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Ensuring the long-term durability of glass fiber-reinforced polymer (GFRP) bars poses a significant challenge
in practical applications, particularly in marine environments. Moisture absorption by GFRP bars causes
hydrolysis and plasticization of the polymer matrix, resulting in a decline in both their stiffness and strength.
Furthermore, the penetration of detrimental ions (e.g., OH—) with moisture accelerates the degradation of
GFRP bars. Therefore, clarifying the moisture absorption behavior of GFRP bars is crucial for investigating
their durability. Previous studies have indicated that the initial moisture absorption in GFRP bars conforms to
the Fickian model. However, with prolonged exposure, anomalous diffusion behavior emerges, characterized
as non-Fickian diffusion. This paper reviews existing models for non-Fickian diffusion, highlighting their
shortcomings. Gravimetric experiments were then conducted on GFRP bars with diameters of 6, 10, and 14
mm, immersed in portable water at temperatures approximately 23, 40, and 60 °C. Based on the test results
and underlying mechanisms, an improved model, named the Weibull relaxation (WR) model, was proposed
and validated using the particle swarm optimization (PSO) algorithm for regression analysis. The new model
not only exhibits better agreement with the test results but also incorporates fitting parameters with clear
physical interpretations. Its distinct advantage over existing models is that it is able to more realistically
capture the mechanisms governing the moisture absorption of GFRP bars.

1. Introduction

Glass fiber-reinforced polymer (GFRP) bars serve as an ideal alternative to traditional steel reinforcement
for marine concrete structures, primarily due to their good corrosion resistance and relatively low cost.
However, despite being non-metallic, GFRP bars still exhibit degradation over extended service life [1,2].
Notably, research has shown that GFRP bars are particularly susceptible to moisture-related deterioration in
real-world applications [3—5]. The moisture absorption by GFRP bars occurs via diffusion and significantly
affects their properties due to multiple degradation mechanisms. Firstly, moisture causes matrix plasticization
by breaking down intramolecular hydrogen bonds within the polymer and forming new polymer-water
intermolecular bonds at hydrophilic sites [6,7]. Secondly, the absorbed moisture also triggers matrix
hydrolysis, resulting in the chemical scission of ester groups [8]. Thirdly, the absorbed moisture exerts osmotic
pressure that leads to the formation of micro-cracks in the surrounding materials [9,10], resulting in swelling
of the matrix and leading to interfacial debonding between fibers and the matrix [11], thereby altering their
internal stress state [12].

Therefore, a better understanding of the moisture absorption behavior of GFRP bars is paramount for
accurate predictions of their long-term mechanical properties. Existing research suggests that moisture
diffusion in fiber-reinforced polymer (FRP) composites adheres to the Fickian diffusion model [13-15].
However, contrasting findings reveal anomalous moisture diffusion behavior classified as non-Fickian
diffusion [16-18]. The non-Fickian behavior is characterized by additional moisture uptake beyond the
Fickian diffusion as exposure time increases. Manufacturing defects such as voids and un-impregnated fibers
were thought to cause such non-Fickian diffusion [19]. However, these defects are relatively small. The
advancements in manufacturing techniques, especially in pultrusion, have further improved the quality of FRP
products, but the additional moisture uptake still occurs after extended exposure. This indicates that these
defects are not the primary cause of the non-Fickian behavior. The primary mechanism driving the non-Fickian
behavior appears to be matrix relaxation [20-24]. The absorbed moisture increases the free volume and
enhances molecular chain mobility within the polymer matrix. This process can trigger matrix swelling,
leading to fiber—matrix interfacial debonding and facilitating further moisture uptake [25,26].

The moisture absorption process occurs in two distinct phases. Initially, the changes in matrix
microstructures are minimal owing to strong intermolecular forces and the long-chain polymer structure.
During this period, Fickian diffusion predominantly governs moisture absorption, while relaxation has a
minimal influence. As the exposure time increases, intermolecular and hydrogen bonds gradually break down,
leading to rapid increases in moisture absorption, such as non-Fickian behavior.
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solutions in concrete pores that can cause chemical reactions and more complex mass changes, understanding
moisture uptake in pure water is an essential first step. Over the past few decades, several models have been
proposed to evaluate moisture absorption behavior related to relaxation [24,27-30]. This study conducted a
comprehensive review and evaluation of the existing models. Gravimetric experiments were conducted on
GFRP bars with diameters of 6, 10, and 14 mm, immersing in portable water at three different temperatures
including room temperature of about 23, 40, and 60 °C. Based on the underlying mechanisms and test results,
a new model was proposed to characterize moisture uptake due to relaxation. This model was also validated
and compared with existing models.

2. Moisture absorption models
2.1. Fickian model

The Fickian model [31] has been widely adopted to describe moisture diffusion behavior in FRP [32—-34].
This model is analogous to Fourier’s heat conduction theory and suggests that mass transport occurs due to
the random motion of the penetrant, driven by the concentration gradient. In the polar coordinate system, the
Fickian law can be expressed as follows:

aC (azc 1(’)C>

where C is the penetrant concentration; 7 is the radial distance from the center; ¢ is the diffusion time; and D
is the diffusivity. The initial conditions for a circular FRP bar are assumed as follows: Before exposure to the
solution, the internal of the FRP bar is totally dry (Eq. (2)). Upon exposure, the surface of the bar instantly
becomes saturated (Eq. (3)).

C0;r) =(2)
C(t;Ro) = Co(3)
where Ry is the radius of the bar; Cyis the moisture concentration at saturation.

