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A B S T R A C T

The durability of FRP-concrete interfaces is critical for the long-term performance of FRP − reinforced concrete 
structures. However, the degradation mechanisms of this interface, particularly in moist environments, remain 
poorly understood. This study employs novel experimental methods to investigate the effects of moisture at the 
Glass FRP (GFRP)-concrete interface by analysing relative humidity, micro-mechanics and chemical properties 
using capacitive humidity sensors, nano-indentation, FTIR spectroscopy, SEM and EDS. The results demonstrate 
varying degradation levels across the glass fibre, interphase region and resin matrix, with the interphase region 
exhibiting the most rapid degradation. FTIR analysis revealed significant resin matrix hydrolysis due to the 
substantial breakage of vinyl ester chains. SEM and EDS analysis verified the dissolution process of glass fibres, as 
evidenced by their pitted surface morphology. The dissolution was predominantly localized to the fibres at the 
GFRP bar’s surface, with the internal fibres maintaining their surface integrity. These findings provide critical 
insights into the moisture-induced degradation mechanisms at the GFRP-concrete interface, advancing the un
derstanding of long-term durability in FRP-reinforced structures.

1. Introduction

Fibre-Reinforced Polymer (FRP) reinforcement, is an innovative 
construction material that is rapidly gaining popularity as an alternative 
to traditional steel reinforcement. Composed of high-strength fibres (e.g. 
glass, carbon, or aramid) embedded in a polymer matrix, FRP bars offer 
exceptional corrosion resistance, tensile strength and lightweight 
properties, making them well-suited for modern infrastructure applica
tions [1]. As the construction industry shifts toward sustainable and low- 
maintenance solutions, FRP bars have emerged as a compelling choice, 
offering the potential to revolutionize the way we approach reinforced 
concrete [2].

Despite their corrosion resistance, FRP reinforcements are prone to 
chronic degradation in concrete environments, particularly under
moisture and alkaline exposure. Fergani et al. [3] discovered silicon, 
aluminium and calcium elements near degraded glass fibres in GFRP 
bars exposed to alkaline solutions, suggesting chemical reactions at the 
fibre–matrix interface. Ruiz Emparanza et al. [4] reported a 45 % 
reduction in tensile strength for seawater-immersed GFRP bars, followed 
by a 20 % decrease in transverse shear and bond strength, and a 10 % 

loss in horizontal shear strength. Similarly, Yu et al. [5] reported a 
deterioration of GFRP bars exposed to alkaline solutions, attributed to 
interfacial debonding between glass fibres and resin matrix, which led to 
a more pronounced reduction in interlaminar shear strength. However, 
the effects of moisture and cementitious material environment on the 
degradation of glass fibre and vinyl ester resin remains unclear with 
several contradictory findings for GFRPs. Elgabbas et al. [6] docu
mented a 70.4 % strength retention ratio after 1440 h of alkali exposure, 
while Won et al. [7] reported 95.2 %, highlighting inconsistencies in 
current understanding.

