIyT MCHOIB30BaHbI ISl IPOSKTUPOBAHUS OETOHOB
CO CTEKJIOKOMITO3UTHOM (HOpoil ¢ 3alaHHBIMH CBOICTBAaMHU
[6].

Heab mim 3a1a4m Mccae 0BaHMSA:

[TonyueHne MaTeMaTHYECKUX MOJEINEH, OIpeNelsIoInX
BJIMAHUSA TCOMETPUICCKUX PAa3MEPOB U KOHIECHTPAIIUN CTEKIIO-
KOMIIO3UTHO!N (HOPHI Ha (PU3UKO-MEXaHUICCKIE CBOMCTBA Tsi-
JKEJBIX OETOHOB Pa3JIMUHBIX KIIaCCOB

Martepuajbl M MeTOABI UCCJIETOBAHMUS

B pabote npumeHsIIOCh 5 BUIOB MPSIMOJIMHEIHOM GUOpPHI ¢
HaBMBKOM, XapaKTEPUCTUKU KOTOPBIX NPUBEAEHBI B TA0IHILE 1.
Ha ocHoBaHMNM npeABapUTENbHBIX UCIBITAHUH [ 7—-9] npsaMomu-
HeliHas ¢ubpa ¢ HaBMBKOW OKazajock Hamboiee 3¢(dexTus-
HOM, MMO3TOMY IIar HaBUBKH MPUHAT KaK BapbUPyeMbId (ak-
Top. B pabote uccnenosanock BIUsHUE [Iara HABUBKY KaK 3Ha-
4rMOro (haKTOpa BIMSIONIETO Ha MPOYHOCTh CLUEIICHUS U KaK
CIIEZICTBHE CBS3aHHOTO C BETIMYUHOH ITpoyHOCTH (prbpodeToHa
Ha 0CEeBOE PACTKEHHUE U OCTATOYHYIO IPOYHOCTH Ha pacTsiKe-
HHe TIpH u3rube. /luamerp u JuimHa BcexX BUIAOB GUOPBI IMEIOT
(pMKCHpOBaHHOE 3HA4YEHHE TI0ATOMY T'€OMETpHUYECKUil (hakTop
(cooTHOMIEHNE NITMHBI (HUOPHI K TUAMETPY) SBISAETCS MOCTOSH-
HBIM

CTeKJIOKOMITO3UTHOE BOJIOKHO M3rOTOBJIEHO METOOM ITyJI-
TPY3HH, I'/Ie CTCKIJISTHHBIA POBUHT ITPOIUTHIBAETCS ATIOKCHHOM
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INTRODUCTION

The advancement of the construction industry requires
the integration of modern construction materials capable
of reducing the material consumption of structures, im-
proving construction efficiency, and enhancing both the
durability and reliability of buildings. Concrete remains
the primary construction material used for industrial-scale
building, significantly accelerating construction pro-
cesses. However, its main disadvantages include low ten-
sile strength and brittle failure.

The use of fiber-reinforced concrete (FRC) improves
the crack resistance of structures and increases their frac-
ture toughness [1,2]. The emergence of a new type of re-
inforcing element—glass composite fiber—requires de-
tailed investigation.

Mathematical modeling of material properties allows
us to explain the internal processes that govern the mate-
rial’s behavior during its service life. The availability of
reliable mathematical models aids in the development of
optimized concrete compositions with predefined proper-
ties, as well as in the formulation of technical standards
that define the scope of application for such materials.

This study presents mathematical models of fiber-rein-
forced concrete based on glass composite fibers with com-
plex geometries. This new material has virtually no ana-
logs. On one hand, dispersed-reinforced concrete with
glass composite fiber resembles steel fiber-reinforced con-
crete, but the interaction between the fiber and the matrix
fundamentally differs between composites and steel. On
the other hand, the interaction between the fiber and the
concrete matrix is expected to resemble that of glass com-
posite rebar [3-5].

Of particular relevance is the investigation into how
the geometric dimensions and concentration of glass com-
posite fiber affect the properties of heavyweight concrete
of various strength classes. The most effective way to de-
termine these relationships is through mathematical mod-
els, which can then be used for designing concrete with
glass composite fibers tailored to specific performance re-
quirements [6].

The purpose or objectives of the study:

Development of mathematical models describing the
influence of the geometric parameters and concentration
of glass composite fiber on the physical and mechanical
properties of heavyweight concrete of various strength
classes.

Materials and methods of research

Five types of straight fiber with helical winding were
used in the study, with their characteristics listed in Table
1. Based on preliminary testing [7-9], straight fiber with
helical winding proved to be the most effective; therefore,
the winding pitch was selected as a variable factor.

The study examined the influence of winding pitch as
a significant factor affecting bond strength, which in turn
is related to both the axial tensile strength of fiber-rein-
forced concrete and its residual tensile strength in bending.