The solution for Eq. (1) subjected to Egs. (2) and (3) can be found in Crank [35]:

62 1= 3 etaleeon - () oo

where a;, 1s the mth positive root of the zero-order Bessel function; Jy(x) and J;(x) are the zero- and first-order
Bessel functions, respectively. The moisture absorption in the FRP bar at the time ¢, M(¢), can be found by
integrating the concentration over the cross-section:

1;\/1/1?0) =1- i %exp ( — (%)ZDt>(5)

m=1

where My, denotes the moisture absorption after infinite time due to diffusion (saturate moisture absorption).
2.2. Non-Fickian models

Several relaxation models [24,27-30] have been proposed to characterize the non-Fickian diffusion. They
are summarised as follows.

2.2.1. Exponential relaxation model
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moisture absorption. It is called the exponential relaxation model (ER model) and has been adopted in several
studies [36—38]. The model is expressed as:

dM;_et'(t) = k(Mo — M,e1(1))(6)

where M, (?) is the moisture uptake due to relaxation at time ¢, k is the relaxation rate, and M, is the saturate
moisture uptake due to relaxation. Integration of Eq. (6) yields:

Me)(t) = Myo[1 — exp(—kt)](7)

In addition, the moisture absorption due to diffusion and relaxation was assumed to be a linear
superposition. As a result, the total moisture absorption of an FRP bar with a radius of R, can be found by
adding Eq. (7) into (5):

M(t) = Md0[1 — i aiz exp < _ (;_,:>2Dt>
m=1 M

+ Myo[1 — exp(—k)](8)

2.2.2. Parallel dual Fickian model (PDF model)

Loh et al. [27] proposed that moisture absorption due to matrix relaxation follows the Fickian model.
They used two parallel Fickian models to determine the moisture absorption due to diffusion and relaxation,
respectively [28,37,39]. The moisture absorption behavior for an FRP bar with a radius of R, can be expressed

M(t):Mdo[l_ > e~ (32) )

where D, is the relaxation rate in this case.

[ee)

+ M1 Z% xp< (&) relt) ©)

2.2.3. Sequential dual Fickian model (SDF model)

Mubashar et al. [28] found that the PDF model was not able to adequately represent some test results.
They introduced a sequential dual Fickian model that involves a Heaviside step function (¢) to delay the

relaxation:
— 4 A\ 2
+ QD(t - td)MrO 1-— 2 2 €Xp\ — (R_> relt
m=1 Om 0

M(t) = Mdo[l — i aiz exp ( _ <C;_r;z)zpt>
m=1 ™M

where #4 is the retarding time, and the Heaviside step function is expressed as follows:

(10)

0,t<t
pt—t) =11 ¢S LAD

Compared with the PDF model, the SDF model assumes that relaxation only starts to occur at time 7.

2.2.4. Time-dependent surface concentration model
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called the time-dependent surface concentration model (TDSC model). They assumed that the saturation
concentration at the surface of the FRP bar is initially Cy, and increases over time as a result of relaxation.
They recommended an expression that incorporates this time-dependent surface condition as follows:

C(tR) = f(t) = Co + C1[1 — exp(—kt)](12)
where C| is the saturated moisture concentration after relaxation.
The Duhamel’s theorem, originally applied to the heat conduction problem [40], was used to solve this
problem (Egs. (1), (2), and (12)). The theorem assumes that the concentration at (x, y, z) (where x, y, z are

spatial coordinates) at time ¢ is C = F(x,,z,f) when the initial concentration is zero and the surface
concentration is unity; if the surface concentration is replaced by f{¢), the solution becomes:

t 9
C(t) = fo fQ) 5 Fy.at —)dA(13)

where / is the integration variable representing the time history from 0 to ¢.

F(x,y,z,t) = C is obtained by setting Cy= 1 in Eq. (4), giving:

F(xy,2,t) = [1 _ i l#(am) ]O(amRLO) K < _ (2_7;1)2 Dt)l
m=1

Substituting Eq. (14) into (13) yields:

o T .
ctr) = 2 Zigm/(}(l‘z::;) exp ( 3 (%)th> fo exp <D(0;—’;‘)2,1> F(Hda|(s)

m=1

(14)

Substituting Eq. (12) into (15) yields:
Ctr) = CO{l - Zfr‘;:l[m]o(amé) exp ( — (C;—T:)ZDt)]} +

e |2 fo(amRO) 2 _exp(—kt) Jo(@m) 1510(%%0) exp(—(’;—’g)zpt)
"Uaw Jilam)  Ro < > > Jilam)  RoDZa(@m)  ((am)_k)
am Ro D

R am
0 R, D

(16)

According to the Bessel function recursive formula (Eq. (17)), the sorption—time curve is obtained as
expressed in Eq. (18).

R]O(amRLO) R(Z)
0 J1(am) Tdr=a(17)
2
— 4 — | 4 dexp(—kt) 4k exp(—(a—m)Df)
o -aft- 2, o~ o) oo 2 [ (v gy |
0
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2.2.5. Simplified time-dependent surface concentration model

Bao et al. [30] proposed that the moisture uptake due to relaxation increases linearly with respect to the
square root of immersion time:

C(t) = Co + kVE(19)

They simplified the moisture absorption model due to diffusion and relaxation, which is called the
simplified time-dependent surface concentration model (STDSC). For an FRP bar with a radius of R, this
model can be expressed:

M(t) =~ (1 + kvJt)Mq(t)(20)

m=1

m

(21

where My(?) is the moisture uptake due to diffusion at time z.
2.2.6. Langmuir model

Carter and Kibler [41] proposed the Langmuir (LAN) model for non-Fickian diffusion behavior, which
assumes that diffusing moisture exists in both free and bound states:

aC dS 02C 10C
Eﬁ-E—D 6T2+T‘6T (22)

5 _ C—pBS(23

= = aC — fS(23)

where C and S represent the mass of mobile and bound water per unit volume, respectively; o and f are the
probabilities per unit of time that mobile and bound molecules will change their respective states. The solution
of the LAN model for an FRP plate was provided in Ref. [42]. However, the explicit solution for cylinders
(i.e., FRP bars) is not available. For long-term exposure, an approximate solution of the LAN model can be
expressed as:

M(t)
M,

1 ¢ —Bt(24
_a+Be 24

where M, is the saturate water uptake. This equation is in the exponential form, which is not capable of
capturing the various types of non-Fickian behavior observed in FRP composites.

