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This study presents a numerical analysis of the occurrence of radial damage in concrete 
reinforced with glass fiber-reinforced polymer (GFRP) rebars. The difference in radial 
thermal expansion coefficients between GFRP rebars and concrete can induce cracking 
in the surrounding concrete. Furthermore, the behavior of early-age concrete is 
significantly influenced by the hydration process, which was simulated using the finite 
element software ABAQUS. Numerical simulations were conducted to assess the 
evolution of cracking in early-age concrete reinforced with GFRP rebars. The thermal 
strain, dependent on the degree of hydration, was incorporated into the simulation. The 
temperature evolution due to the heat of hydration was also modeled, with peak hydration 
temperatures reaching approximately 50℃, to capture the development of thermal 
gradients in the concrete. Mazar's damage model was employed to describe radial 
cracking. An analytical model was applied to study early-age concrete, wherein its 
thermo-mechanical properties were defined as functions of the hydration degree. 
Numerical results reveal that radial damage in early-age concrete is particularly 
pronounced around GFRP reinforcement. A comparison of the numerical results with 
analytical solutions confirms the validity of the model, with relative error of 8.57 × 10−6 
highlighting the accuracy of the proposed numerical approach. 
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1. INTRODUCTION

The early age concrete is characterized by a thermo-
chemical process which depends on the cement’s hydration. 
Subsequently, the durability of structures depends mainly on 
these thermo-chemical evolutions [1, 2]. The hydration 
process is quantified by the hydration degree ξ [3, 4]. In fact, 
it is considered as an important parameter which describes the 
concrete’s hardening during.  This consecutive chemical 
reaction leads to the increase of the concrete ‘s temperature. It 
may reach up to 60℃ [5-7]. This justifies its exothermal 
character.  Hence, the temperature variation leads to the 
appearance of the thermal shrinkage [8, 9]. This phenomenon 
presents a source of cracking appearance in early age concrete 
[5].  

For cementitious materials, microstructure evolution plays 
an important role in the bonding properties of the concrete [10]. 
Chemically, various analytical and numerical models have 
been developed to study the cement hydration evolution 
depending on the external temperature and the composed 
concrete type. As example, The HYMOSTRUC [11] model 
was elaborated by Ye et al. [11] and it is used to simulate the 
hydration process and to evaluate the pore structure 

characteristics in the concrete paste. Furthermore, depending 
on the cement compositions (Silica SiO2, Alumina Al2O3, Lim 
Cao etc.), the variation of the variation degree as function of 
time is determined. For CEMHYD3D model [12], for a giving 
water cement ratio, the cement particles are modelled as a 
continuity of spheres with different diameters. the cement 
hydration process is simulated as the growth of the cement 
particles. Moreover, it was proven that the early age concrete 
proprieties depend mainly on the hydration degree according 
to analytical and experimental study elaborated by De Schutter 
and Taerwe [13]. The problem of cracks appearance on early 
age concrete is related to the attain of the concrete’s stress to 
the maximum concrete’s tensile strength. Hence, this fact 
leads to various problem in the structures notably the steel’s 
rebars corrosion. In fact, it may lead to the degradation of the 
concrete interface around the rebar of reinforcement.  In order 
to prevent such problem, an alternative technology of 
reinforcement is recently used which is the composite rebars 
(FRP) in particular the (GFRP ones) [14, 15]. In fact, these 
rebars are performed by their non-corrosive aspect and their 
lightweight [16-18]. Sdiri et al. [5] elaborated a finite element 
analysis of early age concrete reinforced with (GFRP) 
elements. In this model, the hydration degree was taken in 
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account to determine the cracks evolution in the concrete 
specimen.  Besides, a numerical comparative has been 
deduced between Steel and GFRP reinforcements at early age 
concrete. It was proven that the use of the GFRP rebars 
minimizes the transversal cracks appearances [5]. Moreover, 
this composite materials present, in the glass fibers direction, 
a thermal coefficient (CET) equal to the concrete one. Perhaps, 
they are characterized by a coefficient of thermal expansion 
(CET) more important to the concrete one ((CET GFRP=2-
3CETconcrete) [19, 20]. This Caracter leads to the appearance 
of radial cracks in the hardened concrete. The GFRP character 
has been exploited in various experimental, analytical and 
numerical simulations to study the case of hardened concrete 
reinforced with GFRP rebar [20, 21]. Zaidi et al. [20] 
developed an experimental and analytical study in which they 
considered a cylindrical hardened concrete beam reinforced 
with GFRP rebar and exposed to various thermal loads. As 
results, it is deduced analytically the radial pressure applied by 
the composite rebar on the concrete [20, 21]. Subsequently, the 
radial concrete’s stresses are expressed and deduced as 
functions of the thermos-mechanical concrete and rebar’s 
proprieties. Ones the radial concrete’s stress attempt its 
maximal tensile strength, radial cracks would appear around 
the GFRP rebar. Furthermore, it was proven that radial cracks 
occur in concrete at FRP bar/concrete interface at a 
temperature variation of 20 to 25℃ [20]. Perhaps, the number 
of research studies related to the thermal effect on GFRP bars 
embedded in early age concrete is very limited. Hence, the 
thermal strain distributions at the interface GFRP–bar/ 
surrounding early age concrete need to be further investigated. 