The diameter and length of all fiber types were kept
constant, meaning that the geometric factor—defined as
the fiber length-to-diameter ratio—remained unchanged
across all configurations.
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CMOJIOH, TTOTOM CIUIETAIOTCS MEXAY COOOM M MPOTATHBAIOTCS
yepe3 ¢mibepy. JlOMOMHUTETPHO Ha OCHOBHOH CTEp)KEHB
HAMAaTBHIBACTCS OOMOTOYHAs HUTh MEHBIIETO JWaMeTpa IpH-
MepHO 1/10 0T OCHOBHOTO THaMeTpa ¢ ONPeAeSICHHBIM IIarOM.
B mocneacTBuHM CTEpKHHU MPOTATHBAIOTCS Yepe3 TEeIIOBEIC ar-
peratsl U MOJUMEPU3YIOTCS, a TIOC/Ie Hape3aloTCsl Ha BOJIOKHA
HEOOXOTUMOH JITHHBIL.

st mpurotoBnenust pubpodeToHa HCIOIB30BAIIMCH MaTe-
puansl yka3aHHbIe B TaOnuIe 2, a COCTaBbl TSDKEJIOro OeToHa
npeJICTaBJICHbI B TabuIe 3.

The glass composite fiber was manufactured using the
pultrusion process, in which glass roving is impregnated
with epoxy resin, then braided together and drawn through
a die. Additionally, a helical wrapping thread with a diam-
eter approximately one-tenth of the main rod is wound
around the core at a specified pitch. Subsequently, the rods
are passed through thermal units for polymerization and
then cut into fibers of the required length.

For the preparation of fiber-reinforced concrete, the
materials indicated in Table 3 were used, and the compo-
sitions of heavy concrete are presented in Table 3.

TABJINIA 1 OCHOBHBIE XAPAKTEPUCTHUKHU CTEKJIOKOMITIO3UTHOI'O BOJIOKHA

Table 1 Main characteristics of glass composite fibres

Tun  TON—— Nnuua, | Jimamerp, | Jdmamerp Ilar IL1oTHOCTD,
Ne (pudpnI ApDearance MM MM HUTH, MM HUTH, MM r/em3
- | Type of pp Length, Diameter, | Filament di- Filament Density,
fiber mm mm ameter, mm | pitch, mm g/cm3
1 -1  ammemet 52,5 0,98 0,12 3 2,41
2 -2 = 52,5 0,98 0,12 4 2,41
3 o-3 = - - 50,0 0,98 0,17 7 2,49
4 O -4 — 50,0 1,04 0,15 10 2,24
5 o-5 — 50,0 1,04 0,15 11 2,24

TABJIALA 2 MATEPHUAJIBI, UCNTOJIb3YEMBIE J1JISI IPUTOTOBJEHUSI BETOHHOM CMECH

Table 2 Materials used for concrete mix preparation

Matepuan
Material IemeHnT IIecox IIledeHn ILnacTudgukarop
MapkupoBka Axxepman LIEM II M. — 253 I'panutHsiil Kapenns Ha nonmkap6okcu-
Notation 42,5H o dsepen=3...10 natHoH VS 5600-SP

CocraBbl OAOMPAINCh B TPAHUIAX PAIMOHAIBHOTO TPH-
MEHEHHS CTEKIIOKOMIIO3UTHON (pUOPBI ¢ OETOHOM, TIO3TOMY O
MPOYHOCTH HcHoib30Baics 0etoH B30-B45. beTtoHsl HU3KOTO
BOJIOIIEMEHTHOT'O COOTHOIICHHSI UMEIOT KJIacC IO MPOYHOCTH
B40-B45, cpennero - B35-B40 u Beicoxoro B30-B35.

MapkupoBKa COCTaBOB O3Ha4daeT OOBEMHOE COAEp)KaHHe
CTEKJIOKOMITO3UTHOM (hHOPHI HA 00BeM OCTOHHOI CMECH — THIT
¢ubpsI coBmagaroneil ¢ MapkupoBkoit Tabmuis! 1 (P-x) — Bo-
noriementHoe cooTHomierune (B/I1). Takum ob6pazom ®b-2.0-
®-4-0.63 pacmmdpoBbIBaeTCS Kak OETOH CO CTEKIIOKOMIIO3HT-
HOM ¢(ubpoli ¢ koHueHTpamuend ¢GuoOpel 2%, mar HaBHBKU
¢ubps! 10 MM 1 BOJOIIEMEHTHOE COOTHOIICHUE paBHO 0,63.

OcraTouHasi IPOYHOCTh HA PacTsDKEHHE ONpeersiach 1o
CXeM€ MCIbITaHWs NPHUBE/IcHa Ha pUCyHKe 1. 32 OCHOBY B3siTa
METOJIMKA OIPEAEICHNs] OCTATOYHOM MPOYHOCTH Ha PacTsDKe-
Hue, omucanHas B CII 297.1325800.2017 Tlpunoxenue b.
IIpounocTts pubpobdeToHa Ha CHKATHE OMPEEISIIACE B COOTBET-
cteuu ¢ OCT 10180-2012.