2.3. Assessment of existing models

Fig. 1 shows typical moisture uptake curves for the models reviewed above. It is seen that all but the
LAN model follows the Fickian model initially but departs from it thereafter to simulate the non-Fickian
diffusion behavior.
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Fig. 1. Schematics of different moisture uptake models.

Various moisture uptake curves in FRP bars have been observed in experimental studies, as depicted in
Fig. 2. These curves may be categorized into three types:

Type I: Relaxation begins after Fickian diffusion saturates (Fig. 2(a)) [28,43];

Type II: Relaxation begins just before Fickian diffusion saturates (Fig. 2(b)) [39,44];

Type III: Relaxation begins immediately at initial exposure (Fig. 2(c)) [27,37,45,46].

In addition, moisture uptake may show either a superlinear (al, b1, and c1 in Fig. 2) [47,48] or a

sublinear increase (a2, b2, and c2 in Fig. 2) [36,42,46,49,50] at the early stage of relaxation, depending on
the material and environmental conditions.

\ A A
1= k= 1=
[} 9] 5]
= = 15
el 9 o]
o o o
e g g
2 2 2
L] 2 L]
o (o] O
= = =
—0— a2 —D—D2 —o—2c2
Exposure time (vh) Exposure time (vh) Exposure time (vh)
(a) (b) (©

Fig. 2. Schematic moisture uptake curves of FRP bars.

The characteristics of the models reviewed are summarized in Table 1. Most relaxation models include
two critical parameters: the relaxation rate and the saturate relaxation moisture uptake. The STDSC model
only considers the relaxation rate, leading to infinite moisture uptake due to relaxation. Both PDF and SDF
models assume that relaxation follows the Fickian diffusion form, which may not accurately represent the
underlying mechanisms. Also, they are only suitable for modeling relaxation moisture uptake with sublinear
increases. Similarly, the ER model is also appropriate only for modeling relaxation moisture uptake with
sublinear increases. The LAN model is also unable to capture the different types of non-Fickian behavior
observed in FRP composites since it primarily relies on an exponential form.

Table 1

Comparison of existing non-Fickian diffusion models.

7
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Model  Kelaxation parameters Assumption Applicable shapes (F1g. 2)

Rate Amount Starting time

ER k My 0 Concentration difference-driven b2, c2
PDF D My 0 Same as Fickian diffusion. c2

SDF D My tq Same as Fickian diffusion a2, b2 ,c2
TDSC k My 0 Time-dependent boundary conditions bl, cl
STDSC &k NA 0 Simplified TDSC cl

LAN a,ff M 0 Moisture exists in both free and bound states ¢, c2

NA: not available.

These assessments highlight the need for a model capable of better capturing the complexities of moisture
uptake in FRP composites.

3. Experiment

A diverse range of materials has been used in different studies, making it difficult to compare and
combine the test data from different sources. To gain a better understanding of moisture behavior, gravimetric
experiments were conducted on GFRP bars with different diameters, immersing in portable water at different
temperatures.

3.1. Materials

GFRP bars with diameters of 6, 10, and 14 mm were used. They were made of E-glass fibers and vinyl
ester resin and purchased from the same manufacturer. Their surface was helically wrapped as shown in Fig.
3. Their densities were determined following ASTM D792 [51] to be 2.16, 2.13, and 2.07 g-cm ™3, respectively
for the 6, 10, and 14 mm bars.

=l 2 3
[

Fig. 3. GFRP bars.

As the glass fiber volume content significantly influences the moisture absorption of GFRP bars [52], it
was determined using both the density method and the ignition loss method. The density method calculates
the glass fiber volume content based on the density of the fiber and resin:

Pc— Pr

Vi= "
f Pr— Pr

(25)
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and GFRP, respectively.

The ignition loss method was conducted following ASTM D7913 [53]. GFRP bars were dried and then
placed in crucibles, which were subsequently heated in a furnace until only ash remained. After cooling the
residue in a desiccator, its weight was measured. The glass fiber content was calculated as follows:

ms Pc
Ve=——(26
f Ps mc( )

where my and m, are the weight of the glass fiber and the GFRP bar, respectively.

The accuracy of the density method can be affected by voids or defects in the GFRP bars, leading to
lower values. On the other hand, incomplete carbonization of the matrix can result in inaccurate results from
the ignition loss method, leading to higher values. The average of the values from the two methods may be a
closer representation of the actual fiber volume.

The test results are shown in Table 2. It can be seen that smaller bars had higher fiber content. This may
partially explain the size effect of FRP bars.

Table 2

Fiber volume content of GFRP bars (%).