These discrepancies could be attributed to the difficulties in char
acterizing moisture at the GFRP-concrete interface in relation to the 
changes in micro-mechanics and chemical evolution. Unlike external 
environments, moisture dissipates slowly in concrete, with internal 
relative humidity reaching 80 % in 50 mm thick samples after 4 weeks of 
water exposure [8,9]. In FRP-reinforced concrete, concrete serves as the 
surrounding environment of FRP bars, whose pore humidity, together 
with pore composition, plays a dominant role in the degradation of FRP 
bars but the influence of these relationships remains unresolved. The 
resin can absorb 1 % to 7 % moisture by weight, which plasticizes the 
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matrix and induces differential swelling stresses while altering the 
physical properties [10,11]. This can further promote microcracks 
within the fibre-resin interface as a result of the breakage of polymer 
chains by hydrolysis [12]. On the other hand, SiO2 present in glass fibres 
can hydrate with hydroxide ion (OH–) and weaken the Si-O-Si bond 
[13]. To predict the absolute water content and pore saturation in 
cement-based materials, Strangfeld & Kruschwitz integrated internal 
relative measurements obtained from thermoset polymer capacitive 
sensors with Hillerborg theory [14]. This method was further developed 
to determine the diffusion coefficient and hydraulic conductivity of 
cement and calcium sulphate-based materials with varying thicknesses 
[15]. However, monitoring relative humidity at the GFRP-concrete 
interface still faces technical bottlenecks. At relative humidity above 
90 %, the accuracy and uncertainty of measurements greatly intensifies. 
Moreover, obtaining relative humidity measurements at the FRP- 
concrete interface requires proper embedment methods without 
affecting the microstructure and cement chemistry surrounding the FRP 
bars. Attaining inspiration from techniques developed to monitor strain 
distribution and bond behaviour at the steel–concrete interface by 
bisecting reinforcing bars along their axis [16–21]. Relative humidity 
sensors can potentially be embedded within GFRP bars for monitoring 
and obtaining measurements from realistic conditions.

This study aims to investigate the moisture-induced degradation of 
GFRP-concrete interfaces, providing insight into the relative humidity, 
micro-mechanics and chemical evolution. Sand-coated GFRP bars were 
embedded in concrete with different water-to-cement ratios and 
exposed to different humidity environments (36 % and 86 %) for 2 – 4 
months. Relative humidity changes at the GFRP-concrete interface were 
monitored by capacitive sensors, considering the interface is a critical 
location that reflects how the concrete environment influences the 
degradation of FRP bars. Surface morphology and chemical properties 
were examined with SEM and EDS, and the micro-mechanics were ob
tained from nanoindentation to explain the time-dependent 
degradation.

2. Sample preparation and test method

2.1. Materials

Concrete samples were prepared by mixing ordinary Portland 
cement with sand, gravel, and water, and the mixture design is shown in 
Table 1. Portland cement with strength class 52.5 N from Green Island 
Cement Co., Ltd. was used as the binder, and its physical properties and 
chemical composition are given in Table 2. Concrete mixtures with 
distinct pore structures were prepared using water-to-cement ratios of 
0.35 and 0.5. The total aggregate proportion was fixed at 70 % and the 
properties of the river sand and gravel are provided in Table 3. Before 
casting, GFRP bars with a diameter of 10 mm were placed in 40 mm ×
40 mm × 40 mm plastic moulds and held in place with adhesive to 
provide a 25 mm cover. The GFRP bars used were manufactured by 
Dextra Building Products (Guangdong) Co., Ltd using the pultrusion 
process with a volume fibre content of 81.2 %, elasticity modulus of 55.8 
and ultimate strain of 1.87 [22,23]. Furthermore, a small diameter (10 
mm) of GFRP bars was chosen for this study due to its convenience in 
preparing the GFRP-concrete samples and the following tests. Fresh 
concrete was mixed in a paddle mixer and cast into the moulds. Each 
mould was covered with a plastic film to avoid water evaporation to 
prevent dry shrinkage. After 24 h of curing, samples were demoulded 

and cured in moist conditions (95 %± 5 % RH; 21 ◦C± 2 ◦C) for 28 days. 
Subsequently, samples were conditioned in an incubator (21 ◦C± 2 ◦C) 
for two, three and four months until the mass loss became under 0.01 %. 
The incubator contained saturated magnesium chloride and potassium 
chloride salt solutions to control the environmental RH at 36 % and 86 
%, respectively.

2.2. Sensor calibration and embedment

Key sensing and design specifications were reviewed before selecting 
the optimal relative humidity sensor for this study. Given the objective 
of embedding sensors within GFRP bars, a wireless solution was deemed 
unsuitable due to the dimensions of electronic circuit boards (exceeding 
40 × 40 × 40 mm). Additionally, for laboratory-based research, the 
sensor must exhibit a response time of under 60 s to capture rapid hu
midity fluctuations, along with a sensing range of 10–90 % to effectively 
monitor GFRP degradation.