Cornacuno I'OCT 29167-2021 omnpenensiicy 3HEpTeTHYC-
CKHE XapaKTePUCTUKH OETOHOB, TaKHe KaK yJIENbHBIE SHEPro-
3aTpaThl Ha pa3pylIeHne OEToOHa O MOMEHTa Hadania JBHXKe-
HHSI MaruCTPajIbHOM TPEIIMHBI U yJIelIbHbIE SHEPro3aTpaThl He-
00X0JMMBIe Ha pa3pylieHHe OETOHa 10 MOMEHTa PacKpbITHS
MarucTpaJbHON TPEIIMHBI 10 4 MM.

The compositions were selected within the range of ra-
tional application of glass composite fiber in concrete.
Therefore, concretes with strength classes from B30 to
B45 were used. Concretes with a low water—cement ratio
correspond to strength classes B40-B45, medium ratios to
B35-B40, and high ratios to B30—B35.

The composition labeling includes the volumetric con-
tent of glass composite fiber relative to the concrete mix
volume, the fiber type (as indicated in Table 1, denoted F—
x), and the water—cement ratio (W/C). For example, the
designation FRC—2.0-F—4-0.63 refers to a concrete mix
with a glass composite fiber content of 2%, a fiber winding
pitch of 4 mm, and a water—cement ratio of 0.63.

The central test method was the determination of re-
sidual tensile strength in bending (test setup shown in Fig-
ure 1, based on SP 297.1325800.2017, Appendix B. Com-
pressive strength was also tested according to GOST
10180-2012.

Energy-related properties were measured as per GOST
29167-2021, including specific energy required to initiate
the main crack and to extend it to a width of 4 mm.
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TABJIMLA 3 COCTABBI TAKEJOI'O BETOHA
Table 3 The compositions of heavy concrete

Ieoens MnacTuguka-
No MapkupoBKa IHemeHT Boaa Ilecox Coarse ®ubpa 0
- Notation Cemet Water Sand aggre- Fiber P
Plasticizer
gate
Pacxog koMnoHeHTOB Ha 1M3 0eTOHHOM cMecH, KT
®b-1.2-0-2-0.47
| 338 159 883 1197,5 30 5,4
Db -1.2-90-4-0.47
@b -1.2-9-2-0.63
2 | e 321 203 840 1139,0 30 1,8
@b -1.2-®-4-0.63
OB -2.0-0-2-0.47
3 e 338 159 883 1197.5 50 5,4
OB -2.0-0-4-0.47
OB -2.0-®-2-0.63
4 | e 321 203 840 1139,0 50 1,8
OB -2.0-®-4-0.63
@B -1.6-®-5-0.55
51 e 330 180 862 1169,0 40 1,6
@b -1.6-®-1-0.55
6 @b -2.15-0-3-0.55 330 180 862 1169,0 54 3,6
7 @b -1.06-0-3-0.55 330 180 862 1169,0 27 5,2
8 @b -1.6-9-3-0.66 305 201 797 1080,0 40 1,4
9 OB -1.6-0-3-0.44 327 144 853 1156,0 40 1,4
10 @5 -1.6-®-3-0.55 330 180 862 1169,0 40 4,3
PUCYHOK 1 F

BHEILHWI BUJI AICIIBITAHUSI

1 - cxema ucnbiTanus GpuépodeToHa Ha
0CTATOYHYIO MPOYHOCTH HA PACTsIKEHHe
2 — peaJIbHBIii 00pa3el] B MOMEHT MCIILITAHUS

Figure 1

Test appearance

1- fiber concrete residual tensile strength test
scheme
2 —real specimen at the time of testing

Jis orpaHMYeHHS YKCIa UCIIBITAaHUHA 06€3 OTepr TOYHOCTH
MOJYYEHHOW MaTeMaTHYecKOH MOJAeTH ObUT IPUMEHEH METO[
MaTeMaTHYECKOTO IUIAHUPOBAHMA dKcrepuMenta. [loaroros-
JIEH OPTOTOHAJIbHBIA LEHTpaJIbHBIM KOMIO3WLIMOHHBIN IUIaH
(OLIKII) 2-ro mopsaaxa ¢ 3-s1 ¢pakTopaMu BapbUPOBAHHUS.

Haubonee 3HaumMble (akTOphl BBIABICHBI I (pudpode-
TOHA UCXOJIS U3 Pe3yJIbTaTOB MPEABAPUTENBHBIX UCIBITAHUH U
aHanM3a JuTepatrypsl. B kadectBe (pakTOpoB BapbHpOBaHMS
MPUHSATHI CIEAYIOUINE PELIENITYPHBIE TApaMETPhI: BOJOLIEMEHT-
Hoe cooTHoutenue [10], mar HaBuBKY (GUOPHI M KOHLEHTPALHS
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To limit the number of tests without loss of accuracy
of the obtained mathematical model, the method of math-
ematical planning of experiment was applied. A 2nd order
orthogonal central compositional plan (CPCP) with 3 var-
iation factors was prepared.