Diameter (mm) Density method Ignition loss method Average

6 70.7 70.7 70.7
10 68.6 69.1 68.9
14 64.5 67.0 65.7

3.2. Gravimetric test

GFRP bars were cut into 30 mm long pieces and immersed in water at room temperature (about 23, 40,
and 60 °C, respectively). The elevated temperatures were maintained using a thermostatic water chamber. For
each diameter, six identical GFRP bars were used and placed in a container as shown in Fig. 4(a). To prevent
longitudinal water diffusion in order to simplify the problem, both ends of each specimen were sealed with
epoxy (Fig. 4(b)) and cured before they were immersed in water.

b1

Fig. 4. GFRP bar specimens. (a) Different diameter bars; (b) sealing of ends.
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D5229-14 |54]. Prior to exposure, the bars were dried 1n an oven at 50 °C for 48 h and then cooled down to
room temperature in a desiccator. The initial weight (W)) of each bar was measured. Subsequently, the weight
of the bars was periodically measured using an electronic balance with a 0.1 mg accuracy. The surfaces of the
specimens were dried using tissue paper before each weighing. The percentage of mass change for each bar
was calculated as follows:
P —

We=Wo (27
—X
X @)

M(t) =
where W, is the weight at time 7, mg. Six identical bars for each condition were used.

3.3. Results and discussion

Fig. 5 presents the mass change of GFRP bars over time. Each data point represents the average of six
identical bars, and the error bars indicate the standard deviation.

3.0 3.0 3.0
o— 6 mm —0— 6mm —0— 6 mm
251 _g— 10 mm 25F —O— 10mm 251 —0— 10mm
o 14 mm —— 14 mm —0— 14 mm
20} 2.0 2.0
S
(0]
2
s 15 15} 15¢
o
3
(]
=
1.0} 10}
05} 05 -
so0 O 20 40 60 go O 20 40 60 80

Exposure time (Vh) >
Fig. 5. Mass change of GFRP bars in water at different temperatures. (a) 23 °C; (b) 40 °C; (c) 60 °C.

All bars exhibited an increasing trend in mass with time. At 23 °C, the mass increased quickly during the
initial exposure and then slowed down gradually. At 40 and 60 °C, it followed a similar trend to those at 23
°C during the initial stage but exhibited an additional mass increase at the later stage, leading to stepped-
shaped curves. The additional mass increase was due to matrix relaxation. The curves of bars at 23 °C were
smooth, indicating that the contribution of relaxation was marginal. For GFRP bars at elevated temperatures,
the relaxation process was accelerated, and its contribution became evident at the latter period of the test.

GFRP bars with smaller diameters displayed a higher mass increase, attributed to their larger specific
surface area (i.e., the surface area-to-volume ratio). For instance, after 4500 h of exposure at 23 °C, the mass
increases were approximately 1.0%, 0.7%, and 0.6%, respectively for GFRP bars with diameters of 6, 10, and
14 mm. The elevated temperature resulted in a quicker and larger mass increase. This is because the elevated
temperature accelerated the molecular motion, leading to a quicker diffusion of water molecules. For instance,
after 500 h, the mass increases of the 6 mm GFRP bars at 23, 40, and 60 °C were approximately 0.49%, 0.65%,
and 1.33%, respectively.

4. New model

The limitations of existing models necessitate the development of a new model for moisture uptake that
considers the relaxation more appropriately and reflects the underlying mechanisms. As discussed, the
10
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molecules act as plasticizers, increasing the tree volume and chain mobility within the polymer, which reduces
the glass transition temperature (7,) and weakens the strength and stiffness of the matrix. Water may also
disrupt existing hydrogen bonds and can form new hydrogen bonds with polymer chains, causing the matrix
to swell. In addition, moisture exposure can alter the cross-link density of the polymer through hydrolysis,
further enhancing the matrix relaxation. Initially, because of the intermolecular force and long-chain structure,
the matrix exhibits a slow microstructure change. Therefore, the contribution of relaxation is marginal during
the early stage when the intermolecular and hydrogen bonds remain intact but increases rapidly after a certain
period when these bonds start to break down. An appropriate model accounting for relaxation should
incorporate three parameters: relaxation rate, maximum relaxation amount, and transition time. It must also
satisfy the initial condition that the moisture uptake is zero at the start of exposure.

Taking these factors into account, a new model, using the Weibull function, thus termed the Weibull
relaxation (WR) model, is proposed as follows:

Myei() = Myo[1— exp (— (t/1)?)](28)
where ¢ and y are two parameters related to the relaxation rate and the transition time, respectively.

The moisture absorption of an FRP bar with a radius of R, due to diffusion and relaxation can be thus
expressed as:

[ee]

M(t) = Mdoll — Z %exp < — (;-?)2Dt>

=1

+ Myo[1 — exp (= (t/v)%)](29)

5. Model validation

5.1. Particle swarm optimization

The proposed model (Eq. (29)) involves two Fickian diffusion parameters and three relaxation parameters.
The least-squares method (LSM) is a common regression technique but is sensitive to the initial values of the
parameters, often leading to local optimization results. To overcome this drawback, the particle swarm
optimization (PSO) algorithm proposed by Kennedy and Eberhart [55] is adopted. The PSO algorithm is based
on swarm cooperation, starting with a random solution and iteratively searching for the optimal solution by
updating generations. The updates follow local and global best values in each iteration:

Vi(n+ 1) = wV;(n) + Byr1[PYeS{(n) — P(n)] + Byro[PEPest(n) — P,(n)] (30)
P(n+1)=P;(n) +V;(n)(31)

where Py(n) and V(n) are the position and velocity of the ith particle at the nth iteration; P**'(n) and P2bes'(n)
are the best positions of the ith particle (local optimum) and among all particles (global optimum), respectively;
r1 and r, are random numbers generated within the range of [0, 1]; B; and B, control the maximum step length
and are both set to two; w is the inertia weight that influences the previous velocity on the current one. To
prevent particles from exceeding the search space, the velocity (V;) and position (P;) are constrained to [ Uyin,
Unax] (minimum and maximum velocities) and [ Pmin, Pmax] (Minimum and maximum positions), respectively.
This process is repeated until the stopping criteria are met. The PSO algorithm is illustrated in Fig. 6.

