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Abstract 

This study examines the effects of temperature and fiber and matrix diffusivities on the diffusion 

of fluid in glass fiber-reinforced polymer (GFRP) composites. GFRP thin plates were immersed 

in deionized water, at two temperatures: room temperature and 50 °C. During the diffusion 

process, the overall mass changes and dimension changes were recorded, which relate to the 

volumetric change and the through-the-thickness strain. Different constitutive models are 

considered in order to understand the diffusion of fluid through the GFRP plates. The 

macroscopic models of this work, Fickian and Gurtin coupled deformation-diffusion, are first 

considered in order to describe the macroscopic diffusion behaviors. Two microscopic models 

that include fiber volume contents and diffusivities of the constituents (fiber and matrix) are then 

considered in order to gain fundamental insight into the effects microstructural morphologies and 

constituents’ diffusivities on the diffusion process in the GFRP specimens.  
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1. Introduction 

Fiber-reinforced polymer (FRP) composites are used for their light weight and good load 

carrying capacity1, 2, and are widely employed in the aerospace industry, marine and civil 

engineering infrastructure, and medical equipment. During service, they are often subjected to 

various environmental conditions in addition to complex mechanical loadings. In many 

applications, the FRP composites are experiencing continuous changes in environmental 

conditions, such as temperature fluctuations and humidity changes. Several studies have reported 

weight increase and reductions in the mechanical properties (e.g. tensile modulus, tensile 

strength, shear strength and fracture toughness) after exposure to ambient humidity and 

temperature3-9. This study focuses on the diffusion of fluid through FRP laminates at two 

different temperatures, and examines the effects of fibers and moisture-induced deformations on 

the moisture diffusion process in composites. The studied FRP systems are glass fiber-

reinforced/epoxy laminates, herein indicated as GFRP through this paper. 

The mechanism of moisture absorption in neat resins has been widely studied. Compared 

to neat resins, the presence of fibers could greatly affect the moisture diffusion in fiber-

reinforced composites. Zhang et al.10 showed that for short-glass fiber-reinforced polyamide 6,6, 

the diffusion coefficient became gradually smaller as the fiber content increased. Alvarez et al.5 

reported that the equilibrium moisture content of the fiber-reinforced composites slightly 

increased with an increase of fiber contents. It is shown that at full saturation, FRP panels 

absorbed more liquid compared to neat resin panels, and the equilibrium moisture contents 

decreased with increasing FRP panel sizes11. Fichera and Carlsson11 used scanning electron 

microscope (SEM) and found imperfect fiber/matrix bonding and randomly distributed voids, 

which were used to explain the difference between moisture contents. Several investigations of 
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moisture absorption in fiber-reinforced polymer composites have suggested significant 

differences between the diffusion along the fiber direction and the diffusion perpendicular to the 

fiber direction12, 13. Specifically, the diffusivity along the fiber direction can be about ten times 

larger than the diffusivity in other directions in laminates12. Furthermore, it is noted that the 

moisture diffusion process is stress-dependent. In the work by Morgan et al.14, moisture sorption 

in epoxies is affected by the applied stress, due to an external mechanical stimulus, and exposure 

to thermal spike. Moisture increased the rates of stress relaxation on condensation-cured S5370 

foamed siloxanes, while dry environments generally causes reduced stress relaxation rates (Patel 

et al.15). 

Several studies on polymer diffusion have also shown that the diffusion process in FRP 

composites changes with the temperatures. It is reported that the rate of moisture diffusion in 

FRP increased with increasing temperatures16, 17. Blikstad18 showed that the temperature 

dependence of moisture diffusion is anisotropic for fiber-reinforced composites. However, it has 

been noted that the equilibrium moisture content seems to be insensitive to temperatures, e.g. in 

Zhang et al.10, Loos and Springer17. The coupling between heat transfer and moisture diffusion 

for epoxy and carbon fiber-reinforced composites immersed in several service fluids is reported 

by La Saponara 16.  

Previous studies showed that moisture diffusion in epoxy matrix composites led to 

plasticization of the resin, along with swelling and reduction in mechanical properties and glass 

transition temperature9, 19-21 Bonniau and Bunsell22 performed experiments with different 

thickness of glass/epoxy composites, and showed that the moisture diffusion is temperature-

dependent, and the moisture distributed uniformly along the cross sections at saturation. Swelling 

of the composites due to moisture absorption has been noted for a long time23. However, only 
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few investigations have been performed to measure and evaluate the volumetric change. Cairns24 

recorded the moisture expansion of glass/epoxy composites and reported a slightly non-linear 

expansion curve. Bouadi and Sun 25 measured the transverse swelling strains of the glass/epoxy 

composites and found higher strains compared to those of epoxy resins.  