Following a thorough evaluation of available sensor technologies, 
DHT22 manufactured by Kuongshun Electronic was chosen for this 
study. The sensor employs a moisture-sensitive substrate that absorbs 
moisture from the environment which varies the electrical resistance to 
determine the humidity level. According to the manufacturer, the sensor 
achieves ± 2 % RH accuracy with a 0.1 RH resolution. The device is 
encased in a 12 × 16 × 7.7 mm package and designed to operate in 
temperatures ranging from − 40 – 125 ◦C. To embed sensors in GFRP 
bars and reduce the amount of dead space, a 3D printed enclosure with 
the inner and outer diameters of 18 and 20 mm was designed on Sol
idWorks and exported to Ultimaker S5 Pro for printing shown in Fig. 1c. 
Subsequently, a 20 mm diameter hole was drilled into a 40 mm diameter 
sand coated GFRP bar with a 20 mm diameter drill bit. Before casting, 
the sensor was placed into the 3D-printed enclosure and sealed with 
silicone. This embedment method was chosen to minimize the potential 
local microstructural defects at the GFRP-concrete interface. GFRP bars 
were placed vertically and held in place with adhesive in plastic moulds 
to provide a 25 mm cover and prevent blockage of the cavity prior to 
compaction on a vibrating table.

The accuracy and response time of each sensor were evaluated in a 
temperature-controlled laboratory (21 ± 2 ◦C) prior to calibration 
(Fig. 1a). A total of 15 individual sensors were tested in incubators 
containing saturated magnesium chloride (38 % RH) and sodium chlo
ride (75 % RH) salt solutions. Each incubator was preconditioned with 
fresh salts for one week at 21 ± 2 ◦C, while relative humidity was 
monitored using an RS pro hygrometer. The calibration process con
sisted of placing sensors in incubators for 5 min intervals with readings 
recorded every 5 s. The acquired measurements were averaged and 
adjusted to the target RH values by modifying the Arduino’s C++ code. 
Post-calibration results demonstrated significant improvement, 
reducing the maximum deviation from ± 10 % RH to ± 3 % RH (Fig. 2). 
According to the degradation model of GFRP bars [24], ±3% RH error 
indicated that the evolution of GFRP bars under concrete environment 
can be accurately predicted.

2.3. Finite element modelling (FEM)

FEM was performed to simulate the oven-drying process of the 
specimen, following the geometry specification and procedures detailed 
in Section 2.1. The simulation was performed using the commercial 
software COMSOL, incorporating a simple moisture transport model 

Table 1 
Mix proportions.

Mix design w/c ratio Water 
(kg/m3)

Sand (kg/m3) 
<5mm

Coarse aggregate (kg/m3) 
<10 mm

Cement (kg/m3) Aggregate vol fraction: %

C-0.35-PC-70 0.35 156.1 729.9 1094.9 446 70
C-0.5-PC-70 0.5 182.4 729.9 1094.9 365 70
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proposed by Sun et al. [25]. In this model, the primary variable is the 
degree of saturation (θ), governed by the following equation: 

∂θ
∂t

= ∇⋅[D(θ)⋅∇θ]

where D(θ) represents the effective moisture transport coefficient, 
defined as a function of capillary pressure pc and vapour density ρv by: 

D(θ) = −
1

ρlϕ

(

Dv
Mwρv

ρlRT
+ Kl

)
∂pc

∂θ 

The equation uses, ρl for liquid water density; Dv for vapour diffusion 
coefficient, and Kl for liquid water permeability coefficient in concrete. 
Mw is the molar mass of water molecules; R is the universal gas constant; 
and T is the temperature. Capillary pressure pc relates to degree of 
saturation θ via the water-vapour sorption isotherm (WVSI). This study 
utilizes the WVSI model established by Sun et al. [19]: 
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

θw = 1 − exp
(

2Bγcosα
pc

)