11
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Yes

End

Fig. 6. PSO algorithm.

5.2. Model comparison

This section compares existing models and the proposed one with the test data from this study. The
parameters in each model were determined from regression analysis. All results are shown in Fig. 7.

12
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Fig. 7. Comparison of different models using fitted parameters with test data. (a) Fickian model; (b) ER model; (c) TDSC
model; (d) TDSC model.

Fig. 7(a) shows that all test results for GFRP bars at 23 °C fit well with the Fickian model. When the
exposure temperature increased to 40 and 60 °C, deviations from the Fickian model are evident in the late
stage of exposure. These deviations suggest that GFRP bars at elevated temperatures exhibited relaxation
processes, which can not be accurately described by the Fickian model.

13
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results are shown in Figs. 7(b)—~(d). The STDSC, LAN, PDF, and SDF models were excluded trom
consideration due to their less rigorous assumptions. Both the ER and TDSC models are unable to capture the
stepped shape of test results, as shown in Fig. 7(b) and Fig. 7(c), highlighting their limitations in describing
the relaxation behavior. In contrast, the proposed WR model shows a good agreement with the test results
across both the diffusion-dominated and the relaxation-dominated stages (Fig. 7(d)).

The fitting parameters of these models are listed in Table 3. The temperature-dependent variation of
diffusivity is expected to follow the Arrhenius relationship [26,56,57], which is representative of the activated
transition state theory.

Table 3

Fitting parameters of different models.

Model Parameter 23°C 40 °C 60 °C
6 mm 10 mm 14 mm 6 mm 10 mm 14 mm 6 mm 10 mm 14 mm
Fickian | D (mm?s™!) | 220 x 107 | 3.75x 1077 | 530 x 1077 | 3.90 x 1077 | 8.00x 1077 | 1.28x107° [ 925107 | 1.56x 107 | 2.13x10°¢
Mo (%) 1.12 0.88 0.85 1.15 0.76 0.74 1.86 1.12 1.13
ER D (mm?st) | — — — 1.76 x 1077 | 7.74x 107 | 1.91 x 107 | 3.91 x 1078 | 2.58 x 107® | 4.95x 10°®
Mo (%) — — — 1.47 0.78 0.63 3.80 6.00 5.24
k — — — 8.12x107% | 6.87x10% | 749 x 107® | 2.92x 10° | 6.75x 10° | 6.27 x 107®
Mo (%) — — — 0.32 0.19 0.21 0.65 0.10 0.09
R? — — — 0.97 0.96 0.95 0.98 0.98 0.98
TDSC | D (mm?s™') | — — — 1.79x107¢ | 1.91x 107 | 2.81 x 107 | 2.02x 107° | 2.72x 107® | 5.66 x 107®
Myo (%) — — — 0.54 0.47 0.48 1.36 0.76 0.68
k — — — 452x107% | 1.24x10% | 746 x107° | 1.81 x 108 | 227 x10°% | 2.00 x 1078
Mo (%) — — — 227 3.08 3.93 5.56 3.53 3.32
R? — — — 0.98 0.98 0.98 0.98 0.98 0.98
WR D (mm?s™) [ — — — 3.88x 107 | 7.92x 107 | 1.13x 107 | 1.02x 107® | 1.66 x 107® | 2.55 x 107®
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1o\ /o) — — — 11v v V. 10U 1.U00 LU
0 — — — 2.86 2.58 2.56 3.89 3.59 3.36
y(s) — — — 1.17x107 | 1.42x107 | 1.36x107 | 1.19x 107 | 1.14x 107 | 1.29x 1077
My (%) — — — 0.61 0.33 0.19 0.95 0.71 0.56
R? — — — 0.99 0.99 0.99 0.99 0.99 0.99

R?: coefficient of determination.

Eq
D = Dgexp ( — @)(32)

where Dy is the pre-exponential factor, which is a constant that represents the diffusion coefficient at infinite
temperature; 7T is the temperature, K; E, is the activation energy required for diffusion and R, is the universal
gas constant (= 8.3 J-mol !-K™!). Take the natural logarithm of both sides of Eq. (32) gives:

E 1

Ry T

InD = — +1nDy(33)

Therefore, InD follows a linear relationship with 1/7, with the slope value of —E,/R,.

Fig. 8 shows the Arrhenius plots of diffusivities for GFRP bars using different models. Fig. 8(a) shows
that Arrhenius plots from the Fickian model at various temperatures are linear with R? values greater than
0.97, indicating that elevated temperatures accelerate the diffusion without changing the mechanism. The
diffusion activation energy can be determined from the slopes of the regressing lines (slope x gas constant),
which are 31.8, 31.5, and 30.7 kJ-mol ! for 6, 10, and 14 mm GFRP bars respectively. The activation energies
between the bars with different sizes are very close as they were the same material. Larger bars have slightly
larger diffusivities and smaller activation energies due to their lower glass fiber volume contents (Table 2), as
glass fibers do not absorb moisture and may also act as barriers [58]. Larger bars may also contain more
defects, contributing to this phenomenon.
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Fig. 8. Arrhenius plots of diffusivities for different models. (a) Fickian model; (b) ER model; (¢) TDSC model; (d) WR
model. x =1/T, y = LnD.

Figs. 8(b) and (c) show the diffusivities for the ER and TDSC models. These plots do not follow a linear
trajectory, which disobeys the Arrhenius theory. This suggests that these two models do not capture accurately
the moisture uptake mechanism.