Typical characterization of moisture absorption of FRP includes measuring the weight 

changes and recording them with immersion time. The data is then fitted with different diffusion 

models. One-dimensional Fickian model has been commonly used to predict the moisture 

diffusion in fiber-reinforced composites, and some good correlations with experimental data 

have been reported, see for example Browning et al.9 and Katzman et al.26. In some studies, a 

general three-dimensional Fickian model is used to describe the moisture diffusion in thick 

composite laminates, for example, Blikstad18 and Yu et al. 27. Blikstad et al.12 compared both 

one-dimensional and three-dimensional Fickian models, and reported that a three-dimensional 

solution has a better agreement with experiments. Some studies also reported that the Fickian 

model tends to over-predict the moisture absorption behavior in fiber-reinforced polymeric 

composites12, 28. Taking into consideration the anisotropy of the fiber-reinforced composites, 

Shen and Springer29 developed a model to improve the diffusivity measurement. The 

relationships among the diffusivity of matrix, diffusivity of fibers, fiber volume fraction and 

fiber orientation are established by considering the similarities between moisture diffusion and 

thermal conductions30. The model has been widely applied in capturing the moisture diffusion in 

FRP composites (e.g. Whitney28, Whitney and Browning 31 and Loos and Springer17).  

The Fickian model assumes no swelling, and that the rate of the diffusion process is much 

faster than that of polymer relaxation, e.g. Crank32, Shen and Springer29, Gopferich33. As a result, 

the Fickian model cannot capture the moisture-induced volumetric change and the stress-
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dependent diffusion. In order to include the effect of volumetric expansion on the diffusion of 

fluid, coupled deformation-diffusion equations for the linearized elastic bodies are presented by 

Gurtin34. Weitsman35 reported similar governing equations for stress-assisted diffusion in elastic 

and viscoelastic bodies. Another example of stress-assisted diffusion model is the Langmuir 

model, which can be reduced to Fickian diffusion and Darcy equations for special cases, for 

example, Carter and Kibler36. Whitney and Browning31 also discussed stress-dependent diffusion 

and a two-stage diffusion model has been proposed. Cairns and Adams24 applied 

micromechanics analysis on glass/epoxy matrix composites, however, details of the model were 

not discussed. A micromechanical model that considered the heterogeneity in composites was 

developed by Muliana and Kim37 for thermal conductivity in a unidirectional fiber-reinforced 

lamina, and was adopted to simulate moisture diffusion in glass/epoxy composites; good 

correlation was reported by Gagani et al. 38.  

As discussed above, there have been studies on fluid diffusion in FRP composites, mostly 

based on experimental observations. The Fickian diffusion and the Springer models have also 

been widely used to capture the diffusion behaviors in FRP composites. This study examines the 

diffusion of fluid in GFRP composites at two temperatures. The GFRP specimens were 

immersed in deionized water, at two temperatures: room temperature and 50 °C. During the 

diffusion process, the overall mass changes and dimension changes were recorded, which relate 

to the volumetric change and the through-the-thickness strain. The Fickian model and Springer 

model are first considered to simulate the moisture diffusion. The experimental results indicated 

that the Fickian and Springer models are not adequate to describe some cases of the diffusion of 

fluid in the tested FRP composites. This study further investigates the diffusion mechanisms that 

might be able to describe the diffusion process in the studied FRP composites. When the 
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diffusion process cannot be well described by the Fickian model or the Shen and Springer model, 

the coupled deformation-diffusion model and the micromechanical model are considered. The 

coupled deformation-diffusion model of Gurtin34 is adopted to examine the effect of non-

negligible volume changes in the specimens on the diffusion process. The micromechanics 

model is used to study the anisotropic diffusion processes, along the fiber and transverse 

directions, on the overall diffusion behaviors of thin-plate FRP samples, which are typically 

modeled with a one-dimensional through-the-thickness diffusion. 

This manuscript is organized as follows. Section 2 discusses the materials and testing 

procedures. Section 3 presents several models used to describe the fluid sorption in the GFRP 

composites. The finite difference and finite element methods are used to solve the partial 

differential equations governing the diffusion of fluid through the FRP specimens. Section 4 

presents the results from the models and comparisons with experimental data. Finally, section 5 

is dedicated to concluding remarks. 