θd =

[

1 − exp
(

2Bγcosα
pc

)]{

1 − ln
[

1 − exp
(

2Bγcosα
pc

)]}

where θw and θd represent the saturation levels during wetting and 

drying process respectively. The parameter B characterizes pore size 
distribution, γ represents surface tension of liquid water; and α indicates 
the contact angle between water and pore surfaces. Once the degree of 
saturation is determined, capillary pressure pc can be calculated using 
Eq. (3), from which relative humidity (RH) can be determined from: 

h = exp
(

pcMw

ρlRT

)

2.4. Experimental characterizations

2.4.1. Mechanical properties
In this study, a nano-indenter (Hysitron TI Premier, Bruker) equip

ped with Scanning Probe Microscopy (SPM) was employed to evaluate 
the indentation modulus and hardness of moisture-exposed FRP bars 
embedded in concrete (Fig. 3a). Upon reaching the target conditioning 
age (2, 3 and 4 months), sand-coated GFRP bars were extracted by 
applying a 10 kN compression load at a rate of 0.6 MPa/second (Fig. 3b). 
The retrieved bars were dry-cut using a diamond saw to produce disc- 
shaped specimens with a dimension of 10 mm and a height of 10 mm, 
which were then epoxy-impregnated in cylindrical moulds. After curing 
at 22 ◦C for 24 h, samples were demoulded and subjected to a multi- 
stage polishing process. Initial surface preparation involved removing 
a thin resin layer using 1200-grit SiC sanding paper, followed by 
sequential polishing with diamond suspensions (9 µm, 3 µm, and 0.05 
µm) on appropriate polishing clothes, with each step lasting at least 10 
min. Between polishing stages, samples were ultrasonically cleaned in 
ethanol to remove any residue particles. Finally, the surface roughness 
of samples was inspected on an area of 10 µm × 10 µm with a final root- 
mean-squared (RMS) roughness < 15 nm (Fig. 3c), ensuring adequate 
surface roughness for nanomechanical characterization of fibre- 

Table 2 
Physical properties and chemical characteristics of cement used.

Index Density 
(kg/m3)

Fineness 
(kg/m3)

Compressive strength 
(MPa)

Flexural strength (MPa) Loss-on-ignition 
(%)

K2O 
(%)

Na2O 
(%)

Value 3100 3630 65.5 9.0 2.5 0.47 0.16

Table 3 
Aggregate properties.

Aggregate type MSA: mm Density (kg/m3) Moisture absorption: %

Fine 5 2611 1.0
Coarse 10 2601 0.8

Fig. 1. Illustrations of the development of sensing method (a) calibration of sensors with saturated salts, (b) embedded sensors in concrete with 25 mm cover depth 
and (c) cross-section view of developed sensing method.
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reinforced composite materials [26].
The nanoindentation tests employed a trapezoidal loading profile: 5 s 

loading to reach the maximum load of 3000 µN, 2 s holding at peak load, 
followed by 5 s unloading. Due to the relatively weak interfacial bonding 
between the vinyl ester matrix and glass fibres, the bulk composite has a 
more comparative ductile and soft mechanical behaviour. For each 
sample, eight distinct regions were analysed using a 4 × 4 indentation 
grid with 1 µm spacing, yielding 128 data points for robust statistical 
analysis (Fig. 3d). Error bars in Figs. 4 and 5 represent the measurement 
variability. Following each test, the reduced modulus (Er) and hardness 
were directly obtained. The material elastic modulus (M) was then 
calculated by accounting for the indenter tip effects [27], using the 
following relationship: 

M =

(
1
Er

−
1 − vi

2

Ei

)− 1

(1) 

where Ei and vi are parameters of the indenter tip (Ei = 1140 Gpa and vi 
= 0.07 for a diamond tip).