Fig. 8(d) shows that the Arrhenius plots of the diffusivity D in the proposed WR model exhibit a linear
behavior at different temperatures, with R? values greater than 0.98. This confirms that elevated temperatures
accelerate diffusion without changing the underlying mechanism. The diffusion activation energies obtained
for the WR model from data regression for the 6, 10, and 14 mm GFRP bars are 34.0, 32.9, and 36.5 kJ-mol ™!,
respectively. These values are slightly different from those obtained solely for the Fickian model, as relaxation
occurs during the diffusion-dominated stage, albeit with a minor contribution.

The parameter 0 in the WR model is related to the relaxation rate. Table 3 shows that ¢ increases when
the temperature increases from 40 to 60 °C, indicating accelerated relaxation at higher temperatures. The
parameter y is related to the transition time when the relaxation contribution to moisture uptake becomes
significant. Its value decreases slightly when the temperature increases from 40 to 60 °C, suggesting that the
transition occurs earlier at higher temperatures, for example, higher temperatures accelerate water molecule
movement while increasing the polymer chain’s flexibility and leading to easier relaxation. These indicate
that the proposed WR model not only demonstrates a better mathematical agreement with test data but also
more accurately reflects the moisture uptake mechanisms in GFRP bars compared to existing models.

5.3. Further model validation

To further validate the WR model, test data from two previous studies [44,59] were used. Four types of
GFRP bars were tested in Ref. [59]: Two using polyester as the matrix with diameters of 10 and 19.5 mm
(labeled as P10 and P20), and two using vinyl ester as the matrix with the same two diameters (labeled as V10
and V20). These bars were immersed in an alkaline solution at 25 °C. In the other study [44], 9.53 mm diameter
16
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hyb T at
three temperatures: 40, 60, and 90 °C.

Fig. 9 presents the fitting results of the WR model with the test data from Ref. [59]. Fig. 9(a) shows that
smaller bars had higher mass increases, consistent with the findings from the present study. All curves exhibit
stepped stages attributed to relaxation. The WR model is in good agreement with the test results during both
diffusion-dominated and relaxation-dominated stages with R*> values greater than 0.99. Fig. 9(b) shows the
parameters obtained for the WR model. The larger diameter bar had a higher diffusivity, also consistent with
the observation in the present study. The values of J and y were smaller for the bars with smaller diameters,
also consistent with the present study. Compared with vinyl ester matrix bars, polyester matrix bars had a
smaller diffusivity but similar values of ¢ and y. This suggests that vinyl ester matrix bars displayed faster
moisture diffusion but similar relaxation behavior.
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Fig. 9. Fitting results of the WR model in comparison with test data [59]. (a) Fitted curves; (b) fitting parameters.

Fig. 10 presents the fitting results of the WR model in comparison with the test data from Ref. [44]. Fig.
10(a) shows that the WR model showed a good agreement with the test results in both diffusion-dominated
and relaxation-dominated stages with R? values greater than 0.99. FRP bars had higher mass increases at
higher temperatures, and their mass increase curves also exhibited stepped stages. Fig. 10(b) presents the
parameters fitted for the WR model. The diffusivity of the bars at higher temperatures is larger. The value of
o0 increases when the temperature is increased from 40 to 60 °C but decreases when the temperature is further
increased to 90 °C, probably because the T, of the matrix was exceeded, which altered the degradation
mechanism. The value of y is also considerably smaller at 90 °C, indicating a much earlier relaxation process.
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Fig. 10. Fitting results by WR model in comparison with test data [44]. (a) Curve fitting; (b) fitting parameters.

6. Conclusions

This study has investigated the moisture absorption behavior of GFRP bars through experimental tests
and theoretical analyses. The results show that both diffusion and relaxation contribute to moisture uptake.
Matrix relaxation causes non-Fickian diffusion, resulting in deviations between the Fickian model and test
results. Existing models accounting for matrix relaxation have been reviewed, and a new model has been
proposed to better reflect relaxation-induced moisture uptake. The following conclusions can be drawn:

(1) The moisture absorption of GFRP bars is governed by the Fickian model during the initial stage.
Larger diameter GFRP bars have larger diffusivities due to their smaller glass fiber volume content and
probably more defects. Elevated temperatures accelerate the Fickian diffusion, and this acceleration effect
conforms to the Arrhenius relationship within the test range.

(2) For GFRP bars at 23 °C, the contribution of relaxation to moisture absorption is marginal within the
test time span. GFRP bars at higher temperatures (i.e., 40 and 60 °C) exhibit clearly additional increases due
to matrix relaxation. Elevated temperatures not only enhance molecular movement, leading to faster diffusion
but also increase the polymer chain’s flexibility, resulting in earlier relaxation.
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and
performs better than other models. It adopts three relaxation parameters with clear physical meanings and
accurately characterizes the moisture absorption behavior of GFRP bars during both diffusion-dominated and
relaxation-dominated stages.

(4) The WR model is based on the moisture uptake mechanism of FRP composites within the test ranges.
Its applicability beyond these ranges, such as very high temperatures, is not necessarily correct as materials
may have different degradation mechanisms. Therefore, further research is needed to establish a suitable range
of applicability.

Acknowledgments

The work presented was financially supported by the National Key Research and Development Program
of China (2023YFB3711500), the National Natural Science Foundation of China (52178218), the Research
Grants Council of Hong Kong through General Research Fund (516509), and Theme-based Research Scheme
(T22-502/18-R).

References

[1] Wei W, He X, Yang W, Dai L, Wang Y, He J. Long-time durability of GFRP bars in the alkaline concrete environment for eight years.
Constr Build Mater 2022;314:125573.

[2] Mufti A, Onofrei M, Benmokrane B, Banthia N, Boulfiza M, Newhook J, et al. Durability of GFRP reinforced concrete in field structures. In:
Proceedings of 7th International Symposium on Fiber-Reinforced Polymer (FRP) Reinforcement for Concrete Structures (FRPRCS); 2005 Nov
6-10; Kansas City, KS, USA. Farmington Hills: American Concrete Institute; 2005. p. 1361-77.

