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COMPREHENSIVE MODELING OF THE PROPERTIES
OF GLASS FIBER REINFORCED POLYMER
REINFORCEMENT IN CONCRETE ELEMENTS
UNDER THERMAL AND CYCLIC LOADING

Abstract. The paper addresses the problem of improving the durability and thermal
resistance of glass fiber reinforced polymer reinforcement in concrete structures
subjected to thermo-mechanical and cyclic loading. The relevance of the study is
determined by the need to replace traditional steel reinforcement with corrosion-
resistant materials possessing enhanced performance under elevated temperatures
and fatigue conditions. The aim of the research is to develop a mathematical and
materials-science-based methodology that integrates mathematical modeling,
microstructural design, and structural formation processes for predicting the
properties of composite reinforcement. The research methodology is based on a two-
stage numerical approach, including transient thermal analysis using a standard fire
temperature curve and subsequent mechanical modeling of the stress-strain state of
the “concrete—reinforcement” system. The behavior of materials is described using
the concrete damaged plasticity model, elastoplastic steel, and orthotropic glass fiber
reinforced  polymer material with  temperature-dependent  degradation.
Micromechanical relations based on the rule of mixtures and efficiency factors were
applied to quantify the influence of fiber composition, polymer matrix properties,
and interfacial interaction on strength and fatigue behavior. The results demonstrate
that structural formation processes and microstructural design play a decisive role in
determining the effective performance of composite reinforcement. It is shown that
the use of fibers with enhanced mechanical strength and improved resistance to
alkaline environments, high glass transition temperature matrices, and
nanomodifiers significantly improves thermal stability and fatigue resistance. For
the first time, an integrated mathematical model has been proposed that
simultaneously accounts for thermal, mechanical, and microstructural factors
affecting material performance. The practical significance of the study lies in the
possibility of applying the obtained results for engineering design of concrete
structures operating under aggressive environmental conditions, elevated
temperatures, and cyclic loading, ensuring increased service life and structural
reliability.
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Introduction. Reinforced concrete remains the fundamental material of
modern civil infrastructure due to its advantageous combination of
compressive strength, durability, and technological versatility. For decades,
steel reinforcement has been widely used as a standard solution, ensuring
high tensile strength, ductility, and compatibility with cementitious
matrices. However, despite its well-established performance, steel is highly
susceptible to corrosion in aggressive environments, including chloride
exposure, humidity, and chemically active media. This limitation leads to
significant maintenance costs, reduction in service life, and structural
degradation, thereby necessitating the search for alternative reinforcement
materials [1, 2].

In recent years, fiber reinforced polymer (FRP) composites have
emerged as a promising replacement for steel reinforcement due to their
high strength-to-weight ratio, corrosion resistance, and favorable durability
characteristics. Among them, glass fiber reinforced polymer (GFRP) has
gained particular attention because of its relatively low cost and acceptable
mechanical performance [3, 1]. Nevertheless, unlike steel, which is an
isotropic and ductile material, GFRP is a heterogeneous anisotropic
composite whose behavior is governed by a complex interaction of
chemical composition, microstructure, and interfacial phenomena. This
fundamentally different nature requires the development of advanced
approaches for predicting its mechanical response and long-term
performance [4, 5].

A critical aspect of GFRP behavior is associated with its microstructural
organization, which directly affects stiffness, strength, and durability. The
properties of the composite are determined by the type of glass fibers (E-,
S-, or AR-glass), their volume fraction, and the characteristics of the
polymer matrix. At the same time, the processes of structural formation and
microstructural design define the efficiency of stress transfer between
components and the resistance of the material to environmental and
mechanical effects. In particular, the degradation of the fiber—matrix
interface under cyclic loading and elevated temperatures significantly
reduces the load-bearing capacity of the material [3-5]. Therefore,
understanding and controlling microstructural formation mechanisms is a
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key factor in improving the performance of GFRP reinforcement.