 

2. Experiments 

2.1 Materials and Testing Procedures 

GFRP square samples with layup [0]4 were prepared using a woven fiberglass fabric 

(Vectorply  unidirectional E-glass LR 0908 fiber mat), infused with a degassed mixture of 

epoxy/hardener (Proset LAM 125/LAM 237). A conventional out-of-autoclave Vacuum Assisted 

Resin Transfer molding was used, with a cure cycle for the resin mixture consisting of 14 hours 

at room temperature followed by 8 hours at 82 °C. In addition, epoxy plates were also prepared 

in order to understand the contribution of the resin diffusion process on the overall diffusion 

response in GFRP composites. The dimensions of the final samples prior to immersion are 
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reported in Table 1. Three measurements per dimension for each sample were taken with a 

digital caliper throughout this study. Three epoxy specimens and six GFRP plates were used per 

temperature condition. 

 

Table 1. Average ± standard deviations of the square neat and GFRP plates prior to immersion	

Materials Temperature Thickness (mm) Length (mm) Width (mm) 

Epoxy plates Room 

50 °C 

1.292 ± 0.11372 
 

1.295 ± 0.02598 

149.7 ± 0.8913 
 

150.7 ± 0.2380 

150.9 ± 0.1850 
 

149.4 ± 0.2928 

GFRP plates Room 

50 °C 

1.566 ± 0.01910 

1.635 ± 0.01581 

151.1 ± 0.2226 

151.1 ± 0.1973 
 

150.9 ± 0.2076 

151.3 ±0.1533 

 

Custom-made immersion tanks were built of thermoplastic polymer, with their walls 

encased into thick insulating polystyrene sheets. GFRP samples (six per condition) were fully 

immersed inside deionized water and held in place with waterproof fishing lines. A stainless 

steel immersion heater held a temperature of (25.9 ± 1.52) °C (herein indicated as room 

temperature) for 342 days, and (49.7± 0.168) °C (herein indicated as 50 °C) for 127 days. The 

different duration of the tests was due to the goal of achieving saturation or conduct immersion 

up to 6 months. The samples’ mass was measured with a high-precision scale (Mettler, with 100 

g range, 0.1 mg resolution). Procedures in the ASTM D5229 standard were followed: samples 

were positioned in a temporary holding chamber after removal from the tank, and were wiped for 

excess moisture with a microfiber cloth before measurements. At the end of the immersion tests, 

the samples were oven-dried. In a previous study (Fan et al.21), neat epoxy plates from the same 

material and curing cycle were tested in the same fluid and under the same conditioning 

temperatures, with dimensions in Table 1.  
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2.2 Experimental Results 

During the immersion testing, the mass and dimensions of the specimens were 

periodically recorded. The percent mass change of each specimen is defined as: 

      
% 100%t solid

solid

M MM
M
−

= ×                                                       (1) 

where 𝑀% is the percent mass change of the GFRP samples, 𝑀! is the current mass of the 

combined fluid and solid at time t, and 𝑀!"#$% is the mass of solid measured before its immersion 

(dry specimens), at ambient hygrothermal conditions. Alternatively, one can present the percent 

mass changes during diffusion, by using the amount of concentration of fluid in the GFRP 

samples. The concentration of the fluid in terms of mass changes in the GFRP samples is 

determined as follows:   

,t solid o

fluid

M M
C

M
−

=                                                              (2) 

where 𝑀! is the mass of the polymer + sorbed fluid at time t, and 𝑀!"#$%,! is the mass of GFRP 

before immersion. 𝑀!"#$% is the mass of fluid when the polymer is fully saturated, which is a 

condition that may not be achieved in some cases. Thus, the concentration has values between 0 

(in absence of fluid) and 1 (fully saturated). The percent volume change in the specimen is 

determined as: 

          
% 100%t solid

solid

V VV
V
−

= ×                                                        (3) 

where 𝑉% is defined as percent volume change and 𝑉! is the volume of the polymer + sorbed 

fluid at time t.  𝑉!"#$% is the volume of the GFRP samples measured before its immersion, at 

ambient hygrothermal conditions.  
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Figure 1 illustrates the percent mass changes during the diffusion process of the GFRP 

specimens at both conditioning temperatures. It is noticed that the higher temperature slightly 

accelerates the diffusion of water in the GFRP specimens. However, it is also noticed that the 

maximum percent mass change (at saturation or at the end of the tests) is insensitive to 

temperature, which agrees with previous studies10, 17. The maximum percent mass change is 

around 1.0% for both temperatures, and it can be seen that the maximum percent mass change of 

GFRP is less than that of neat epoxy squares (with the same resin/hardener and curing cycle) 

immersed in deionized water at the same conditioning temperatures and for the same time 

periods, as observed in the literature (the maximum mass changes for epoxy are ~2.8% at room 

temperature and ~2.1% at 50℃, as discussed by Fan et al. 21 ).  
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Figure 1. Percent mass change of GFRP samples immersed in deionized water at room 
temperature (top) and 50℃ (bottom). 
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The corresponding volume changes of the samples are shown in Figure 2. It is seen that 

at room temperature, the volume changes are quite significant, while, at the higher temperature, 

the recorded volume changes are relatively small, and can be considered negligible. It is also 

noted that some samples show negative volume changes (shrinking during the diffusion); 

however, the magnitude of the volume changes in these specimens are quite small.  
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Figure 2. Percent volume change of GFRP samples immersed in deionized water at room 
temperature (top) and at 50℃ (bottom). 