2.4.2. Morphology and elemental composition analysis
The surface features of GFRP bars after nanoindentation were ana

lysed using a TESCAN VEGA 3 scanning electron microscope equipped 
with energy-dispersive X-ray spectroscopy (SEM-EDS). The samples for 
SEM/EDS tests were prepared by splitting the GFRP bars directly to 
characterize the microstructure of GFRP bars. No cutting, grinding, 

polishing and washing were involved in the sample preparation. Next, a 
higher-resolution SEM was provided to examine the surface of GFRP 
samples. The surface of each sample was cleaned using ethanol followed 
by gold sputter coating. Subsequently, samples were mounted on mi
croscopy stubs using conductive carbon tape. SEM examination was 
conducted at 20 kV accelerating voltage with approximately 10 mm 
working distance in high-resolution scan mode. EDS mapping was per
formed in the backscattered electron (BSE) mode at 3200 × magnifi
cation. The EDS data were collected based on 5 selected regions with 
each region tested for 10 times. Furthermore, the chemical structure of 
surface and internal GFRP bars was examined using Fourier transform 
infrared spectroscopy (FTIR) (Spectrum Two PerkinElmer, USA) with 
attenuated total reflectance (ATR) mode. Samples were prepared by 
obtaining a specimen at the surface of GFRP bars with a weight of 
approximately 2 mg, following the methods reported in previous studies 
[28]. A total of 64 scans were recorded with a spectral resolution of 1 
cm− 1, covering the wavenumber range from 4000 to 400 cm− 1. Spe
cifically, the spectral zones in the band between 3800 and 2900 cm− 1 

including the stretching mode of C=O (1736 cm− 1) and asymmetric 
stretch of carboxylate C-O (1581 cm− 1) were examined [29].

3. Results and Discussion

3.1. Micromechanical properties of GFRP

The indentation hardness of glass fibres at different depths (surface 

Fig. 2. Sensor measurements at varying relative humidity a) before and b) after calibration.
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and mid-section) was characterized, as shown in Fig. 4. On the GFRP 
surface (Fig. 4a), the hardness of glass fibres was initially 85 MPa, but 
decreased by 12.3 % (74 MPa) after exposure to 36 % RH for 3 months, 
proving an obvious degradation of glass fibres. At 86 % RH, the hardness 
dropped by 22.4 % after 3 months, showing a positive correlation be
tween fibre degradation and environmental humidity. GFRP bars in 
concrete with a high w/c ratio experienced more significant degrada
tion, likely due to the higher porosity caused by the high w/c ratio, 
which facilitated faster moisture diffusion. In contrast, within GFRP bars 

(Fig. 4b), the hardness values of glass fibres remained nearly identical, 
suggesting that deeply embedded fibres did not degrade significantly 
under high RH environments. Since the degradation occurred on the 
GFRP bar surface, the mechanical properties of the resin matrix and 
interphase region on the GFRP bar surface were further characterized 
(Fig. 5). The resin matrix exhibited a small-level hardness degradation, 
while the interphase region experienced 17.5 % and 27.5 % degradation 
after 3-month exposure to 36 % RH and 86 % RH, respectively. In 
summary, the degradation of GFRP bars occurs on the surface, with the 

Fig. 3. Illustrations of methods applied to examine the mechanical properties of GFRP reinforcement bars (a) exposure to saturated salt solutions, (b) extraction of 
sample, (c) nano-indentation and (d) examining the hardness and reduced modulus of vinyl ester and glass.
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degradation rate following: interphase region > glass fibre > resin 
matrix.

3.2. Moisture characteristics

Fig. 6(a) and (b) present the experimental and simulated RH curves 
versus oven-dry time. The simulation closely aligns with experimental 
results, showing a 4 % difference for 0.35 w/c samples and a 1 % dif
ference for 0.5 w/c samples, validating the FEM model accuracy and 
confirming negligible sensor embedding effects. Initially, the RH of 
concrete with a w/c ratio of 0.35 was lower than that with a w/c ratio of 
0.5. After 200-hour drying, the RH of concrete with different w/c ratios 
almost reached an equilibrium, with a final RH value of ~ 30 %. Fig. 6(c) 
and (d) plot the evolution of sample weight and total moisture loss of 
GFRP-reinforced concrete during the drying process before exposure. 
For the samples with a w/c ratio of 0.35, the sample weight was reduced 
by 1.6 % with a total moisture loss of 12 g; while for those with a w/c of 
0.5, the sample weight was reduced by 2.3 % with a total moisture loss 
of 16 g. These observations were expected because the water desorption 
of concrete is dependent on its capillary porosity. Samples with a lower 
w/c have a lower capillary desorption [30].