Another important factor influencing the behavior of GFRP
reinforcement is thermal exposure. Compared to steel, GFRP has
significantly lower thermal conductivity, which leads to different heat
transfer mechanisms in reinforced concrete elements. While this property
can delay heat penetration, the polymer matrix exhibits a sharp reduction in
mechanical properties when the glass transition temperature is exceeded. As
a result, thermo-mechanical loading conditions create complex stress states
and accelerate degradation processes. These phenomena are well described
in studies of thermal behavior and heat transfer in composite materials [6,7].
In addition, cyclic loading leads to fatigue damage accumulation associated
with matrix microcracking, fiber breakage, and interfacial debonding, which
significantly affects long-term performance [3, 5].

Despite numerous studies devoted to FRP materials, existing approaches
are often limited to either mechanical or thermal aspects and rarely consider
the combined influence of chemical composition, microstructural design,
and structural formation processes within a unified framework. In
particular, the role of microstructural engineering and mathematical
modeling in linking material-level characteristics with structural
performance remains insufficiently explored [3-5]. This gap restricts the
development of scientifically grounded design methodologies for composite
reinforcement in concrete structures.

Therefore, the present study aims to develop a comprehensive
mathematical modeling approach that integrates microstructural design,
structural formation processes, and thermo-mechanical behavior of GFRP
reinforcement in concrete under cyclic loading conditions. The proposed
methodology establishes a direct relationship between fiber composition,
matrix properties, interfacial behavior, and the resulting mechanical
performance of the composite material. Such an approach enables not only
accurate prediction of material degradation but also provides a basis for
optimizing the composition and structure of GFRP reinforcement for
enhanced durability and reliability [1, 3, 5].

Materials and Methods of Research. The research methodology is
based on a comprehensive mathematical modeling approach that integrates
thermal, mechanical, and microstructural aspects of glass fiber reinforced
polymer (GFRP) reinforcement behavior in concrete structures under
combined thermo-mechanical and cyclic loading. The proposed framework
combines macroscopic finite element modeling with micromechanical
relations describing structural formation and microstructural design of
composite materials.

Numerical modeling strategy. A two-stage numerical procedure was
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implemented. At the first stage, a transient heat transfer problem was solved
to determine the temperature distribution within the concrete element and
reinforcement under fire exposure conditions. The thermal loading was
defined according to the standard 1SO 834 fire curve. The governing heat
conduction equation is expressed as:

ot
ca—Tzv-(kVT) (1)

where p is the density (kg/m?), ¢ is the specific heat capacity (J/(kg-K)), k is
the thermal conductivity (W/(m-K)), and T is the temperature (°C).

Material parameters were assigned based on literature data: thermal
conductivity of concrete k = 1.7 W/(m-K), steel k = 50 W/(m'K), and GFRP
k=0.3-05W/(m'K) [7]. These differences result in fundamentally
different heat transfer mechanisms, with steel acting as a heat conductor and
GFRP as a thermal insulator.

At the second stage, the obtained temperature fields were used as input
data for mechanical analysis, enabling simulation of the stress—strain state
of the system under compressive and cyclic loading. This sequential
coupling reflects realistic operational conditions, where thermal impact
precedes mechanical degradation.

Constitutive material models. The behavior of concrete was described
using the Concrete Damaged Plasticity (CDP) model, which accounts for
stiffness degradation, cracking, and irreversible deformations. Steel
reinforcement was modeled as an elastoplastic material with yielding and
strain hardening behavior.

GFRP reinforcement was modeled as an orthotropic linear-elastic
material with temperature-dependent degradation of stiffness and strength.
The elastic modulus of the composite in the longitudinal direction was
determined using the rule of mixtures:

E=V,E+(1-V,)E, )
where Vs - fiber volume fraction, wt%; E; - fiber modulus, GPa; En, - matrix
modulus, GPa.