 

The moisture diffusion process is considered one-dimensional in the thin FRP specimens. 

For better comparison, the axial strain is presented for the thin FRP specimens. The axial strain 

of the fiber-reinforced polymeric plates in the thickness direction is defined as: 

t o

o

T T
T

ε
−

=                                                                    (4) 

𝑇! is the thickness of the solid and absorbed fluid at time t and 𝑇! is the thickness of solid 

measured before the solid was immersed in fluid. 

Figure 3 shows the axial strain in the thickness direction of GFRP specimens immersed 

in deionized water. As seen in the graph, the strain has the same trend and nearly the same value 



13	
	

as the percent volume change in Figure 2 for the same specimens. Thus, this justifies the one-

dimensional analyses considered in calibrating the material parameters.  

 

 

Figure 3. Through-the-thickness strain of GFRP samples immersed in deionized water at room 
temperature (top) and at 50℃ (bottom) . 
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 When comparing the fluid sorption in the GFRP specimens and neat epoxy resin at these 

two different temperatures, the diffusion of fluid through the resin specimens at room 

temperature resulted in more pronounced volume changes, compared to the diffusion behavior at 

50oC, as discussed by Fan et al.21 This indicates that the diffusion in the GFRP composite plates, 

which is governed by the lateral diffusion, are dominated by the diffusion process of the resin.  

	

	

3. Constitutive Models and Analyses of Diffusion of Fluid through a Solid Body 
 

Different models are considered in order to describe the fluid diffusion process in the 

GFRP specimens. Some models treat the diffusion process in a homogenized body, while other 

models are capable of incorporating different diffusion responses of the constituents, i.e., fiber 

and matrix. Responses from different models are compared and discussed. 

 
3.1 Determining diffusivity from the Fickian and Springer models	

In this section, material parameters are calibrated from the mass change data collected 

during the testing. The total mass of fluid in the polymeric solids was measured, consistently 

with the majority of gravimetric studies and the ASTM D5229 standard. As mentioned above, 

the Fickian and the Springer diffusion models are used to calibrate the moisture diffusivity D. It 

is shown that initially the percent mass change is proportional to the square root of time of the 

moisture absorption process. The one-dimensional moisture diffusivity D is then fitted using the 

slope of the percent mass change and the square root of time: 

22

2 1

2 14 m

h M MD
M t t

π
⎛ ⎞⎛ ⎞ −

= ⎜ ⎟⎜ ⎟ ⎜ ⎟−⎝ ⎠ ⎝ ⎠
                                                     (5) 
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where h =2H is the thickness of the GFRP specimens and Mm is the maximum moisture content 

(maximum percent mass change). This diffusivity is indicated as the calibrated diffusivity in the 

following discussion. The Fickian model treats the GFRP specimens as homogenized materials, 

and assumes that fluid sorption does not induce any volumetric changes. 

The Springer model is also considered in the calibration of diffusivity for the GFRP 

specimens. The Springer model takes into account the different diffusivities of the fiber and 

matrix, and also the volume fraction of the fiber in the FRP composites. In order to include the 

effects of fibers on the moisture diffusion, Shen and Springer29 introduced the transverse 

diffusivity which describes the diffusivity normal to the fibers (transverse direction), herein 

indicated as transverse diffusivity. The transverse diffusivity 22D  is defined as:

2

1
22 22

14(1 2 ) tan
11

D f

f r
r

D fD D f

B
DD D

BB B

ν
ν ππ

νπ ν
ππ

−

⎡ ⎤
−⎢ ⎥

⎢ ⎥= − + −
⎢ ⎥

+−⎢ ⎥
⎣ ⎦

;	 2( 1)r
D

f

DB
D

= −   (6a) 

             22 (1 2 )f r

v
D D

π
= − 	 	 						 	 											 	 (6b) 

where Vf  is the volume fraction of the fiber, Df  is the fiber diffusivity and Dr is the diffusivity 

of the matrix. Equation (6b) is the reduced form of Equation (6a), obtained by ignoring fiber 

diffusivity. 