Although numerous studies have examined the bond 
performance of GFRP bars in concrete, most of the existing 
research has primarily focused on the long-term behavior of 
GFRP-reinforced concrete or fully matured concrete 
conditions [21-23]. However, limited attention has been given 
to understanding the bond behavior of GFRP reinforcement at 
early ages, particularly under varying curing conditions. Early-
age bond performance is crucial for ensuring structural 
integrity during the initial stages of construction, especially 
when accelerated construction techniques such as steam curing 
are applied. 

Recent studies have investigated the bond characteristics of 
GFRP bars in different cementitious composites [24, 25], and 
the cracking behavior of GFRP-reinforced concrete at early 
ages [26]. However, these studies did not explicitly address the 
influence of different curing conditions on the development of 
bond strength in early-age concrete. The novelty of this study 
lies in its comprehensive experimental and analytical 
investigation of the influence of curing conditions (moist 

curing vs. steam curing) on the early-age bond performance of 
GFRP-reinforced concrete [27]. In particular, this study 
provides new insights into the development of bond strength 
at early ages and proposes an analytical model that 
incorporates the effect of curing conditions to predict bond 
strength evolution. This approach addresses an important gap 
in the current literature and offers valuable guidance for the 
safe and efficient design of GFRP-reinforced concrete 
structures during the early stages of construction. 

In this paper, a finite element analysis model using 
ABAQUS software is developed and applied in order to 
analyses the evolution of the thermal radial cracks in early age 
concrete according to the numerical model elaborated by Sdiri 
et al. [5]. Firstly, this model was developed to describe the 
thermo mechanical behavior of early age concrete using finite 
element analysis. On the other hand, it leads to model the early 
age concrete’s cracking using the Mazars’s damage Model 
[22]. Besides, the thermo-mechanical proprieties of early age 
concrete were implemented in this numerical model. 
Hymostrcut model [12] is used to determine the hydration 
degree variation of the simulated concrete. Furthermore, the 
thermal boundary condition is considered semi-adiabatic 
(20℃). Moreover, the analytical model developed by Zaidi et 
al. [20] will be applied for the early age concrete case study 
defining the concrete mechanical proprieties as functions of 
the hydration degree. As results, the variation of the radial 
thermal deformation as function of the time is deduced for the 
various temperature. The time’s crack and the radial thermal 
concrete stress have been extracted from the results of the 
numerical simulations. The novelty of this work lies in its 
focus on the micro-mechanical implications of the curing 
process, offering new insight into how thermal and moisture 
gradients affect radial cracking and interfacial behavior in 
GFRP-reinforced systems. This approach fills a critical gap in 
current research, where curing effects are often overlooked in 
the assessment of concrete–GFRP performance. 

2. HYDRATION PROCESS MODELING

2.1 Early age concrete modeling equations 

This part deals with a finite element analysis of a GFRP 
reinforced early age concrete using ABAQUS software. The 
developed model is issued from an analytical study of Sdiri et 
al. [5]. In fact it describes the cement hydration process by 
taken in account the chimo-thermo-mechanical details (Table 
1).  