To minimize the number of tests without compromis-
ing model accuracy, a second-order orthogonal central
composite design (CCD) with three varying factors was
used. The most significant parameters—water-cement ra-
tio [10], fiber concentration, and helix pitch—were chosen
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¢ubpsr [11,12] B 6eTone. DakTophl ¥ YPOBHUA BapbUPOBAHUS
MpeICTaBJICHEI B Tabmwe 4.

IloaroroBmeHHbIN IIaH cocTOMT U3 17 wcubiTaHuid. Jims
MONYyYEHNUSI OPTOTOHAIBHOTO LEHTPAIBHOTO KOMITO3HIIOH-
HOTO IIIaHa 2-TO MOPsAKa J00aBIEHBI 3KCIIEPUMEHTHI B 3BE3/-
HBIX TouKax. OCHOBa SKCIIEPUMEHTA COCTOUT M3 MOJTHOTO TPEX-
(haKTOPHOTO HKCIIEPUMEHTA, a TAKXKE B LIEHTPE IJIaHa IPOn3Be-
JIleHO 3 He3aBUCUMBIX dKcrepuMenTa [13,14].

Jls OoLleHKM KadecTBa MOJICNIM NMPOBOJIWIN BBIYHCICHUE
kpurepust Koxpena (G), @umepa (F) u koaddunmenra nerep-
muHamwd (R?). 3Ha4uMOCTh (PaKTOPOB OIEHMBAIACH IO KPHTE-
puto Crbrozenra (t) mpu yposue 3Haunmoctu a = 0,05.

based on preliminary experiments and literature [11,12]
(see Table 4).

The design included 17 experimental runs, incorporat-
ing star points to complete the CCD. The core plan was a
full three-factor design with three central-point replica-
tions [13,14].

Model quality was evaluated using Cochran’s (G),
Fisher’s (F), and Student’s (t) criteria, along with the co-
efficient of determination (R?) at a significance level of a
=0.05

TABJINIA 4 YPOBHU U UHTEPBAJIbI BAPBUPOBAHUSA ®AKTOPOB

Table 4 Levels and intervals of variation of factors

®daxTop YpoBHHE BapbUpoBaHus (paKkTOpa
Factor Levels of variation of the factor HNuTtepBaj BapbUPOBaHUSA
HaumenoBanue Interval variation
Name -1 0 +1
BoporniementHoe otHoteHue (B/L) 0,47 0,55 0,63 0,08
[lar HaBUBKH GHOPEI, MM 4 7 10 3
Konuentpanus BosnokHa, % 1,2 1,6 2,0 04

JKcIepuMEeHThI M 00Ccy KIeHHe pe3yIbTaTOB

PesynbTarhl nCnBITaHUN ONIPEENICHBI B KX 101 TOuke. [l
MIPOBEPKU OAHOPOAHOCTH THCTIEpPCUil OMBITOB KpuTepuit Kox-
peHa He noykeH npesbimate 0,354 1 nanHoro riana. Takyto
MPOBEPKY MPOIIUIN Pe3yJIbTaThl UCIIBITAaHUS I BCEX LIENEBhIX
(hyHKIHH.

®opmyna (1) KOHEUHass MOJENIb OCTATOYHOW NPOYHOCTH
¢ubpobeToHa HA pACTSKEHUE, TIE YITEHBI TOJIBKO 3HAYMMBbIe
k03¢ ¢unnentsl. [1o nomyueHHOH MOJETH BUIHO, YTO TIOHMKE-
Hue B/Ll cooTHOIIEHNS U 111ara HABUBKH MPUBOJMT K ITOBBIIIE-
HUIO 1IeJIEBOTO Npu3HaKa. KBagpaTudHbIil 4ieH ¢ oTpuLaTenb-
HBIM KO3 (HUIMEHTOM OTpa)kaeT CHHXKEHHE TeMIla NMPHpOCTa
MIPOYHOCTH NPH YMEHBIIIEHUH II1ara HABUBKH.

Yamax = 9,82 — 1,72x; — 2,09%, + 0,95x5 + 0,93x,x, — 1,00x2

3HaYnMOCTh 00mero ko3¢ QUIeHTa A MepBOTO U BTO-
poro ¢axTopa CBHACTEIHCTBYET O HAIMYUU B3aUMHOTO BIHUS-
HUSI MEXIY T€OMETPUUECKUMU XapaKTEPUCTUKAMU BOJIOKHA U
MNPOYHOCTBIO MaTpHIBL. MHBIME clloBamMH, OoJiee BHIpaKEHHBIN
3 dexT 3adukcupoBan st 6osiee MPOYHON MATPHUITHI ¢ HUO-
pOii, UMEIOIIel YacTyl0 HaBUBKY, a TaKKe JJIs Cllaboi Mart-
PHIIBI ¢ BOJIOKHOM C OOJIBIIMM IIaroM HaBUBKHU. JlaHHBIH 3¢-
(hexT MOXKeT OBITh CBS3aH C TE€M, C YBEIHMUCHHEM BOJIOIIEMEHT-
HOTO COOTHOIICHHUS YBEINIUBACTCS KOTMIECTBO KAITMIUIIPHBIX
HOp, YTO CHMXKAET MPOYHOCTh MATPHUIBI, B TOM YHCIE MPOY-
HOCTb Ha cpe3. IIpu uacToM mIare HaBUBKU Pa3pyLIUTh KOH-
TaKT BOJIOKHA ¢ OETOHHOW MaTpHIIel Ipolle Ha cpes.