 

3.2 Coupled Deformation-Diffusion Model 

The coupled diffusion and deformation in homogeneous isotropic elastic solids was 

proposed by Gurtin34. The model assumed small deformation gradients and a linear deformation-

diffusion relation, analogous to a linear thermo-elasticity, for solids. Another assumption is that 
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the solid where the diffusion takes place is stress- and strain-free, and initially in dry conditions. 

While the model was formulated for multi-axial deformation and diffusion behaviors, for the thin 

plate GFRP specimens only a 1D diffusion through the thickness direction is being considered. It 

is noted that for thin plate structures (for example with width/thickness ratios designed by testing 

standards such as ASTM D5229), the diffusion process can be assumed in the thickness direction. 

The model treats the composites as a homogenized body. The coupled deformation-diffusion 

model incorporates the volumetric changes due to fluid sorption and also the diffusion process in 

the deforming solid body.																																																												

The 1D constitutive equations are: 

2

2

C Uf D
x x

α
∂ ∂

= − +
∂ ∂

                                                           (7)  

UE C E C
x

σ ε β β
∂

= − = −
∂

                                                     (8) 

where  f  is the flux of fluid through the composites, C is the fluid concentration, U is the 

displacement field, and a linearized strain measure ε is used. The material parameters are the 

diffusivity D, elastic modulus E, and coupling constants α and β. Imposing the balance of linear 

momentum, and the conservation of mass of the fluid, the following one-dimensional coupled 

governing differential equations are obtained: 

        

2 3

2 3

C C UD
t x x

α
∂ ∂ ∂

= −
∂ ∂ ∂

                                                           (9) 

                                               

2

2 0U CE
x x

β
∂ ∂

− =
∂ ∂

                                                            (10) 

The mass of the GFRP specimens was recorded during the experiments, allowing to 

extrapolate the concentration, defined as: 
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1
1

0 2

m mnp
m n n

t
n

C CC C x
−

+

=

⎛ ⎞+
= = Δ⎜ ⎟

⎝ ⎠
∑ 																																																								(11) 

𝐶! stands for the total concentration at time 𝑡. The relative concentration change in the GFRP 

plate is: 

100%
1

tCC
H

= ×
×

                                                             (12) 

where 𝐶 is the concentration at the current time, which represents the ratio of fluid absorbed by 

the GFRP to the maximum fluid that can be absorbed. It can be seen that at fully saturated 

condition, the concentration is C=1, while at the initial dry condition, the concentration is C=0. 

 The finite difference method was used to solve the coupled differential equations, which 

is discussed in Fan et al.21 

 

3.3 Micromechanics Model 

The Fickian and Springer models were developed based on the similarity between the 

moisture diffusion and heat transfer. The Springer model attempted to include the effects of 

fibers and the anisotropy of the material by adopting the model of thermal conduction in 

unidirectional materials developed by Spring and Tsai30.  In this study, the Springer model 

under-predicts the moisture absorption in FRP composites, as will be shown later in this paper. 

The reason could be that the Springer model did not consider the fiber and matrix arrangements, 

and it is mainly for 1D diffusion. In order to improve the results, a micromechanical model is 

adopted, developed by Muliana and Kim37 for thermal conduction in unidirectional FRP. This 

model has been recently used for predicting the anisotropic diffusion in GFRP composites 

(Gagani et al.37). The micromechanics model incorporates the anisotropic diffusivity of the fiber 
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D(f) =diag(D11
(f), D22

(f), D33
(f)) while assuming isotropic diffusivity of the matrix D(m) = D(m) I3, 

where I3 is the identity matrix. 

 The micromechanics model of the FRP composites with unidirectional fibers comprises a 

unit-cell model having four fiber and matrix subcells. This simplified unit-cell model was 

originally presented by Aboudi39 for predicting the elastic response of composites. This model 

ignores the volumetric expansion, thus both fiber and matrix diffusion behaviors follow the 

Fickian diffusion. The overall flux in the composite is formed due to the gradient of fluid 

concentration, and the following relation is considered between the flux and concentration 

gradient in the homogenized composite: 

𝐟 = −𝐃 𝛗;      𝛗 = 𝑔𝑟𝑎𝑑(𝐶)         (13) 

Here and  are the effective diffusivity and concentration gradient of the composite, 

respectively, and C is the overall fluid concentration in the composite. The overall flux is defined 

based on the volume average of the flux in the four subcells: 

𝐟 =  !
!