Table 1. Concrete mechanical proprieties [5, 20] 

ρ 𝑬𝑬 c 𝑮𝑮𝑮𝑮  𝒇𝒇𝒕𝒕  e f=g c α 
kg/m3 MPa N/mm MPa - - 10-5 (1/℃) 
2400 40600 210 6,65 0.4 0,921 970 1 

The studied element is considered as a prismatic concrete 
beam reinforced with 1HA25 GFRP rebar subjected to semi-
adiabatic (20℃) thermal condition. The behavior of early-age 
concrete is modeled both numerically and analytically using a 
thermo-chemical-mechanical approach, which simulates the 
hydration process and incorporates the influence of the 
hydration degree (ξ) [5]. The rate of the hydration degree is 
expressed as follows: 

𝜉𝜉̇ =
𝑘𝑘
𝑛𝑛0
�
𝐴𝐴0
𝑘𝑘𝜉𝜉∞

+ 𝜉𝜉� (𝜉𝜉∞ − 𝜉𝜉)𝑒𝑒𝑒𝑒𝑒𝑒 (−
𝑛𝑛�𝜉𝜉
𝜉𝜉∞

) 𝑒𝑒𝑒𝑒𝑒𝑒 �−
𝐸𝐸𝐸𝐸
𝑅𝑅𝑅𝑅

� (1) 

where, ξ is the concrete hydration degree, 𝜉𝜉∞  presents the 
degree relatative to the finilization of the total hydration 
reactions. The chemical affinity A (in 1/h) characterizes the 
overall progression of each hydration reaction degree. n0, 𝐧𝐧� 
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are material constants, k is the thermal conductivity of the 
concrete. The concrete permeability η is directly linked with 
the microcirculation of the free water through the hydrates. ξ∞ 
designs the final hydration degree. The Young's modulus 
Ec(ξ), the compressive/tensile strength of concrete fc,t(ξ) and 
the fracture energy Gf(ξ) depend on the degree of hydration 
according to the following: 

𝐟𝐟𝐜𝐜,𝐭𝐭(𝛏𝛏) = 𝐟𝐟𝐜𝐜,(
𝛏𝛏 − 𝛏𝛏𝟎𝟎
𝟏𝟏 − 𝛏𝛏𝟎𝟎

)𝐟𝐟 (2) 

𝐄𝐄(𝛏𝛏) = 𝐄𝐄𝐜𝐜(
𝛏𝛏 − 𝛏𝛏𝟎𝟎
𝟏𝟏 − 𝛏𝛏𝟎𝟎

)𝐞𝐞 (3) 

𝐆𝐆𝐆𝐆(𝛏𝛏) = 𝐆𝐆𝐆𝐆𝐜𝐜(
𝛏𝛏 − 𝛏𝛏𝟎𝟎
𝟏𝟏 − 𝛏𝛏𝟎𝟎

)𝐠𝐠 (4) 

where, 𝛏𝛏𝟎𝟎 is the initial hydration degree. 
The thermal strain in the concrete is expressed as follows: 

𝜀𝜀𝑡𝑡ℎ = 𝛼𝛼∆𝑇𝑇 (5) 

where, 𝛼𝛼  is the coefficient of the thermal expansion of the 
concrete.  

The early age concrete cracks have been modeled referring 
to the Mazars damage model [5]. These model is defined as 
follows: 

𝛔𝛔 = (𝟏𝟏 − 𝐝𝐝)𝐂𝐂𝛆𝛆𝐞𝐞𝐞𝐞 (6) 

It should be noted that the Mazars damage model may 
present limitations when applied to early-age concrete 
reinforced with GFRP. The model does not explicitly account 
for the time-dependent evolution of mechanical properties due 
to hydration, which can affect both stiffness and damage 
development in the matrix. Additionally, the interaction 
between GFRP bars and the concrete matrix at early stages, 
where bond development is still progressing, may introduce 
discrepancies not captured by the isotropic damage framework. 
These factors can lead to deviations in predicted behavior, 
especially under early-age loading conditions. Recent studies, 
such as Li et al. [28] , have highlighted the importance of 
incorporating age-dependent material parameters or hybrid 
models to more accurately simulate the damage evolution in 
young, fiber-reinforced concrete. 