The tensile strength of the composite was evaluated using efficiency
factors:

Glu: 77L770Vf O-f u (3)

where 5. - length efficiency factor; #o - orientation factor; o7, - ultimate
fiber strength, MPa.
Temperature-dependent degradation. The influence of temperature on
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material properties was described using an exponential degradation law:
E(T)=Eyexp(-a(T-T,)) (4)

where Ey - initial modulus, MPa; a - thermal softening coefficient (°C™); T -
current temperature, °C; Ty - reference temperature (20 °C).

This formulation reflects the sharp reduction in mechanical properties of
polymer matrices near the glass transition temperature, which is a critical
factor in composite performance under thermal loading [6, 7].

Fatigue behavior modeling. Fatigue degradation was evaluated using the
S-N approach, which relates the applied cyclic stress to the number of
cycles to failure:

Onex=0,+(1—B-10ogN) (5)

where oy, - maximum cyclic stress at N cycles, MPa; o, - ultimate tensile

stress, MPa; S - fatigue degradation coefficient.

This approach accounts for the accumulation of damage due to matrix
cracking, fiber breakage, and interfacial debonding under cyclic loading
conditions [3, 5].

Integrated constitutive model. To describe the combined influence of
thermal, mechanical, and fatigue effects, an integrated constitutive relation
was formulated:

o (tT)= nb(T)[v, &yt (1-V; o (T )]-l//(Nf,T) (6)

where 7,(T) - bond efficiency at temperature T; V/ - fiber volume fraction,
wt%; o - fiber ultimate strength, MPa; o, (T )- temperature-dependent

matrix strength, MPa; (//(N T ) - factor, describes fatigue degradation.

This relation reflects the role of microstructural design and structural
formation processes in determining the effective performance of GFRP
reinforcement.

Material composition and microstructural design. The material model
explicitly accounts for the influence of fiber chemical composition and
matrix properties. E-glass fibers (<72 GPa) provide cost-effective
reinforcement but exhibit limited chemical resistance, while S-glass fibers
(=88 GPa) offer improved stiffness and strength due to higher alumina
content. AR-glass fibers, containing zirconia, are designed for enhanced
durability in alkaline environments typical of concrete structures [5, 6].

The polymer matrix type (epoxy, vinyl ester, benzoxazine, or
thermoplastics such as PEEK) significantly affects thermal stability and
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fatigue resistance. The use of high glass transition temperature matrices and
nanoscale modifiers (e.g., silica, graphene) improves interfacial adhesion
and fracture toughness, thereby enhancing the durability of the composite
system [6,7].

Thus, the proposed methodology integrates mathematical modeling with
microstructural design principles, enabling the prediction and optimization
of GFRP reinforcement performance under complex service conditions.

Results and Discussion. The conducted numerical simulations made it
possible to establish the relationship between thermal exposure, cyclic
loading, and microstructural parameters of glass fiber reinforced polymer
(GFRP) reinforcement, providing a comprehensive understanding of the
material behavior under combined service conditions.

Influence of thermal loading on material properties. The results of
transient thermal analysis demonstrated significant differences in heat
transfer behavior between steel and GFRP reinforcement. Due to its low
thermal conductivity, GFRP exhibited delayed heat penetration compared to
steel, which acts as a heat conductor. However, once the temperature in the
composite reached the glass transition temperature of the polymer matrix, a
rapid degradation of mechanical properties was observed.

According to the applied degradation model, the elastic modulus of
GFRP decreased exponentially with increasing temperature, which is
consistent with experimental observations reported in the literature [6,7].
The most critical temperature range was identified between 120 and 250 °C,
depending on the type of polymer matrix. In this region, the matrix
softening led to a significant reduction in load transfer efficiency between
fibers, resulting in a sharp decline in overall stiffness and strength.

At higher temperatures, although glass fibers retained their stiffness, the
loss of interfacial adhesion caused a redistribution of stresses and initiated
premature failure mechanisms. This confirms that thermal resistance of
GFRP is primarily governed by matrix stability and fiber—matrix interaction
rather than fiber strength alone.