𝑉(!)𝐟(!)!
!!!                                               (14) 

where f(α) and V(α) are the flux and volume fraction of subcell (α), respectively. A linear relation 

like in Equation (13) is adopted for the constitutive relation in each subcell: 

𝐟(!) =  −𝐃(!)𝛗(!)                (15) 

where D(α) is the subcell diffusivity. The volume fractions of the four subcells are expressed in 

terms of the volume fraction of the fiber Vf : 

 D  φ
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(1)

(2) (3)

(4)

;        0 1

1 2

f f

f f

f f

V V V

V V V V

V V V

= ≤ ≤

= = −

= − +

                        (16) 

 In order to determine the diffusion behaviour and diffusivity of the homogenized 

composite, micromechanical relations between the subcells need to be obtained, as previously 

discussed in Gagani et al.37. Finally, upon imposing the micromechanics relations between 

subcells and volume averaging for the flux in the subcells, the effective diffusivity of the FRP 

composites can be determined: 

𝑫 = 𝑑𝑖𝑎𝑔 𝐷!!,𝐷!!,𝐷!! ;   𝐷!! = 𝐷!!              (17) 

𝐷!! =
!
!
𝑉(!)𝐷!!

(!) + 𝑉(!)𝐷(!) + 𝑉(!)𝐷(!) + 𝑉(!)𝐷(!)         (18) 

𝐷!! =
!
!
𝑉(!) !

(!)!!!
(!) !(!)!!(!)

!(!)!(!)!!(!)!!!
(!) + 𝑉(!)

!(!)!!!
(!) !(!)!!(!)

!(!)!(!)!!(!)!!!
(!) + 𝑉(!)𝐷(!) + 𝑉(!)𝐷(!)          (19) 

The micromechanical model is implemented at material integration points in 3D 

continuum finite elements. Figure 4 illustrates an example of a FRP panel. All boundaries are 

immersed in fluids, and a fully saturated condition is considered (C = 1). The following 

governing differential equation is solved in order to examine the diffusion of fluid in the FRP 

composite: 

( )dC Div
dt

= − f                                                                    (20) 
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Figure 4. FE mesh and the implemented unit-cell model. 

 

In this study, ABAQUS FE analysis is considered, and a user subroutine is used. Each 

continuum element has eight nodes. The concentration of the fluid is evaluated at the nodes. The 

total fluid concentration in the GFRP from the FE analysis is quantified by: 

8
( ) ( )

1

1
8

m m
i

i
C C

=

= ∑ 																																																													(21) 

( ) ( )

1

1 Ne
m m

t
m

C C V
V =

= Δ∑ 																																																							(22) 

where Ne is the total number of elements used in solving the diffusion equations, and Ct is the 

amount of fluid concentration at time t in the GFRP composites body. 

 

4. Results and Discussion 



21	
	

The Fickian and Springer models are first used to determine the diffusivity of the GFRP 

in the through-the-thickness direction (transverse fiber direction). Table 2 presents the diffusivity 

for the GFRP samples at different temperatures. It is noted that the calibrated diffusivity from the 

Fickian model is significantly larger than the transverse diffusivity predicted by the Springer 

model. It is also seen that the diffusivity increases significantly with increasing temperatures, 

which leads to faster fluid sorption. With respect to results in the literature, the authors are not 

aware of similar studies on these materials in these particular conditions. For the Springer 

transverse diffusivity (Equation (6)), the matrix diffusivity was obtained from immersion of the 

epoxy samples, as discussed in Fan et al.21.  It should be noted that the present study is not on 

determining the temperature-dependent diffusivity of FRP composites. In fact, testing at two 

temperatures is not sufficient to address the temperature-dependent diffusion behaviors. Instead, 

we use the responses from testing at two different temperatures to understand different diffusion 

mechanisms observed in the experiments. At room temperature, the diffusion process is 

relatively slow with more significant volume changes. At 50oC, the diffusion process is relatively 

fast with less significant volume changes.  

 

Table 2. Average moisture diffusivities calibrated from Fickian diffusion model. 

	

Materials Temperature Fickian 
Calibrated diffusivity 

(!!
!

!
) 

Fiber 
volume 
fraction 

Springer 
Transverse diffusivity 

(!!
!