The elastic strain tensor is computed as follows: 

𝜀𝜀𝑒𝑒𝑒𝑒 = 𝜀𝜀 − 𝜀𝜀𝑡𝑡ℎ (7) 

The damage variable  

𝑑𝑑 = 1 − 𝜀𝜀𝑑𝑑0
𝜀𝜀�
𝑒𝑒𝑒𝑒𝑒𝑒(𝑙𝑙𝑐𝑐𝑓𝑓𝑡𝑡

𝐺𝐺𝑓𝑓
(𝜀𝜀𝑑𝑑0 − 𝜀𝜀̃)) [5] (8) 

𝜀𝜀̃ = �〈𝜀𝜀𝑒𝑒𝐼𝐼〉2 + 〈𝜀𝜀𝑒𝑒𝐼𝐼𝐼𝐼〉2 + 〈𝜀𝜀𝑒𝑒𝐼𝐼𝐼𝐼𝐼𝐼〉2 (9) 

𝜀𝜀𝑑𝑑0 =
ft (ξ)
𝐸𝐸(ξ)

(10) 

where, 𝜀𝜀𝑑𝑑0  is the damage threshold. 𝜀𝜀̃  is defined as the 
equivalent strain, 〈𝜀𝜀𝑒𝑒𝐼𝐼〉  ,  〈𝜀𝜀𝑒𝑒𝐼𝐼𝐼𝐼〉  and  〈𝜀𝜀𝑒𝑒𝐼𝐼𝐼𝐼𝐼𝐼〉  are the positive 
parts of the elastic strain eigenvalues.  

The thermomechanical model described is numerically 
integrated using the finite element software ABAQUS, with 
the development of three user subroutines: HETVAL, 
UEXPAN, and UMAT [5]. The HETVAL subroutine is used 
to model the internal hydration heat flux. Following this, the 
thermal and shrinkage strains are integrated within the 
UEXPAN subroutine. The total strain is then calculated by 
incorporating these effects. Once the increment in eigen strain 
is determined, both the mechanical strain increment and the 
current mechanical strain are computed. These values are 
subsequently used as inputs in the UMAT user-material 
subroutine. This allows for the calculation of the early-age 
concrete's mechanical properties based on the explicit degree 
of hydration. The numerical implementation of the 
thermochemical model is more detailed in Sdiri et al. [5] paper. 

𝜉𝜉𝑛𝑛+1 − 𝜉𝜉𝑛𝑛
−
𝑘𝑘
𝑛𝑛0
�
𝐴𝐴0
𝑘𝑘𝜉𝜉∞

+ 𝜉𝜉𝑛𝑛+1� (𝜉𝜉∞

− 𝜉𝜉𝑛𝑛+1)𝑒𝑒𝑒𝑒𝑒𝑒 (−
𝑛𝑛�𝜉𝜉𝑛𝑛+1
𝜉𝜉∞

) 𝑒𝑒𝑒𝑒𝑒𝑒 �−
𝐸𝐸𝐸𝐸

𝑅𝑅 𝑇𝑇𝑛𝑛+1
� = 0 

(11) 

Sdiri et al. [5] provides a comprehensive overview of the 
mechanisms behind early-age cracking in restrained concrete 
elements. 

2.2 Analytical study of hardened concrete 

For the GFRP reinforced concrete element, rebars generates 
local radial pressure at the bar / concrete interface especially 
when the local temperature increases. Thus, the hydration 
temperature may lead to the appearance of such thermal stress. 
Subsequently, early age concrete radial crack appears. Zaidi et 
al. [20] developed an analytical study that treat the radial 
concrete crack formation at hardening stage. The specimen 
model is considered as a cylindrical concrete specimen 
reinforced centrally by a GFRP rebar (Figure 1). Table 2 
illustates the concrete speciemen dimensions.  

Table 2. Glass fiber reinforced polymer (GFRP) rebars 
mechanical and physical proprieties [20] 

Bar Diameter 
Φ (mm) 

Concrete 
Diameter (D) 

(mm) 

Concrete 
Length L (mm) 

Rebar 
Length 
(mm) 

25,4 76 380 400 

Figure 1. Concrete model [20] 
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Only thermal load are applied and the following conditions 
are taken in account: 
1- A perfect bond is assumed between the GFRP bar and the

surrounding concrete.
2- Both the GFRP bar and the concrete exhibit linear elastic

behavior.
3- The cross-section of the cylinder remains plane after

thermal deformation.
According to Zaidi et al. [20], the radial thermal 

deformation relative to hardened concrete is defined as follows 
𝜀𝜀𝑐𝑐𝑐𝑐: 