Ha pucynke 2 npeactaBiieHbl M30JIMHUY, SBISIOIIUECS Tpa-
¢uueckum otobpaxenuem neineBord gpynkuuu (1). I[o rpadu-
KaM BUJIHO, YTO NPHU yBEJIWYEHUH KOHIIEHTPALUU U YMEHbILIE-
HUM BOJOIEMEHTHOTO COOTHOIIEHHS Npeaesl OCTaTOYHON
MPOYHOCTH Bo3pacTaet JuHeitHo. 1o rpaduky BUIHO, 9TO Mak-
CHUMYM IIeJIeBOH (PYHKIIMM HAXOAWTCS 3a MpeaesiaMu o0JacTu
HCCIIEIOBaHMsl, B TEX I'PAHULAX UCCIIEIOBAHUSA MAaKCUMYyM IIPH

Results and Discussion

The homogeneity of variances was confirmed by
Cochran’s test (threshold G = 0.354). All target variables
met this condition.

Equation (1) is the final model for residual tensile
strength, including only significant coefficients. It indi-
cates that lowering both W/C ratio and helix pitch in-
creases the target variable. A negative quadratic term im-
plies a decreasing rate of strength gain as pitch decreases.

€y

The mutual influence of fiber geometry and matrix
strength is evident. A strong matrix combined with tightly
wound fiber, or a weak matrix with widely spaced wind-
ing, amplifies the effects. Increased W/C ratio results in
more capillary pores, reducing matrix strength—including
shear strength. A tighter winding pitch weakens fiber—ma-
trix adhesion under shear.

Figure 2 presents isolines that graphically represent the
response function (1). The graphs show that an increase in
fiber concentration combined with a decrease in the wa-
ter—cement ratio leads to a linear increase in residual
strength. It can be seen from the graph that the maximum
of the response function lies outside the investigated
range; within the studied domain, the maximum is ob-
served at W/C = 0,47 and a winding pitch b=4 mm. A no-
ticeable improvement due to fiber addition is observed in
the pitch range from 4 to 5,5 mm. Within this interval,
across all concrete strength classes, an increase in fiber
content results in a rise in residual tensile strength.
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B/11 =0,47 v muar maBuBku b=4 mMm. KauecTBeHHBIH 3P PeKT OT
nobasiieHUs GUOPHI HAOIOMAETCsI IPH IIare HaBUBKH OT 4 110
5,5 MMm. B nanHoM nuana3zoHe I BceX KJIacCoB O€TOHA BHUIHO,
YTO YBEIMYCHUE COICPIKAHUS IOBBIIIAET OCTATOYHYIO MPOU-
HOCTb.

PHCYHOK 2 L 2 B/H = /0 4} % mn BI=055
HU30JIMHUA OCTATOYHOHU ITPOYHOCTHU £ 1.81 ¥ > J
HA PACTSI’)KEHHME F s A
1 —3HavyeHus neesoro npu3Haka npu B/Il = 0,47 j ' ;3
2 — 3HauyeHHUs LeJeBoro npusHaka npu B/Il = 0,55 S 144 o
3 — 3Ha4eHMd HeJieBoro npusnaka npu B/Il = 0,63 g A
1.2 1.2 \ T T
40 55 5 0.0 40 55 85 100
Figure 2 Wl mnmn.nib) Mm War massmsis (b), v
Isolations of residual tensile strength: 3. 2‘0 B/L[ 0, 63 / =~
~Ne
1 — values of the target attribute at W/C = 0,47 b ] 8 ]
2 —values of the target attribute at W/C = 0,55 Bg ' ]
3 — values of the target attribute at W/C = 0,63 i 6
14
1.2
40 55 i3 0.0