[3] Chen Y, Davalos JF, Ray I. Durability prediction for GFRP reinforcing bars using short-term data of accelerated aging tests. J] Compos
Constr 2006;10(4):279-86.

[4] Liu TQ, Liu X, Feng P. A comprehensive review on mechanical properties of pultruded FRP composites subjected to long-term
environmental effects. Compos Part B. 2020;191:107958.

[5] Zeng JJ, Hao ZH, Liang QJ, Zhuge Y, Liu Y. Durability assessment of GFRP bars exposed to combined accelerated aging in alkaline
solution and a constant load. Eng Struct 2023;297:116990.

[6] Apicella A, Nicolais L. Effect of water on the properties of epoxy matrix and composite. In: Dusek K, editor. Advances in polymer science—
epoxy resins and composites 1. Berlin: Springer; 1985. p. 69-77.

[7] Hao ZH, Zeng JJ, Chen GM, Dai JG, Chen JF. Durability of FRP-to-concrete bonded joints subjected to 110 months accelerated laboratory
and field exposure. Eng Struct 2024;305:117681.

[8] Lee SB, Rockett T, Hoffman R. Interactions of water with unsaturated polyester, vinyl ester and acrylic resins. Polymer 1992;33(17):3691-7.

[9] Karbhari V, Zhao L. Issues related to composite plating and environmental exposure effects on composite-concrete interface in external
strengthening. Compos Struct 1997;40(3—4):293-304.

[10] Zeng JJ, Hao ZH, Liang XC, Li JL, Zhuge Y, Liu F, et al. Durability assessment of hybrid double-skin tubular columns (DSTCs) under
simulated marine environments. Eng Struct 2024;301:117168.

[11] Hao ZH, Zeng JJ, Chen GM, Dai JG, Chen JF. Durability of FRP-strengthened RC beams subjected to 110 months accelerated laboratory
and field exposure. Eng Struct 2025;325:119386.

[12] Kafodya I, Xian G, Li H. Durability study of pultruded CFRP plates immersed in water and seawater under sustained bending: water uptake
and effects on the mechanical properties. Compos Part B. 2015;70:138-48.

[13] Li C, Guo R, Xian G, Li H. Effects of elevated temperature, hydraulic pressure and fatigue loading on the property evolution of a
carbon/glass fiber hybrid rod. Polym Test 2020;90:106761.

[14] Guo R, Xian G, Li F, Li C, Hong B. Hygrothermal resistance of pultruded carbon, glass and carbon/glass hybrid fiber reinforced epoxy
composites. Constr Build Mater 2022;315:125710.

[15] Shen CH, Springer GS. Moisture absorption and desorption of composite materials. J Compos Mater 1976;10(1):2-20.

19



Engineering x (2025)
[16] Is.

Ams i S AR T e

[17] Pogany GA. Anomalous diffusion of water in glassy polymers. Polymer 1976;17(8):690—4.
[18] Alfrey T. Glassy polymer diffusion. Chem Eng News 1965;43:64.

[19] Apicella A., Nicolais L. Role of processing on the durability of epoxy composites in humid environments. Ind Eng Chem Prod Res Dev
1984;23(2):288-97.

[20] Wrosch M, Xian G, Karbhari VM. Moisture absorption and desorption in a UV cured urethane acrylate adhesive based on radiation source.
J Appl Polym Sci 2008;107(6):3654-62.

[21] Bao LR, Yee AF. Moisture diffusion and hygrothermal aging in bismaleimide matrix carbon fiber composites—part I: uni-weave
composites. Compos Sci Technol 2002;62(16):2099-110.

[22] Xian G, Karbhari VM. Segmental relaxation of water-aged ambient cured epoxy. Polym Degrad Stabil 2007;92(9):1650-9.

[23] Bank LC, Gentry TR, Thompson BP, Russell JS. A model specification for FRP composites for civil engineering structures. Constr Build
Mater 2003;17(6-7):405-37.

[24] Berens A, Hopfenberg H. Diffusion and relaxation in glassy polymer powders: 2. Separation of diffusion and relaxation parameters.
Polymer 1978;19(5):489-96.

[25] Wang P, Ke L, Wu H, Leung CKY. Hygrothermal aging effect on the water diffusion in glass fiber reinforced polymer (GFRP) composite:
experimental study and numerical simulation. Compos Sci Technol 2022;230:109762.

[26] Bond DA. Moisture diffusion in a fiber-reinforced composite: part [—non-Fickian transport and the effect of fiber spatial distribution. J
Compos Mater 2005;39(23):2113-41.

[27] Loh WK, Crocombe AD, Abdel Wahab MM, Ashcroft IA. Modelling anomalous moisture uptake, swelling and thermal characteristics of a
rubber toughened epoxy adhesive. Int J] Adhes Adhes 2005;25(1):1-12.

[28] Mubashar A, Ashcroft IA, Critchlow GW, Crocombe A. Moisture absorption—desorption effects in adhesive joints. Int J Adhes Adhes
2009;29(8):751-60.

[29] Long FA, Richman D. Concentration gradients for diffusion of vapors in glassy polymers and their relation to time dependent diffusion
phenomena. J] Am Chem Soc 1960;82(3):513-9.

[30] Bao LR, Yee AF, Lee CYC. Moisture absorption and hygrothermal aging in a bismaleimide resin. Polymer 2001;42(17):7327-33.
[31] Fick A. Ueber diffusion. Ann Phys 1855;170(1):59-86.