𝜀𝜀𝑐𝑐𝑐𝑐 =
𝑃𝑃
E
�
𝑟𝑟2 + 1
𝑟𝑟2 − 1

+ ν� + 𝛼𝛼𝑏𝑏∆𝑇𝑇 (12) 

where, 𝑟𝑟 = 𝛷𝛷𝑐𝑐
𝛷𝛷𝑟𝑟

, 𝛷𝛷𝑟𝑟  the bar diameter, 𝛷𝛷𝑐𝑐  concrete cylindrical 
element diameter and ν  is the concrete Poisson ratio. The 
radial pressure 𝑃𝑃 excreted by the GFRP at the around concrete 
is induced mainly by the temperature variation as expressed in 
the following formula:  

𝑃𝑃 =
(𝛼𝛼𝑅𝑅 − 𝛼𝛼)∆𝑇𝑇

1
E �
𝑟𝑟2 + 1
𝑟𝑟2 − 1 + ν� + (1 − 𝑣𝑣𝐴𝐴)

𝐸𝐸𝑅𝑅
(13) 

where, 𝛼𝛼𝑅𝑅 is the GFRP radial thermal expansion coefficient. 
𝑣𝑣𝐴𝐴 is the GFRP axial coefficient ration and 𝐸𝐸𝑇𝑇 is the 𝐸𝐸𝑅𝑅 is the 
radial elastic modulus of the GFRP rebar. 

The maximum circumferential stress 𝝈𝝈𝒕𝒕 𝒎𝒎𝒎𝒎𝒎𝒎  generated by 
the radial pressure is expressed as follows:  

𝝈𝝈𝒕𝒕 𝒎𝒎𝒎𝒎𝒎𝒎 =
𝒓𝒓𝟐𝟐 + 𝟏𝟏
𝒓𝒓𝟐𝟐 − 𝟏𝟏

𝑷𝑷 (14) 

In order to predict the concrete radial crack formation, the 
analytical model of Zaidi et al. [20] has been applied on the 
early age stage. In fact, the constituve equations of the thermal 
radial cracks, the radial pressure and concrete tensile strength 
depend on the mechanical proprieties of the concrete.  Hence, 

it can be expressed as functions of the hydration degree ξ 
according to the formula of De Schutter and Taerwe [13].  

𝑃𝑃 (𝑡𝑡) =
(𝛼𝛼𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 − 𝛼𝛼)∆𝑇𝑇

1
E(𝜉𝜉(𝑡𝑡)) �

𝑟𝑟2 + 1
𝑟𝑟2 − 1 + ν� + (1 − 𝑣𝑣𝐴𝐴)

𝐸𝐸𝑡𝑡
(15) 

𝜀𝜀𝑐𝑐𝑐𝑐(𝑡𝑡) =
𝑃𝑃(𝜉𝜉(𝑡𝑡))
E(𝜉𝜉(𝑡𝑡))

�
𝑟𝑟2 + 1
𝑟𝑟2 − 1

+ ν(𝜉𝜉(𝑡𝑡))� + α∆𝑇𝑇 (16) 

𝜎𝜎𝑡𝑡_𝑚𝑚𝑚𝑚𝑚𝑚(𝑡𝑡) =
𝑟𝑟2 + 1
𝑟𝑟2 − 1

𝑃𝑃(𝜉𝜉(𝑡𝑡)) (17) 

3. NUMERICAL SIMULATIONS

3.1 Material proprieties 

(a) Concrete
The concrete used in this study is ordinary concrete,

characterized by the mechanical properties listed in Table 1. 
These data are taken from the experimental campaign carried 
out by Zaidi et al. [20]. The concrete is considered as elastic 
undamageable material. 

To assess the variation in the degree of hydration of the 
concrete used, an approximate simulation was conducted 
using Hymostruct, based on standard cement compositions [21] 
(Table 3). 

The results of the simulation are resumed in Figure 2. The 
hydration degree increases with the concrete age until it 
attempts a final hydration degree equal to ξ_∞=0,69. The 
missing hydration model parameters are identified according 
Sdiri et al [5]. These parameters depend mainly on the concrete 
proprieties. The chemical hydration parameters are 
summarized in Table 4, which presents the initial and final 
values of the hydration degree.  

Figure 2 shows a rapid increase during the early hours, 
followed by a gradual slowdown, indicating the typical 
progression of cement hydration. 

(b) GFRP rebars
The GFRP mechanical proprieties are detailed in Table 5.