Effect of microstructural design on mechanical performance. The
analysis of micromechanical models showed that the effective stiffness and
strength of GFRP reinforcement are strongly dependent on fiber volume
fraction and chemical composition. Increasing the fiber content resulted in a
proportional increase in elastic modulus according to the rule of mixtures,
while the ultimate strength was influenced by efficiency factors related to
fiber orientation and length.

A comparison between different fiber types revealed that S-glass fibers
provided the highest stiffness and tensile strength, while AR-glass fibers
ensured superior durability in alkaline environments. E-glass fibers,
although cost-effective, demonstrated reduced resistance to environmental
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degradation. These findings are consistent with reported experimental data
on composite materials [1, 3].

From the standpoint of microstructural design, it was established that
optimization of fiber type, matrix composition, and interfacial properties
enables significant improvement in the overall performance of GFRP
reinforcement. In particular, the use of high glass transition temperature
matrices and nanoscale modifiers enhances stress transfer and delays the
onset of damage.

Fatigue behavior under cyclic loading. The fatigue analysis based on the
S—N approach revealed a gradual degradation of strength with increasing
number of loading cycles. The rate of degradation was strongly influenced
by microstructural parameters, particularly fiber—matrix adhesion and
matrix toughness.

The obtained results showed that fatigue damage is primarily associated
with matrix microcracking, progressive fiber breakage, and interfacial
debonding. These mechanisms lead to stiffness reduction and eventual
failure under repeated loading conditions. The predicted fatigue trends are
in agreement with experimental studies on GFRP materials [3,5].

It was also found that the incorporation of nanomodifiers and improved
matrix formulations significantly reduces the fatigue degradation
coefficient, thereby extending the service life of the material.

Combined thermo-mechanical-fatigue behavior. The integration of
thermal, mechanical, and fatigue effects within a unified constitutive model
made it possible to evaluate the effective stress capacity of GFRP
reinforcement under realistic service conditions.

The results indicate that the combined influence of temperature and
cyclic loading leads to accelerated degradation compared to individual
effects. In particular, elevated temperatures intensify fatigue damage by
reducing matrix stiffness and weakening interfacial bonding.

The proposed model demonstrated that the effective strength of GFRP
reinforcement is governed by a complex interaction of factors, including
fiber composition, matrix stability, and bond efficiency. This confirms that
structural formation processes and microstructural design play a decisive
role in determining material performance.

Engineering implications and validation. The obtained results have
important implications for the design of reinforced concrete structures using
GFRP reinforcement. The developed modeling framework provides a
quantitative basis for selecting optimal material configurations depending
on service conditions.

For example:

e in aggressive environments, AR-glass fibers with high-performance

232



ISSN 2522-9117 (print), ISSN 2786-6149 (online)
"®ynoamenmanvui ma npuxkiaoui npodaemu wopHoi memanypeii”. 2026. Bunyck 40

"Fundamental and applied problems of ferrous metallurgy". 2026. Issue 40

matrices should be used;

o for fatigue-critical structures, S-glass combined with improved
interfacial properties ensures higher durability;

e under fire exposure conditions, hybrid or thermally stable matrices are
required to maintain structural integrity.

The validity of the proposed approach is supported by consistency with
published experimental data, including fatigue behavior, thermal
degradation, and bond performance of GFRP reinforcement [3, 7]. Although
the present study is primarily numerical, the agreement with experimental
trends confirms the reliability of the developed methodology.

Conclusion

This study presents a comprehensive mathematical modeling framework
for predicting the behavior of concrete elements reinforced with glass fiber
reinforced polymer (GFRP) under combined thermal and cyclic loading.
The proposed approach integrates thermal analysis, mechanical modeling,
and micromechanical relations, enabling a multiscale description of material
performance based on structural formation processes and microstructural
design.

The results demonstrate that the effective mechanical properties of
GFRP reinforcement are governed by a combination of fiber chemical
composition, polymer matrix stability, and fiber—matrix interfacial behavior.
It was established that fiber type (E-, S-, and AR-glass), volume fraction,
and matrix characteristics significantly influence stiffness, strength, and
durability of the composite material. In particular, S-glass fibers provide
superior mechanical performance, while AR-glass fibers ensure enhanced
resistance in alkaline environments typical for concrete structures.