[32] Diamant Y, Marom G, Broutman LJ. The effect of network structure on moisture absorption of epoxy resins. J Appl Polym Sci
1981;26(9):3015-25.

[33] Kondo K, Taki T. Moisture diffusivity of unidirectional composites. ] Compos Mater 1982;16(2):82-93.
[34] Barjasteh E, Nutt SR. Moisture absorption of unidirectional hybrid composites. Compos, Part A. 2012;43(1):158—64.
[35] Crank J. The mathematics of diffusion. Oxford: Oxford University Press; 1979.

[36] Jiang X, Kolstein H, Bijlaard FSK. Moisture diffusion in glass—fiber-reinforced polymer composite bridge under hot/wet environment.
Compos Part B. 2013;45(1):407-16.

[37] Kessentini R, Klinkova O, Tawfiq I, Haddar M. Modeling the moisture diffusion and hygroscopic swelling of a textile reinforced conveyor
belt. Polym Test 2019;75:159-66.

[38] De Wilde WP, Shopov PJ. A simple model for moisture sorption in epoxies with sigmoidal and two-stage sorption effects. Compos Struct
1994;27(3):243-52.

[39] Shirangi H, Auersperg J, Koyuncu M, Walter H, Muller W, Michel B. Characterization of dual-stage moisture diffusion, residual moisture
content and hygroscopic swelling of epoxy molding compounds. In: Proceedings of the EuroSimE 2008—International Conference on Thermal,
Mechanical and Multi-Physics Simulation and Experiments in Microelectronics and Micro-Systems; 2008 Apr 20-23; Freiburg im Breisgau,
Germany. New York City: IEEE; 2008. p. 1-8.

[40] Carslaw HS, Jaeger JC. Conduction of heat in solids. Oxford: Clarendon Press; 1959.

20



Engineering x (2025)
[41] 1.

[42] Ameli A, Datla N, Papini M, Spelt J. Hygrothermal properties of highly toughened epoxy adhesives. J Adhes 2010;86(7):698-725.
[43] Micelli F, Nanni A. Durability of FRP rods for concrete structures. Constr Build Mater 2004;18(7):491-503.

[44] Tsai Y1, Bosze EJ, Barjasteh E, Nutt SR. Influence of hygrothermal environment on thermal and mechanical properties of carbon
fiber/fiberglass hybrid composites. Compos Sci Technol 2009;69(3—4):432-7.

[45] Lu Z, Xian G, Li H. Effects of thermal aging on the water uptake behavior of pultruded BFRP plates. Polym Degrad Stabil 2014;110:216—
24.

[46] Sawpan MA, Mamun AA, Holdsworth PG. Long term durability of pultruded polymer composite rebar in concrete environment. Mater Des
2014;57:616-24.

[47] Guo F, Al-Saadi S, Singh Raman RK, Zhao XL. Durability of fiber reinforced polymer (FRP) in simulated seawater sea sand concrete
(SWSSC) environment. Corros Sci 2018;141:1-13.

[48] Wang Z, Zhao XL, Xian G, Wu G, Singh Raman RK, Al-Saadi S. Durability study on interlaminar shear behaviour of basalt-, glass- and
carbon-fibre reinforced polymer (B/G/CFRP) bars in seawater sea sand concrete environment. Constr Build Mater 2017;156:985-1004.

[49] Robert M, Fam A. Long-term performance of GFRP tubes filled with concrete and subjected to salt solution. ] Compos Constr
2012;16(2):217-24.

[50] Robert M, Wang P, Cousin P, Benmokrane B. Temperature as an accelerating factor for long-term durability testing of FRPs: should there
be any limitations? J Compos Constr 2010;14(4):361-7.

[51] ASTM D792: Standard test methods for density and specific gravity (relative density) of plastics by displacement. ASTM standard. West
Conshohocken: ASTM international; 2008.

[52] Pan Y, Xian G, Li H. Numerical modeling of moisture diffusion in an unidirectional fiber-reinforced polymer composite. Polym Compos
2019;40(1):401-13.

[53] ASTM D7913: Standard test method for bond strength of fiber-reinforced polymer matrix composite bars to concrete by pullout testing.
ASTM standard. West Conshohocken: ASTM international; 2020.

[54] ASTM D5229-14: Standard test method for moisture absorption properties and equilibrium conditioning of polymer matrix composite
materials. ASTM standard. West Conshohocken: ASTM international; 2014.

[55] Kennedy J, Eberhart R. Particle swarm optimization. In: Proceedings of ICCN’95—International Conference on Neural Networks; 1995
Nov 27-Dec 1; Perth, WA, Australia. New York City: IEEE; 1995. p. 1942-8.

[56] Bond DA, Smith PA. Modeling the transport of low-molecular-weight penetrants within polymer matrix composites. Appl Mech Rev
2006;59(5):249-68.

[57] Jansen KMB, Zhang MF, Ernst LJ, Vu DK, Weiss L. Effect of temperature and humidity on moisture diffusion in an epoxy moulding
compound material. Microelectron Reliab 2020;107:113596.

[58] Jain D, Mukherjee A, Kwatra N. Local micromechanics of moisture diffusion in fiber reinforced polymer composites. Int J] Heat Mass
Transf 2014;76:199-209.

[59] Tannous FE, Saadatmanesh H. Durability of AR glass fiber reinforced plastic bars. J Compos Constr 1999;3(1):12-9.

Declaration of interests

21



Engineering x (2025)
! at
could have appeared to influence the work reported in this paper.

[] The author is an Editorial Board Member/Editor-in-Chief/Associate Editor/Guest Editor for [Journal
name] and was not involved in the editorial review or the decision to publish this article.

[] The authors declare the following financial interests/personal relationships which may be considered as potential
competing interests:

22