Fig. 7(a) and (b) present the experimental and simulated RH curves 
in relation to the exposure time at 86 % RH. The FEM simulation 
demonstrated excellent agreement with experimental data, showing a 3 
% difference for 0.35 w/c samples and a 1 % difference for 0.5 w/c 
samples, respectively, confirming both model accuracy and negligible 
sensor embedding effects. The RH at the interface increased with the 
exposure time, with a lower w/c ratio samples exhibiting reduced RH 
due to its denser pore structure. Fig. 7(c) and (d) present the evolution of 
sample weight and total moisture gain of FRP-reinforced concrete 

during the exposure period (RH = 86 %). The evolution of sample 
weight was very limited, with a total moisture gain of 1.6 g and 1.7 g for 
the samples with w/c ratios of 0.35 and 0.5, respectively. It can be seen 
that the total moisture gain was significantly lesser, compared to the 
total moisture loss during drying (Fig. 6d and e). It should be noted that 
the evolution of sample weight, total moisture gain and RH of samples 
under 36 % RH exposure condition was not presented in this section 
because this exposure condition had a similar RH value to that (35 % 
RH) at the GFRP-concrete interface. Therefore, there is no evolution of 
sample weight and total moisture gain for concrete.

3.3. FTIR analysis

FTIR was utilized to examine the chemical changes in the polymeric 
chain of resin after exposure, aiming to study the effect of moisture on 
the chemical phases of resin. The peak frequency and spectrum of the 
FTIR spectrum are shown in Fig. 8. To provide more precise insights into 
the reaction kinetics, the peak deconvolution of the FTIR spectrum was 
analysed to quantitatively measure the intensity changes in the hydroxyl 
group (–OH) and the stretching bands of C=O and C-O bonds, as shown 
in Table 4. According to Fig. 8 and Table 4, a substantial reduction in 
C=O was observed with the increasing exposure time, suggesting sig
nificant breakage at the end (ester groups) of the vinyl ester chain in the 
resin matrix. Correspondingly, a rise in the C-O and O-H peaks was 
detected due to the formation of carboxyl (–COOH) groups. This phe
nomenon is so-called hydrolysis, and an increase in w/c ratio led to a 
higher degree of hydrolysis [31–34].

Fig. 4. Fibre hardness measured at A) GFRP surface and mid-section B) after different exposure conditions.

Fig. 5. Hardness of A) Resin and B) interface measured at the GFRP surface after different exposure conditions.
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3.4. SEM and EDS characterization

Fig. 9 presents representative images of the cross-section of GFRP 

bars to examine their overall microstructural changes at the surface and 
midsection under different exposure conditions. Overall, SEM analysis 
of cross-section images suggested no signs of microstructural 

Fig. 6. The experimental and simulated RH curves for b) 0.35 w/c and c) 0.5 w/c samples dried in 40 ◦C oven, along with d) sample weight, and e) total mois
ture loss.

Fig. 7. The experimental and simulated RH curves for b) 0.35 w/c and c) 0.5 w/c samples conditioned at 86 % RH, along with d) sample weight, and e) total 
moisture gain.
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deterioration at the GFRP bars. The increase in w/c ratio also did not 
cause the microstructural deterioration of the GFRP bars. Notably, voids 
and defects were discovered at the surface, which is mainly attributed to 
localized manufacturing defects [35–37].