Thermal analysis confirmed that the critical factor limiting GFRP
performance is the degradation of the polymer matrix near and above the
glass transition temperature. Despite the relatively stable behavior of glass
fibers at elevated temperatures, the loss of interfacial adhesion leads to a
rapid decrease in load-bearing capacity. This finding highlights the
dominant role of matrix properties and interfacial interactions in
determining thermal resistance of composite reinforcement.

Fatigue analysis based on the S—N approach revealed that cyclic loading
leads to progressive degradation of material properties due to matrix
microcracking, fiber damage, and interfacial debonding. The rate of
degradation is strongly dependent on microstructural parameters, including
matrix toughness and interfacial strength. The incorporation of high-
performance matrices and nanoscale modifiers was shown to significantly
improve fatigue resistance and extend service life.

The integrated constitutive model developed in this study demonstrates
that the combined influence of thermal and cyclic loading leads to
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accelerated material degradation compared to individual loading effects.
This confirms the necessity of considering coupled thermo-mechanical-
fatigue processes when designing composite reinforcement systems.

The key scientific contribution of this work lies in establishing a direct
relationship between material composition, microstructural design,
structural formation processes, and the resulting mechanical performance of
GFRP reinforcement. The proposed mathematical modeling approach
provides a predictive tool for evaluating material behavior under complex
service conditions.

From a practical perspective, the obtained results can be applied in the
engineering design of reinforced concrete structures exposed to aggressive
environments, elevated temperatures, and cyclic loading. The methodology
enables rational selection of fiber type, matrix composition, and interfacial
characteristics to optimize durability and structural reliability. Ultimately,
the proposed approach contributes to the development of advanced
composite reinforcement systems as a viable and scientifically grounded
alternative to traditional steel reinforcement.
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KOMILIEKCHE MOJIEJIIOBAHHS BJIACTUBOCTEM
CKJIOBOJIOKOHHOI ITOJIMEPHOI APMATYPU B BETOHHUX
EJEMEHTAX ITPU TEIIVIOBOMY TA HUK/JIIYHOMY
HABAHTAKEHHI

