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Abstract 

This study presents a multi-scale analysis for describing the fluid diffusion in polymeric 

sandwich composites, comprising of glass-epoxy fiber reinforced polymer (FRP) skins and 

polyurethane foam core. The multi-scale framework includes the unit-cell micromechanics 

model for determining the overall diffusion behavior in the FRP skins by incorporating different 

diffusivities of the fiber and matrix and the diffusion model for foam core. In addition, multi-

scale diffusion tests have been conducted for the sandwich composites, FRP skins, foam core, 

and epoxy resin. The specimens were immersed in deionized water at 50oC. The capability in 

predicting the overall diffusion behavior of sandwich composites while recognizing the different 

diffusion processes of the constituents is not only beneficial for designing polymeric sandwich 

composites with desired performance, but also enhances understanding on the durability of 

polymeric sandwich composites. 
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Introduction 

Sandwich composites are thick section composites consisting of two thin and relatively 

strong skins separated by a thick and lightweight core [1]. One type of sandwich composites that 

has been widely used in engineering applications consists of fiber-reinforced polymer (FRP) 

skins and a polymer foam core. The FRP skins predominantly carry the axial stresses and 

bending deformations, while the polymeric foam core sustains the shear deformations and 

increases the bending stiffness. With such features, sandwich composites are used for designing 

lightweight structures with relatively high load carrying capacity. For example, glass fiber-

reinforced polymer (GFRP) sandwich composites have been used for ship hulls and provided 

significant weight reduction without affecting the overall hull strength, see Chen and Lakes [2], 

Valbo [3]. Another example is that GFRP and carbon fiber-reinforced polymer (CFRP) sandwich 

composites have been used for large wind turbine blades (Thomsen [4]). The application of 

sandwich composites reduced the blades’ structural weight and lowered the production cost. 

During service, the sandwich composites are usually exposed to severe environmental 

conditions. One major concern for sandwich composites under service is the moisture or fluid 

diffusion in the sandwich structures. The presence of fluid in the structure leads to weight change 

and affects the properties of the material. It is reported that the mechanical properties and load 

carrying capacities of sandwich composites change under fluid diffusion, see for example 

Granville [5], Scudamore and Cantwell [6], Siriruk et al. [7]. Ishiaku et al. [8]  conducted 

experiments on glass fiber/carbon fiber/Nylon 6 sandwich hybrid composites. Experimental 

results showed a decrease in tensile modulus, tensile strength, and fracture toughness after 
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exposure to ambient temperature and humidity. A similar response in sandwich structures is also 

found by Kolat et al. [9], Siriruk et al. [10] and Scudamore and Cantwell [6]. 

The fluid diffusion could also affect the interface between the face sheets (or skins) and 

the polymeric foam core. Water sorption and the different properties of these two materials could 

lead to debonding when the sandwich composites are exposed to fluid ingression. Siriruk et al. 

[11] showed that the interfacial fracture toughness of the sandwich structure decreased by 30% 

due to the combined sea water ingression and low temperature. The loss of interfacial fracture 

toughness could lead to debonding of the core/skin interface and cause irreversible failures in 

sandwich composite structures. Weitsman et al. [12] conducted experiments on sea water 

ingression in GFRP/PVC sandwich composites and found a reduction in the fracture toughness at 

the core/skin interface in sandwich composites with polymeric foam cores. A similar finding has 

also been discussed by Li and Weitsman [13]. Several other studies also observed that the 

polymeric foam core degrades after a long-time exposure to fluid, see for example Avilès and 

Aguilar-Montero [14] and Manujesh et al. [15]. Morganti et al. [16] studied the effects of 

moisture on sandwich composites and reported that fluid diffusion degrades the matrix elastic 

properties and induces microcracks between fibers and matrix. In order to predict the lifetime 

performance of sandwich composites, it is necessary to understand the fluid diffusion process in 

sandwich composites. Joshi and Muliana [17]  conducted numerical analyses on the accelerated 

viscoelastic deformations and skin-core delamination in polymeric sandwich composites 

subjected to coupled diffusion of fluid and mechanical loading.  