!
) 

Epoxy/deionized 
water 

Room 

50℃ 

1.41x10-7 ± 1.56 x10-8 

 

4.57x10-7 ± 2.58 x10-8 

--- --- 



22	
	

GFRP/deionized 
water 

Room 

50℃ 

1.38x10-7 ± 1.31 x10-8 

7.31x10-7 ± 7.15 x10-8 

0.33 
 
 

4.96x10-8 ± 5.50 x10-9 

1.61x10-7 ± 9.06 x10-9 

 

The Fickian diffusion can predict the diffusion process very well when the moisture-

induced deformation is quite small, which has been widely used in simulation of moisture 

diffusion in solid polymers. The Springer model has been considered for fiber-reinforced 

polymers to include the effects of fibers on moisture diffusion. Both models assume that the solid 

body has no deformation when the moisture absorption took place. In Figure 5, it is seen that at 

room temperature, the Fickian model tends to over-predict the moisture absorption, while the 

Springer model can better capture the experimental response. It is also seen that, at 50oC, the 

Fickian model can better predict the evolution of the concentration as compared to the prediction 

using the Springer model. For the GFRP specimens immersed in deionized water at room 

temperature where the deformation is quite significant (Figure 3), the Fickian model over-

predicts the moisture diffusion process. In order to include the effects of moisture-induced 

deformation on diffusion, the coupled deformation-diffusion model developed by Gurtin34 is 

considered.  

The simulation results using Springer model indicate that the moisture diffusion in fiber-

reinforced polymers cannot be simply captured by incorporating only the resin diffusivity and 

fiber volume content. In order to include the effects of fibers on moisture diffusion, the 

micromechanical model of Muliana and Kim37 is considered. The fibers in the FRP composites 

are actually fiber bundles consisting of fiber filaments.  It is possible for the fluid to penetrate 

within filaments inside the bundle. For this reason, we consider nonzero diffusivity for the fiber 

constituent. It is understood that the characteristics of fiber-matrix interface can significantly 
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influence the overall composite behaviors; however, from the macroscopic experimental data, 

which is considered here, it is not possible to infer the interface properties.  In this study, the 

micromechanics model assumes perfect bonding at the fiber-matrix interface, in which a 

continuity in the fluid concentration at the interface is imposed. 
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Figure 5. Simulation concentration of fluid in GFRP in deionized water at room temperature (top) 
and at 50℃ (bottom), using the Fickian model. 

 

In the above responses at room temperature, the Fickian model seems to over-predict the 

diffusion process. The reason might be the volumeric changes during the diffusion process. In 

order to improve the simulation results, the coupled deformation-diffusion model with a 

concentration-dependent diffusivity ( 0D D Cκ= −  ) is considered (see Fan et al.21). There are 

five material parameters that need to be obtained: the elastic modulus E, diffusivity D,  coupling 

parameters ,α β  and κ .  

The elastic modulus E is determined from mechanical tests applied to rectangular GFRP 

samples located in the immersion tanks of this study, following ASTM D3039. The average of 

the elastic modulus perpendicular to the fiber direction, labeled as E, is used in our case (the 

experimental value being E22 = (5.51 ± 0.19) GPa). Moreover, we need to determine the 
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parameter 𝛽 = 𝐸𝑏, where b is considered as a coefficient of moisture expansion, which is a 

measure of axial strain increase per unit concentration. For this assessment, we examine the 

strain and concentration curve in the linear region (less than 0.6 concentration), as shown in 

Figure 6. It is seen that a linear regression gives b = 0.16, and thus the parameter β = 0.88 GPa. 

The next step is to determine the parameters D, α and 𝜅 in order to capture the diffusion response. 

In this case, since the lateral diffusion is governed by the matrix diffusion, the resin diffusivity 

discussed in Fan et al.21 and the following material parameters are considered: 

2 2
4 7

0 4.5 10 1.25 10mm mmD
hr s

− −= × = ×  , 
2 2

4 73 10 8.33 10mm mm
hr s

κ − −= × = × , 

2 2
4 73 10 8.33 10mm mm
hr s

α − −= × = × . Figure 7 shows the response from the coupled deformation-

diffusion model with concentration-dependent diffusivity. The responses are also compared to 

the Fickian and Springer diffusion models. 	

	

Figure 6. Strain versus concentration (room temperature) with least squares fit.	
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Figure 7. Responses of GFRP immersed in deionized water at room temperature. 

 

Finally the micromechanics model is used to describe the diffusion behavior of GFRP. 