Next, high-resolution SEM images were captured, scanning the sur
face and mid-section of the split GFRP bar samples, as shown in Fig. 10
(a). For the glass fibres on the GFRP bar’s surface, some pits were 
observed on their surfaces, and the increasing w/c ratio led to more pits. 
These pits could be viewed as direct proof of the dissolution of glass 
fibres. However, the glass fibres in the mid-section of GFRP bars main
tained their surface integrity, suggesting no dissolution of glass fibres in 
the internal GFRP bars. To further examine the chemical elements of 
glass fibres and resin at the surface and mid-section of GFRP bars, EDS 
analysis was performed, shown in Fig. 10(b). The EDS data were 
collected based on 5 selected regions with each region tested for 10 
times. For the pitted surface of glass fibres, EDS focused on the pits to 
test their chemical elements. Compared to the intact surfaces in the mid- 
section, the pitted ones had a higher percentage weight of sodium (Na) 
and potassium (K), indicating the degradation of glass fibre at the pits. 
The percentage weight of these two elements increased with the w/c 
ratios, corresponding to a higher degree of dissolution of glass fibres. On 
the other hand, the silicon (Si) in the resin on the GFRP bar’s surface 
increased, which was also evidence of the dissolution of glass fibres. 
These findings were similar to experimental work conducted by Zhao 
et al. [38].

4. Conclusions

This study systematically investigated moisture-induced degradation 
at the GFRP-concrete interface through an integrated approach 
combining capacitive humidity sensors, nanoindentation, SEM and EDS 
analysis. This provided insights into the relative humidity, micro- 
mechanics and chemical evolution. The key findings are summarized 
as follows: 

(1) Moisture exposure caused distinct degradation patterns across 
the glass fibre, interphase region and resin matrix. The interphase 

Fig. 8. FTIR analysis of resin conditioned at 86 RH.

Table 4 
Spectrum result for FTIR analysis of resin conditioned at 86 RH.

Samples OH/CH C=O C-O

Reference 0.33 181.4 43.90
w/c ¼ 0.35
2 months 0.43 70.00 190.30
4 months 1.36 29.14 192.00
w/c ¼ 0.5
2 months 0.63 37.28 235.90
4 months 1.44 28.50 278.10

Fig. 9. SEM images of the microstructure of GFRP bars embedded in concrete condition at 86 RH for a) 3 months with 0.35 w/c ratio, b) 4 months with 0.35 w/c 
ratio, c) 3 months with 0.5 w/c ratio and d) 4 months with 0.5 w/c ratio.
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region exhibited the most severe degradation, followed by the 
resin matrix and glass fibers. Higher w/c ratios accelerated 
degradation due to increased concrete porosity for moisture 
transport.

(2) The RH at the GFRP-concrete interface was accurately monitored 
by the humidity sensors. In an 86 % RH environment, the RH at 
the interface increased with the exposure time, and the sample 
with a lower w/c ratio had a lower RH after the exposure due to 
its denser pore structure. In a 36 % RH environment, the RH 

change at the interface was ignorable due to the balance between 
internal and external RH.

(3) FTIR analysis revealed that a significant hydrolysis reaction had 
occurred for the resin matrix due to the breakage of the end (ester 
groups) of the vinyl ester chain. This was evidenced by a 
noticeable increase in C-O and O-H peaks, corresponding to the 
formation of carboxyl (–COOH) groups. Additionally, an increase 
in w/c ratio led to a higher degree of hydrolysis for the resin 
matrix.

Fig. 10. A) high-resolution sem images of the surface and mid-section of the split gfrp bar samples after exposure to 86 rh for 4 months with b) EDS analysis.
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(4) High-resolution SEM images revealed that glass fibres on the 
surface of GFRP bars developed pits, with their severity 
increasing at higher w/c ratios. In contrast, fibres in the mid- 
section remained intact, confirming that degradation was pri
marily a surface phenomenon. EDS results further supported 
these observations, showing increased Na/K elements in the 
pitted regions and Si accumulation in the surrounding resin.
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