Though many researchers focused on the mechanical property changes of sandwich 

composites under fluid diffusion, there are only limited studies on the actual fluid diffusion 
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process in sandwich composites. The typical approach of those studies is to individually 

investigate the diffusion process in each constituent, i.e. FRP sheet and polymeric foam core, of 

the sandwich composites. Siriruk et al. [11] conducted experiments to measure water uptake in 

polymeric PVC foam core, and reported variations of weight gain due to different geometries of 

the foam samples. Earl and Shenoi [18] investigated the absorption behavior of closed-cell PVC 

foam cores, and reported a multi-stage absorption process. Fan et al. [19] studied fluid diffusion 

in neat resins which are used as matrix material in FRP composites, and observed the volumetric 

change induced by diffusion. The fluid diffusion in FRP is reported to be anisotropic. Gagani et 

al. [20] tested FRP specimens with different fiber arrangements, and compared the percent mass 

change of the specimens. It is shown that the diffusivity along the fiber direction is higher than 

the one in the transverse direction, see for example Gagani et al. [20] and Fan et al. [19]. 

Katzman et al. [21] studied fluid diffusion in sandwich composites with graphite–epoxy face 

sheets and a core of polymethacrylimide foam. After exposure to humid conditions, the graphite-

epoxy face sheets were cut from the sandwich, and the moisture content was measured separately. 

Experimental data shows that the temperature-dependent diffusion constants for this foam are 

about 60-100 times greater than those of the face sheets. It is also shown that the equilibrium 

moisture content of the tested foam is in the range of 4% to 12%, depending on the relative 

humidity, and is much higher compared to that of face sheets (1%). It is noted that the face sheets 

of sandwich composites prevent the fluid diffusion into the foam core. Avilès and Aguilar-

Montero [22] investigated fluid diffusion in sandwich composites with E-glass/polyester face 

sheets and PVC foam core exposed to 95% relative humidity and also immersed (100% relative 

humidity) in sea water. Their study demonstrates that the water uptake occurs more rapidly 
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through the thickness compared to the in-plane direction. The authors reported prevention of 

water ingression into the sandwich structure by the face sheets. 

The thick-layered nature of sandwich composites leads to heterogeneities at various 

scales (skin, core, fiber-matrix constituents), which cause multiple diffusion mechanisms, 

making it hard to predict the fluid sorption in the material. One-dimensional Fickian model has 

been widely applied in predicting fluid diffusion in solid polymers, including sandwich 

composites. Avilès and Aguilar-Montero [22] measured the weight changes of the specimens 

(neat resin/ E-glass/polyester face sheets/PVC foam core/sandwich) during immersion, and 

calibrated the diffusion properties based on the one-dimensional Fickian model. This model was 

also applied to predict the fluid diffusion, with the authors reporting a relatively good agreement 

between the measured and predicted moisture absorption curves. Katzman [21] recorded the 

mass changes of the samples exposed to the moisture environment, and calibrated the 

diffusivities based on the one-dimensional Fickian model. The author considered one-

dimensional Fickian model and included each layer’s density and saturation value of the 

sandwich material in the model. The multi-layer diffusion model agreed very well with the 

testing data of graphite-epoxy face sheets, while discrepancies were seen for the polymeric foam 

cores. Huo et al. [23] studied the fluid diffusion behavior in sandwich composites with an E-

glass/polyurethane face sheet and a closed cell rigid polyurethane foam. The water uptake was 

measured in resin, foam, face sheets and sandwich specimens. The diffusion parameters were 

determined by applying a one-dimensional Fickian model with an edge correction factor [24]. 

The general three-dimensional Fickian model is considered for the face sheet and a multi-step 
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diffusion model is used for the foam core, which incorporates a Fickian diffusion model and 

time-dependent diffusivities. The simulation results correlated well with experimental findings.  

The present study examines the fluid diffusion process in sandwich composites at various 

scales: matrix material, FRP skin and polymeric foam core. The sandwich composites studied 

consist of two glass/epoxy face sheets and a polyurethane foam core. The specimens were 

prepared and tested in deionized water at 50˚C. A multi-scale analysis is used to provide a 

prediction for the moisture diffusion in sandwich composites. To be specific, the diffusion 

behavior in polymeric resin is first examined to study the diffusivity of the matrix. The FRP face 

sheet is modeled by an anisotropic diffusion using micromechanics models, while the diffusion 

behavior in polymeric foam core is modeled by an isotropic three-dimensional (3D) Fickian 

diffusion model. A multi-scale model is then formulated to predict the overall diffusion 

behaviors in the sandwich composites by incorporating different diffusivities of the polymeric 

matrix, fiber, and foam core. 