Figure 8 shows the simulation results of moisture diffusion in GFRP in deionized water at room 

temperature and at 50oC. For room temperature, the following diffusivities are considered: 

2 2
4 75.08 10 1.41 10matrix
mm mmD
hr s

− −= × = × , 
2 2

6 95.08 10 1.41 10fiber
mm mmD
hr s

− −= × = × . The 

diffusivity of the epoxy matrix is calibrated by Fan et al.21. Moreover, the diffusivity of the fibers 

is almost negligible compared to the diffusivity of the matrix, so it is set as 1/100 of the 

diffusivity of the matrix in this model. A good agreement between the simulation results using 

micromechanical model and the experimental data is achieved. The results are also compared 

with the Fickian model, the Springer model and the coupled deformation-diffusion model. It can 

be seen that both coupled deformation-diffusion model and micromechanical model can describe 
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reasonably well the moisture diffusion behavior in FRP composites. For 50oC, the following 

matrix diffusivity calibrated by Fan et al.21 are considered: 

2 2
3 71.65 10 4.57 10matrix
mm mmD
hr s

− −= × = × . When the fiber diffusivity is taken as 1/100 of the 

diffusivity of the matrix, the response slightly under-predicts the experimental data. 

In order to further understand the effect of fiber diffusivity in the longitudinal and 

transverse directions, a parametric study discussed in the Appendix is conducted. It is seen that 

the through-the-thickness diffusivity of the GFRP plates is governed by the lateral fiber 

diffusivity. With the fiber diffusivity of 
2 2

4 7
22 8.25 10 2.29 10mm mmD

hr s
− −= × = × , the response 

from the micromechanics model can better capture the experimental results, as seen in Figure 8. 

The concentrations of fluid across the specimens from the micromechanics model at different 

times are also reported. Figure 9 shows a schematic of the plate and different locations within the 

plate where the fluid concentrations are shown. Figure 10 illustrates the concentration of fluid at 

the middle planes of the thickness and width direction of the GFRP plate at 50oC. The 

normalized concentration in the GFRP plate is calculated by using Equations (21) and (22). A 

MATLAB code is generated for reading the nodal concentration and numerically integrating 

them to obtain the overall fluid concentration.  
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Figure 8. Simulation concentration of fluid in GFRP at room temperature (top) and at 50oC 
(bottom). 
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Figure 9. Concentration of fluid in GFRP at 50oC with different fiber diffusivities. 

	

Figure 10. Schematic of the selected cross-sections in the GFRP plate: a) GFRP plate, b) middle 
plane of the thickness direction, c) Left end through the thickness direction d) middle part 

through the direction. 
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Figure 8. Simulation concentration of fluid at the cross-sections in a GFRP plate (planar view at 
the mid-section, and edge and mid-section views of the thickness) in deionized water at 50oC. 

 

Conclusions 
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Experimental and numerical investigations are presented to study the fluid diffusion 

behavior in glass/epoxy composites. GFRP composite specimens were immersed in deionized 

water at room temperature and at 50oC. The mass and the geometric changes were recorded 

during the experiments, and the concentration of fluid is calibrated from them. It is found that the 

higher temperature accelerates the fluid absorption, which is expected. In order to describe the 

overall diffusion behavior, the Fickian model was first considered. However, the Fickian model 

over-predicts the moisture absorption behavior. It is also seen that the Fickian model can better 

capture the diffusion response in a solid body when the volumetric changes during the diffusion 

process is insignificant, as in the case of immersion at 50oC. Immersion at room temperature 

shows more pronounced volume changes, which can be better captured when using coupled 

deformation-diffusion model. 

In order to examine the effect of fiber diffusivity and fiber volume content, Springer and 

micromechanics models were considered. The Springer model incorporates the fiber volume 

content and assumes that the fiber diffusivity is negligible. The response computed by the 

Springer model under-predicts the diffusion of fluid in the GFRP composites. It is concluded that 

the fiber diffusivity is smaller than that of the polymeric resin, but it is not negligible. The 

micromechanical model is used to include the effect of fiber volume content and fiber diffusivity, 

which allows to model the anisotropy diffusivity in the GFRP composites. The micromechanics 

model can predict the fluid absorption in the GFRP composites.  
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Appendix 

This appendix discusses parametric studies to examine the effect of anisotropic diffusion 

properties of the fibers. The matrix is assumed to be isotropic, and its diffusivity is calibrated 

from the experiments. The fiber is assumed to be transversely isotropic and the diffusivities 

along and transverse to the fiber direction, namely D11 and D22, are examined. In order to 

understand the effects of diffusion parameters, each diffusivity is varied while fixing the other 

diffusivity. The micromechanics model is used in the parametric study. Figure A1 and Figure A2 

show the diffusion response in the transverse direction. It can be seen that it is governed by the 

diffusivity transverse to the fiber direction (D22), while the effects of diffusivity along the fiber 

direction (D11) is insignificant. The results of this parametric study can help determining the 

diffusion parameters from experimental data. 
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Figure A1. Diffusion response with varying diffusivities along the fiber direction. 
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Figure A2. Diffusion response with varying diffusivities transverse to the fiber direction. 
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