Mopens (hpubpoOeTOHa Ha CxKATHE NPEACTABICHHAS B BUJIC
dbopmyisl (2), oTpaxkaeT B OOJIbIICH CTEICHH, YTO HA MPOY-
HOCTb KOMIIO3UTa BIIMSIET BOJOLEMEHTHOE COOTHOIICHHUE, YTO
COOCTBEHHO CIIPaBEIJIMBO U JUIS TKEIbIX OeTOHOB. Bropas
CTeTeHb 1-ro akTopa TOBOPHUT O HEJTMHEHHOH CBA3H 3TOTO Ma-
pamMeTpa U npoyHOCcTH (HUOpOoOETOHA Ha CXKATHE, UTO TAK JKE HE
MPOTHUBOPEUUT OOIIETIPUHATEIM 3aKOHAM MPOYHOCTH TSIKEJIOT0
Oerona. OTpunaTenbHBIH KOA(GUIHEHT repe]] pakTopoM CoB-
MECTHOTO BJIMSIHMS 11ara HABUBKH M KOHIIEHTpaIMu GUOpPHI To-
BOPHT O TOM, YTO BOJIOKHA C OOJIBIINM IIaroM HaBUBKH MTPAIOT
B OoJIbILIEH CTENEeHb POJIb Ie()EKTOB M HE CONPOTHUBIISIIOTCS pac-
NPOCTPAaHEHHUIO TPELIMH TNpH CKaThW. BonokHa ¢ yactoii
HAaBHMBKOH YBEJIMUMBAIOT MPOYHOCTh Ha CXKAaTHE, HO DoJiee Bax-
HBIM (DaKTOpPOM OCTaeTCst BOJOLEMEHTHOE cooTHoIeHue [15].

Yeex = 41,05 —8,18x; — 1,98x, —

Ha rpadukax pucyHka 3 BHIHO, YTO C YBEJIHUYCHHEM IIara
HABUBKHU CHUXKAETCS MPOYHOCTh. Jpyrumu cioBamu, ¢udpa c
OOJNBIIMM IIIarOM HAaBUBKH SIBISIOTCS e(DeKTaMH TOBBIIIICHHE
KOHUEHTPALMU KOTOPBIX CHHMKAET MPOYHOCTHBIE XapaKTepH-
ctukn pudpoderoHa. C yBeIMYCHUEM YacTOTH HABUBKU HAYU-
Hasi ¢ 7 MM MOBBILLIEHHE KOHIIEHTPAIUH YIIPOYHSIET MaTepual.
DT0 MOXKHO OOBSCHHUTH TEM, YTO IIPU XOPOIIEM CIEIUICHHH BO-
JIOKHO MIPOTHBOCTOUT PACKPBITHIO TPEIIUHEI, 00pa3yIOIIeHCs B
MOMEHT pa3pyLIeHHUs [IPH CXKATUH.

Mopens Gubpobetona (3) mo yaenbHbIM dHEpro3aTpaTam,
MTOKA3bIBAET, UTO MEJIEBOH MPU3HAK JTMHEHHO 3aBUCHUT OT MPOY-
HOCTH MATpPHIIbl, HEJIMHEWHAs CBS3b C IIETIEBBIM TPHU3HAKOM
nMeeTcs y GaKkTOpOB, OTBEUAIONUX 32 KOHIIEHTPAIUIO GUOPHI
u e€ BuA. MOMEHT Hauaja JIBHXKEHHUs MaructpajibHON Tpe-
IIMHBI CBS3aH C HAPYIICHHEM IEJIOCTHOCTA KOMIIO3UTA | TO-
CTETICHHBIM BBIJCPTUBAHHUEM BOJIOKOH.
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Equation (2) shows that compressive strength is pri-
marily influenced by the W/C ratio a known fact in con-
crete science. The second-degree term for W/C reflects a
non-linear dependency. The negative coefficient on the in-
teraction between pitch and concentration suggests that
larger pitch fibers act as defects under compression, while
frequent winding enhances compressive strength. How-
ever, W/C ratio remains the dominant factor. The negative
coefficient in front of the joint effect of winding pitch and
fiber concentration indicates that fibers with large winding
pitch play a greater role as defects and do not resist crack
propagation in compression. Frequently coiled fibers in-
crease compressive strength, but the water-cement ratio
remains a more important factor [15].

(2)

The graphs in Figure 3 show that as the winding pitch
increases, the strength decreases. In other words, fibers
with a larger winding pitch act as defects, and increasing
their concentration leads to a reduction in the strength
characteristics of fiber-reinforced concrete. As the wind-
ing becomes more frequent (i.e., the pitch decreases below
7 mm), increasing the fiber concentration begins to
strengthen the material. This effect can be attributed to the
fact that, under conditions of good bond strength, the fiber
resists the opening of cracks that form at the moment of
compressive failure.