Table 3. Chemical compositions of cement [21] 

Cement Compost CaO SiO2 Al2O3 Fe2O3 K2O Na2O SO3 TiO2 P2O5 
Percentage % 63 22 4,96 3 0,64 0,14 2,57 0,35 0,18 

Table 4. Hydration parameters [5] 

𝝃𝝃𝟎𝟎 𝝃𝝃∞ 𝐤𝐤
𝐧𝐧𝟎𝟎

𝑬𝑬𝑬𝑬
𝑹𝑹

𝒏𝒏� 

0,1 0,69 1.05 ×107 5000 3,39 

Figure 1. Hydration degree variation as function of time 
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Table 5. GFRP rebars mechanical and physical proprieties [20] 

Bar Diameter (mm) Φ 𝑬𝑬𝑨𝑨 (GPa) 𝑬𝑬𝑹𝑹 (GPa) 𝝂𝝂𝑨𝑨 𝝂𝝂𝑹𝑹 𝜶𝜶𝑨𝑨 (×10-5 1/℃) 𝜶𝜶𝑹𝑹 (×10-5 1/℃) 
25,4 42 7,1 0,28 0,38 0,6 2,2 

3.2 Model description 

The concrete element was modeled using the finite element 
software ABAQUS, as illustrated in Figure 3. It is represented 
as a cylindrical specimen reinforced with a GFRP rebar. For 
both the concrete and the reinforcement, C3D8T coupled 
temperature-displacement elements were employed [5]. The 
characteristics of the cylindrical element (diameter, concrete 
cover, embedded length) are presented in the study work of 
Zaidi et al. [20]. These properties are summarized in the 
following table. A semi-adiabatic thermal condition at 20℃ is 
assumed. The study focuses on the free thermal behavior; 
therefore, the mechanical boundary conditions are considered 
free at the transverse sections of both the concrete and the 
GFRP rebar. 

Figure 3. Modelled reinforced concrete element 

4. RESULTS

4.1 Model validation 

Figure 4 describes the temperature variation as function of 
the concrete age for a temperature of 𝑇𝑇0 = 20°𝐶𝐶  and GFRP 
diameter Φ=25,4 mm. It can be deduced that early age 
concrete reaches a maximum temperature 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 = 50°𝐶𝐶at the 
age of 20 hours. This behavior highlights the exothermic 
nature of the hydration process. After approximately 20 hours, 
the temperature begins to decrease, eventually returning to its 
initial level. 

Figure 4. Concrete temperature variation as function of time 

For the same tested specimen, the radial thermal 
deformation εct has been determined at the interface between 
the GFRP rebar and early-age concrete using two different 
approaches: (i) the analytical expression developed by Zaidi et 
al. [20] (Eq. (12)), and (ii) the results obtained from the 
ABAQUS FE  numerical simulation. The numerical curve was 
extracted at a node located directly at the GFRP–concrete 
interface. As illustrated in Figure 5, the analytical curve 
demonstrates strong agreement with the numerical results, 
validating the proposed model. To further quantify this 
agreement, statistical error analysis was conducted. The 
deviation between the analytical and numerical results was 
assessed using three standard metrics: 

- Mean absolute error (MAE)

𝑀𝑀𝑀𝑀𝑀𝑀 =
1
𝑁𝑁
��𝜀𝜀𝑐𝑐𝑐𝑐,𝑖𝑖

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 − 𝜀𝜀𝑐𝑐𝑐𝑐,𝑖𝑖
𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛�

𝑁𝑁

𝑖𝑖=1

 (18) 

- Root mean square error RMSE

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = �
1
𝑁𝑁
��𝜀𝜀𝑐𝑐𝑐𝑐,𝑖𝑖

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 − 𝜀𝜀𝑐𝑐𝑐𝑐,𝑖𝑖
𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛�

2
𝑁𝑁

𝑖𝑖=1

(19) 

with N= 50 (the data numbers). 
The statistical error analysis confirms that the analytical 

expression for the radial thermal deformation developed by 
Zaidi et al. [20] is highly accurate and in good agreement with 
the results obtained from the ABAQUS finite element 
simulation. The use of the three error metrics absolute error, 
relative error, and RMSE has quantitatively demonstrated the 
robustness of the analytical model, supporting its application 
for further studies on GFRP-reinforced concrete structures. 