AHoTtamisi. Y po0OTi po3riIsHYTO MpOoOJIeMy MiABUINEHHS JOBrOBIYHOCTI Ta
TEPMOCTIIKOCTI CKJIOBOJIOKOHHO] ITOJIIMEPHOT apMaTypu y OETOHHUX KOHCTPYKIIifX,
IO MPamolOTh B YMOBAaX TEPMOMEXAHIYHOTO Ta IMKIIYHOTO HaBaHTAXKECHHS.
AKTYyaJbHICTh JOCHI/KCHHS 3yMOBJIEHA HEOOXINHICTIO 3aMiHM TpaguLiiHOI
CTaJieBOl  apMaTypd  KOPO3iHHOCTIHKMMH  MarepiajaMd 3  MiJBHIICHUMH
eKCIUTyaTalifHIMU XapaKTePUCTHKaMH 3a yMOB MiABUINEHUX TeMIEpaTyp i
BTOMHOTO  HaBaHT&XeHH1. Meror poboth € po3poOka  MaTeMaTHKO-
Marepiajlo3HaBY0T METOANKH, IO ITOEAHYE MiIXOH MaTeMaTHYHOTO MOJIETIOBaHHS,
MIKPOCTPYKTYPHOTO KOHCTPYIOBaHHS Ta aHAII3y HpPOLECIB CTPYKTypOYTBOPEHHS
JUIL  TIPOTHO3YBAaHHS  BJIACTUBOCTEH  KOMIIOBMTHOI  apMmarypu. Meroauka
JOCIIUKEHHsT 0a3yeThCs Ha JBOPIBHEBOMY YHCENBFHOMY MIiAXOMi, SKHH BKIIOYA€e
HECTalllOHAPHUI TEIUIOBHH aHAaJi3 i3 BUKOPUCTAHHSIM CTaHIAPTHOI KPUBOI MOMKENKi
Ta TMOJAIBbLIC MEXaHiYHE MOJICIIOBAaHHS HAlpYKEHO-1e(OPMOBAHOTO CTaHy
cucremu «OetoH—apmarypa». [loBemiHKy MaTepialliB ONHCAaHO 3 BHKOPHUCTAHHIM
MOJIeNTi MOUIKOKYBAHOI IJIACTHYHOCTI OETOHY, HPYKHO-TIACTHYHOI MOJENi CTaji
Ta OPTOTPOITHOI MOJENi CKJIOBOJIOKOHHOI TOJIIMEPHOI apMaTypH 3 ypaxyBaHHIM
TeMIiepatypHoi nerpananii. [l OI[HKM BIUIMBY CKJIaJy BOJIOKOH, BIIACTHBOCTEH
noniMepHoi MaTpuni Ta Mixda3zHol B3aeMozii Ha MIIHICTH i BTOMHY MOBEAIHKY
3aCTOCOBAHO MIKPOMEXaHIuHI 3aJIe)KHOCTI, 3aCHOBAaHI Ha TpaBWIi cymimreit i
KoedimieHTax e(EeKTHBHOCTI. Pesynmprati MTOKa3aJIH, o MPOIIeCH
CTPYKTYPOYTBOPEHHS ~Ta  MIKPOCTPYKTYPHOTO  KOHCTPYIOBAaHHsS  BilirparoTh
BU3HAUAIBHY pOJb Yy (opMyBaHHI e(EeKTHBHHX XapaKTEPUCTUK KOMIIO3UTHOI
apMaTypu. BcTaHOBIIEHO, IO BUKOPHCTAHHS BOJIOKOH 13 MiIBUIIEHUMH MIlIHICHIMHA
XapaKTepUCTHKAMK Ta BOJOKOH 3 MiIBUIICHOIO JIY)KHOIO CTiHKICTIO, MaTpHLb i3
HiIBHIIEHOIO TEMIIEPaTyPOIO CKITyBaHHS Ta HAHOMOIU(]IKATOPIB CYTTEBO IiBHIILYE
TEPMOCTIHKiCTh i BTOMHY JOBrOBIUHICTH Marepiaiy. 3alpoNOHOBAaHO iHTErPOBAaHY
MaTeMaTH4YHy MOJENb, sKa OJHOYACHO BPaxoOBy€ TEpPMidHi, MeXaHi4HI Ta
MIKPOCTPYKTYpHi (pakTopH, II0 BIUIMBAIOTh HAa MOBENiHKY Matepiamy. [IpakThuna
3HAYYLCTh [JOCTI/DKEHHS IOJSAra€ Yy MOMKIIMBOCTI 3aCTOCYBaHHS OTPHMaHHX
pe3yIbTaTiB TMPH IHKEHEPHOMY MPOEKTYBaHHI OETOHHHX KOHCTPYKIiH, 010
eKCIUTYaTYIOTbCS B arpeCHBHHX CEpelOBHINAX, 3a IMiJBUIICHHX TEMIeEpaTyp Ta
OUKITIYHAX HABaHTaKEHb, 3a0€31eTyI0UH MiIBUIICHHS JOBIOBIYHOCTI Ta HAIIHHOCTI
KOHCTPYKLIH.

KiiouoBi  cioBa:  CKIOBOJIOKOHHZ — TIOJIMEpPHa  apMaTypa, MaTeMaTH4YHe
MOJICIIIOBaHHS, MIKPOCTPYKTYpHE KOHCTPYIOBaHHS, CTPYKTYPOYTBOPEHHS, BTOMHA
TIOBE/IiHKA, TePMOMEXaHIUuHEe HAaBAHTAKEHHS, KOMIIO3UTHI MaTepiay.
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