Equation (3) demonstrates that the target variable de-
pends linearly on matrix strength, and non-linearly on fi-
ber type and concentration. Crack initiation corresponds
to composite failure onset and progressive fiber pull-out.
At this stage, both matrix and fibers resist cracking.
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Takum oOpa3om, 10 Hayaja IBHM)XCHUS MarducTpalbHOU
TPEIMHBI Pa3pyLICHHIO CONPOTHBIACTCS BOJOKHO COBMECTHO
C MaTpHlel, He naBas mocieqHed paspymarbes. CHUKeHHE
MHTEHCUBHOCTU POCTa NPOYHOCTU OT KOHLEHTPALMM W IIara
HaBHMBKU CKOPEE BCEro CBS3aHO CO CHM)KEHHEM IPOLIEHTHOTO
COJIepKaHUsI MaTepuajla MaTPHUIBI B CEUCHUHU BJIOJb TPELIHHBI
Y YBEJIMYEHHS COJIep KaHus BOJIOKOH. CTEKIIOKOMIIO3UTHOE BO-
JIOKHO B CHJIy JIDYTO# MPHUPOJBI Marepuaia UMEeT OTJIHYaro-
IIMICS OT OCHOBHOW MATpHIBI XapakTep pa3pylleHHs, YTO
HPUBOIHT K 00Jiee paHHEMY PacTpeCKHBaHUIO OETOHA U Tepe-
XOJly B HENIMHEHHbI XapakTep aedopmupoBanus. CHIKeHHE
3¢ (HEeKTUBHOCTH CIETIICHUS CTEKIOKOMITIO3UTHOI (hHUOpHI ¢ Oe-
TOHOM IPU TIOBBINICHUHU IlIara HABHBKH TaK )K€ MOXeET OBbITh
CBSI3aHO C M3MCHEHHEM XapaKTepa HapyIeHHs KOHTAKTa.

The decline in strength gain with fiber content and
pitch is linked to reduced matrix area and increased fiber
volume. Due to their material nature, glass composite fi-
bers fracture differently, causing earlier cracking and non-
linear deformation. Increased pitch weakens fiber—matrix
bonding due to altered contact dynamics. Glass composite
fiber due to the different nature of the material has a dif-
ferent character of failure from the basic matrix, which
leads to earlier cracking of concrete and transition to a
nonlinear character of deformation. Decrease in the bond-
ing efficiency of glass composite fiber with concrete at in-
creasing the winding pitch can also be related to the
change in the nature of contact failure.

PUCYHOK 4 B/11 =047 B/11=0.,55
. 20 2.20 \
HN30JIUHUHN YAEJBbHBIX SHEPTI'O3ATPAT = g =
IOPAU PA3PYHIEHMM A0 MOMEHTA 3 L. s §
HAYAJIA PACKPBITUA MAI'UCTPAJIb- : 161 ¥ d ’5‘
HOM TPELLMHBI E = J
% 2 g

1 — 3HaYeHHs UeIeBOro NpusHaka npu B/I = 0,47 : L4 '\/‘;\5’ 5 E e
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- = 1.2 y \ - 2 T T N
3 —3HauyeHus uejeBoro npuzHaka npu B/I{ = 0,63 4.0 55 70 85 10.0 4.0 PP 70 85 100
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Figure 4 3. 20
Isolines of specific energy inputs during fracture 5; 181
up to the moment of initiation of main crack £ 164 =
opening: é \/\Q ”; o I
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Llar susus (b). soa

97



Texunurka u mexuoaocus curuxkamos. Tom 32, Nel, 2025

Ha pucynke 4 Ha rpadukax BuieH MUK B BEepXHEH JIeBOU
4yeTBepTH. [IpM CHM)KEHMM BOJOILEMEHTHOI'O COOTHOLICHUS
yZleNbHBIC 3HEPro3aTpaThl Ha pa3pymlIeHHE 10 MOMECHTA HavdaIa
JBIDKCHUS] MArUCTPAIbHOM TPEIMHBI PACTYT, YTO OOBACHIETCS
CHI)KEHHEM KalMUIIPHON MOPUCTOCTH U KaK CIIEACTBHUE TOBBI-
IIEHHEeM SHEPTHUH HEOOXOIMMOH Ha pacTpecKHBaHHWE OETOHA.
U3 rpaduKoB MOXKHO 3aKIIFOYUTh, YTO Hanbonee 3(h(HEeKTUBHO
paboTaeT BOJOKHO C IIaroM HaBUBKU OKOJIO t=5.5 MM u mpu
KOHLIEHTpauu npumepHo 1,8%.

[Ipu ananuze monenu (4) BUAHO, YTO 3HAYMMBIE KOd(PHU-
IUCHTHI COBMAIAIOT ¢ MOebio (1).

[o pucyHKy 5 BUIHO, YTO MOBBILIEHHE KOHIIEHTPAILUH BO-
JIOKHa OJIArONPUSITHO CKa3bIBACTCS HAa BA3KOCTh paspyLICHUS.
[To 1 rpaduky Ha pUCYHKE 5 MOXKHO CIeNIaTh BEIBOJ O TOM, YTO
HanOomee d((PEeKTHUBEH IIar HaBUBKU 5,5—7 MM IPH KOTOPOM
BBIPACTAIOT SHEPT03aTPaTHl IPH YBEINUYECHUN KOHIICHTPAIIHH.

Figure 4 (Supplement 1) shows peak performance at
low W/C in the upper-left quadrant. As W/C decreases,
energy required to initiate fracture increases due to lower
porosity.

The most efficient fiber performs at a winding pitch of
approximately 5.5 mm and 1.8% concentration.

When analyzing model (4), it can be seen that the sig-
nificant coefficients are the same as model (1).