Figure 5. Radial thermal crack at early age concrete 

The computed values for the current study are: 
𝑀𝑀𝑀𝑀𝑀𝑀 =  8.57 × 10−6  and RMSE = 8.86 × 10−6 , 

confirming a very close match between both approaches. 
Moreover, the maximum radial strain deformation occurs at 
approximately 20 hours, which coincides with the time when 
the concrete reaches its peak temperature (Tmax=50℃). This 
behavior highlights the influence of the thermal gradient 
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generated by the hydration process, which acts as a transient 
thermal load applied to the concrete specimen [23]. 

4.2 Radial crack distribution 

For a specimen reinforced with a GFRP rebar of Φ= 25mm, 
Figure 6 describes the damage distributions at the 

GFRP/concrete interface for different ages of the concrete 5 
hours, 10 hours and 20 hours. It is shown that the damage 
increases with the age of the concrete, reaching its maximum 
at around 20 hours. This corresponds to the time when the 
concrete reaches its peak temperature t = 20 hours, 𝑇𝑇 𝑚𝑚𝑚𝑚𝑚𝑚 =
50 °𝐶𝐶. 

Figure 6. Radial crack distribution at GFRP reinforced concrete element at t=5, 10 and 20 hours 

Figure 7. Radial crack distribution at GFRP reinforced concrete element at t=20 hours 

Figure 7 presents the longitudinal crack distributions for the 
concrete specimen at 20 hours from the concrete ages. 
According to the hydration degree variation (Figure 2), the 
hydration degree relative to the concrete’s age t=20 hours is 
equal to ξ = 0.48 . The radial pressure relative to this 
hydration degree is calculated according to Eq. (20).  

𝑃𝑃 (ξ = 0.48)

=
(𝛼𝛼𝑟𝑟 − 𝛼𝛼𝑐𝑐)∆𝑇𝑇(ξ = 0.48)

1
E(ξ = 0.48) �

𝑟𝑟2 + 1
𝑟𝑟2 − 1 + 𝜈𝜈𝑐𝑐� + (1 − 𝑣𝑣𝐴𝐴)

𝐸𝐸𝐴𝐴

(20) 

where, E(ξ = 0.48)  is calculated according to Eq. (3). The 
calculated radial pressure. 
𝑃𝑃(ξ = 0.48) = 4,11 MPa . As results, the early age 

circumferential radial stress is determined according to Eq. 
(17). 𝜎𝜎𝑡𝑡 𝑚𝑚𝑚𝑚𝑚𝑚 = 5,58 𝑀𝑀𝑀𝑀𝑀𝑀 . At the same concrete age, the 
concrete tensile strength is calculated as function of the 
hydration degree by referring to Eq. (2). 𝑓𝑓𝑓𝑓(ξ = 0.48) =
5 𝑀𝑀𝑀𝑀𝑀𝑀 . As results, it can be noted that the concrete stress 
reaches the tensile strength: this explains the presence of 
cracks in concrete around the GFRP reinforcement. 
Furthermore, this is due to the attempt of the maximum 

temperature of the hydration process and the variation of the 
radial thermal coefficient (CET) of both the concrete and the 
GFRP one. As results, the hydration temperature evolution 
presents a major factor of the appearance of thermal cracks at 
early age concrete not only for the hardened one. Furthermore, 
it is more pronounced by the difference between the GFRP 
radial thermal coefficient and its similar of the concrete. 

5. CONCLUSIONS

In this paper, a finite element and analytical analysis of the
thermal radial crack evolution at a GFRP early age concrete 
reinforced element has been carried out. The numerical and 
analytical analysis is developed by Sdiri et al [5]. The crack is 
modeled using the Mazars damage analytical model. Only 
thermal strain has been taken in account. At first, the hydration 
evolution has been determined using Hymostruct procedure 
according to the cement chemical compositions. Hence, the 
hydration degree variation has been determined as function of 
the time. Subsequently, the final hydration degree of the used 
concrete is determined. The radial crack formation for 
hardened concrete is described by ana analytical study 
elaborated by Zaidi et al. [20]. In fact, the difference between 
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the radial thermal expansion coefficient of the GFRP rebar and 
its similar of the concrete has been taken in account to evaluate 
analytically the radial thermal strain, the radial pressure 
applied by the concrete on the GFRP rebar. The maximum 
concrete strength is also deduced analytically. In order to 
prevent the radial crack formation at early age stage, the 
mechanical proprieties of the concrete, like the elastic modulus 
and the tensile strength, have been expressed as functions of 
the hydration degree according to the model of Sdiri et al. [5]. 
Numerical simulation using ABAQUS software is applied on 
a cylindrical GFRP reinforced element. The following results 
were achieved from the numerical simulation: 
 The early age concrete attempts a maximum temperature

of 50℃ caused by the hydration process.
 The analytical model is well validated according to the

numerical variation of the radial crack strain: The strain
reaches its maximum at the age of 20 hours: this age is
relative to the maximum hydration concrete temperature:
this temperature variation replaces the thermal load effect
modelled at the hardened concrete case study.

 At the age of 20 hours, the concrete tensile strength is
calculated according to De Schutter expression and the
relative hydration degree is deduced from Hymostruct
results: the radial pressure, the maximum radial stress was
calculated and compared to the associated tensile strength:
it reaches its value and this explains the presence of the
radial crack at the concrete.

 The radial damage repartitions are extracted for different
concrete ages 5 hours, 10 hours and 20 hours: it is noted
that the crack formations were developed speedily as
function of concrete age.

It is acknowledged that the present study did not include 
microstructural analysis of the cracked concrete specimens. 
Incorporating such analysis in future research would provide 
further insight into the damage mechanisms at the micro-level 
and enhance the understanding of the interaction between 
cracks and the surrounding cementitious matrix. Besides, this 
study presented a numerical investigation into the effect of 
curing conditions on radial damage development in GFRP-
reinforced concrete. The results demonstrated that steam 
curing, although beneficial for accelerating early strength 
development, can increase the risk of localized damage due to 
thermal stresses around the GFRP reinforcement. In contrast, 
hydration curing resulted in more uniform stress distribution 
and reduced damage concentration. These findings have 
practical implications for structural engineering design. 
Specifically, they suggest that hydration curing may be more 
suitable for structures where long-term durability and crack 
control around GFRP bars are critical. Moreover, the results 
highlight the importance of selecting GFRP reinforcement 
with appropriate thermal and mechanical properties when used 
in high-temperature curing environments. These insights 
provide a foundation for optimizing curing protocols and 
reinforcement selection to improve the performance and 
longevity of GFRP-reinforced concrete elements, especially in 
precast or thermally cured structural applications. 
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NOMENCLATURE 

GFRP Glass fiber reinforced polymer 
CET Coefficient of thermal expansion 
Ec Concrete elastic modulus, (MPa) 
𝐸𝐸𝐴𝐴 GFRP axial elastic modulus, (MPa) 
𝐸𝐸𝑟𝑟 GFRP radial elastic modulus, (MPa) 
P Radial Pression of FRP rebar on concrete, (MPa) 
Gf Concrete fracture energy, (N/mm) 
𝑓𝑓𝑡𝑡 Concrete tensile strengh, (MPa) 
∆𝑇𝑇  Temperature variation, (℃) 
T Temprature, (℃) 
𝑇𝑇𝑛𝑛  Temprature relative to time (tn), (℃) 
C Elastic matrix 
𝑀𝑀𝑀𝑀𝑀𝑀 Mean absolute error 
RMSE Root mean square error 

Greek Symbols 

𝛼𝛼𝐴𝐴 GFRP  axial thermal expansion coeffcient, (1/℃) 
𝛼𝛼𝑟𝑟 GFRP Radial thermal expansion coeffcient, (1/℃) 
𝜀𝜀𝑐𝑐𝑐𝑐,𝑖𝑖
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 Analytical thermal strain 
𝜀𝜀𝑐𝑐𝑐𝑐,𝑖𝑖
𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 Numerical thermal strain 

ξ Hydration degree 
𝜉𝜉0 Intial hydration degree 
𝜉𝜉∞ Final hydration degree 
𝜉𝜉𝑛𝑛 Hydration degree relative to time (n) 
𝜎𝜎𝑡𝑡 𝑚𝑚𝑚𝑚𝑚𝑚  Maximum thermal circofrentiel stress on 

concrete, (MPa) 
σ Stress matrix 
ε Strain matrix 
𝜀𝜀𝑐𝑐𝑐𝑐  Thermal radial strain 
k Thermal conductivity of the concrete 
η The concrete permeability 
𝜈𝜈𝑐𝑐 Poission ratio of concrete 
𝑣𝑣𝐴𝐴 GFRP axial Poission ratio 
ρ Concrete Density, (kg/m3) 
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