Figure 5 shows that increasing fiber concentration has
a favorable effect on fracture toughness. From the first
graph in Figure 5, we can conclude that the winding pitch
of 5.5-7 mm is most effective, resulting in increased en-
ergy consumption with higher fiber concentration.

Yo = 4570,81 — 273,50x; — 485,55x, + 783,07x; — 243,21 x, X, — 624,61 x3 4)
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OOIue ucciaeoBaHusl MPOYHOCTHBIX XapaKTEPUCTHK
(ubpobeToHa Ha OCHOBE CTEKJIIOKOMITO3UTHOH (hHOPHI T03BO-
JSIFOT CHIeNIaTh CIEIYIOUINE BHIBOIBI:

1. TlomyuyeHbl W POAHAIU3UPOBAHBI MAaTEMATHUECKHE
Mojens (uOpoOeToHa ONMUCHIBatONIe (U3NKO-MEXaHUYe-
CKHEC XapaKTCPUCTHUKH, TAKHUE KaK IMPEACII IPOYHOCTHU Ha CKa-
THE, OCTAaTOYHAs IPOYHOCTH Ha pacTsyKeHHe npu u3ruoe. I1o-
Jy4eHbl MaTeMaTH4ecKre MozenH GpubépodeToHa OMUCHIBATO-
TIHME YHEPTeTUIECKUE XaPAKTEPUCTUKHU, TAKUE KK, yICIbHBIC
9HEPro3aTpaThl Ha yIEIbHBIC YHEPro3aTPaThl HA CTATHYECKOE
paspylIeHne 10 MOMEHTA Havajia BIKCHUS] MarHCTPaIbHON
TPEUIMHBI M JI0 MOMEHTa PAaCKPBITHS MaruCTPaJbHOU Tpe-
IUHBI 4 MM

2.  Jloka3aHO MOJIOXKHUTEIBHOE BIUSHHUE CTEKIOKOMIIO-
3UTHOTO BOJOKHAa Ha (IM3MKO-MEXaHWYECKHE XapaKTepH-
ctuky (pubpobeToHa Ha Beeid obmacTu ucciemnoBanus. OnTu-
MaJbHBIM I 6eTOHOB KitaccoB B30-B45 sensercs ¢pubpa ¢
I1aroM HaBUBKHU 4 MM 1 C 00BEMHBIM cojeprxkanuem 2,0 %.
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Conclusions

General studies of the strength characteristics of fiber-
reinforced concrete based on glass-composite fiber allow
the following conclusions:

1. Mathematical models of fiber-reinforced concrete
have been obtained and analyzed, describing physical and
mechanical characteristics such as compressive strength and
residual tensile strength in bending. Mathematical models of
fiber-reinforced concrete have been developed describing
energy characteristics, such as specific energy consumption
for static fracture up to the moment of main crack initiation
and up to the moment of main crack opening of 4 mm.

2.  The positive effect of glass-composite fiber on the
physical and mechanical characteristics of fiber-reinforced
concrete has been proven throughout the entire research
area. For concrete classes B30-B45, the optimal fiber has a
winding pitch of 4 mm with a volumetric content of 2.0%.

3. The optimal fiber geometry in terms of fracture
toughness within the research area has been determined.
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3.  Onmnpenenena ontuMajiabHas TEOMETPUS BOJIOKHA C
TOYKH 3pEHHS BSI3KOCTH pa3pyIICHUs B 00JaCTH HCCIIeT0Ba-
HUA. C TOUKH 3pEHMS TOBBIIICHAS BI3KOCTH Pa3pyIICHHUS SB-
JISI€TCSl BOJIOKHO C HAaBUBKOM IIaroMm 5,5 MM U COAEp>KaHUS
¢uodpsr (1,8-2,0) %

Y CTaHOBIICHHBIC 3aBHCHMOCTH OT PEICNTYpPHBIX Mapa-
METPOB MO3BOJISIOT MPOCKTUPOBATh (HHUOPOOCTOHBI C 33aaH-
HBIMHU cBo¥icTBaMH. TpeOyeMbie mapaMeTpbl MO MPOYHOCTH
Ha paCTsHKCHHE, CXKATHE, a TaKkKe TPeOOBaHMS K BA3KOCTH
paspyuieHus: GuoOpoOeTOHA JOCTHrArOTCA 3a CYeT JobaBiie-
HHUS HEOOXOIMMOTO KojmdyecTBa Guop u e€ Buaa (BeIMIMHA
mara HaBUBKH).
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From the perspective of increasing fracture toughness, the
optimal configuration is fiber with a winding pitch of 5.5
mm and fiber content of (1.8-2.0) %.

The established dependencies on compositional param-
eters allow for the design of fiber-reinforced concretes with
specified properties. The required parameters for tensile
strength, compressive strength, as well as requirements for
fracture toughness of fiber-reinforced concrete are
achieved by adding the necessary amount of fibers and se-
lecting the appropriate type (winding pitch value).
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