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

procedures. Section 3 presents the multi-scale model used to describe the fluid diffusion behavior 

in the sandwich composites. The constitutive equations are solved by using finite element 

method and finite difference method. Section 4 discussed the simulation results using the multi-

scale model and the comparison between with the experimental data. Section 5 presents the 

conclusions. 
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Experiments 

The goal of the experiments is to quantitatively analyze the fluid uptake of sandwich 

composite samples and their constituents. The sandwich samples for this project were 

manufactured using Vacuum Assisted Resin Transfer Molding. The fiberglass fabric is 

unidirectional E-glass (LR 0908 fiber mat, Vectorply), infiltrated with epoxy (Proset LAM-125 

resin and LAM-237 hardener), and degassed prior to infiltration. The cure cycle consists of 14 

hours at room temperature and 8 hours at 82°C. The sandwich samples were prepared with a 

closed-cell polyurethane foam core (19.1 mm-thick Last-A-Foam FR3704 foam, General 

Plastics), and [90]4 skins (2 mm nominal thickness per skin), to heighten a matrix-dominated 

response. A total of 12 sandwich samples are prepared. The sandwich samples were cut from a 

larger panel, suspended with a moisture-resistant fishline in custom-made racks, which were 

immersed in deionized water inside a custom-made tank. An immersion heater held the 

temperature constant at 50°C, while a filter ensured the removal of any shedded particles from 

the foam core. The immersion period lasted approximately 6 months (184 days).  

Prior to the testing of the sandwich composites, neat epoxy samples, GFRP samples and 

polyurethane foam samples were tested to calibrate the diffusion properties of the constituents of 

sandwich samples, following the requirements for one-dimensional diffusion in ASTM D5229-

92(04) for the neat and GFRP samples (thickness << in-plane dimensions). The foam samples 

were cut out of the original panels and therefore did not satisfy the necessary aspect ratio. The 

dimensions of all final samples prior to immersion are reported in Table 1. The temperature was 
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held constant at 50°C and the immersion lasted 127 days for neat epoxy, GFRP samples and 

polyurethane samples, based on scheduling constraints1. 

During the experiment, the mass of the samples were measured and recorded periodically 

with a high-precision scale (Mettler, with 100 g range and 0.1 mg resolution). The percent mass 

change of each specimen is defined as: 

                                              (1) 

where M% is the percent mass change of the polymeric 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, 

at ambient hygrothermal conditions. The percent mass change provides a quantitive measure of 

the water uptake in the solid. Figure 1 shows the percent mass change of epoxy samples in 

deionized water at 50oC  (see Fan et al. [19]). Figure 2 shows the percent mass change of GFRP 

samples during the diffusion process at 50°C. It can be seen that the maximum percent mass 

change at saturation is about 1.0%. Figure 3 and Figure 4 show the percent mass change of, 

respectively, polyurethane foam samples and sandwich composites samples. The percent mass 

change of the polyurethane foam is much higher compared to that of sandwich composites. After 

immersion for 3000 hours, the percent mass change of the polyurethane foam is about 200%. 

Saturation is not reached, but the experiment had to be stopped for scheduling constraints. The 

mass gain of the foam samples was reversible, as the samples were dried in an oven after 

removal from the tank. The percent mass change of the sandwich composites is much smaller, 

                                                
1 Shut-down of campus due to a long holiday break. 

% 100%t solid

solid

M MM
M
−

= ×
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about 15%. This is ascribed to the presence of the GFRP face sheets, which slowed down the 

through-the-thickness fluid diffusion into the polyurethane foam core.  

Multi-scale diffusion model 

The studied sandwich composites consists of two constituents, namely GFRP skins and 

polyurethane foam core. The GFRP consists of 90° unidirectional glass fibers and epoxy matrix. 

Thus, the fluid diffusion behavior in sandwich composites depends on the diffusivities of the 

different constituents and also the concentration field in the entire composites. In order to capture 

the diffusion behavior in the sandwich composites, a multi-scale model is considered. The multi-

scale model includes a micromechanics model for determining the diffusion behavior in the 

GFRP skins, and a diffusion model for the foam core. The polyurethane foam core is idealized to 

have isotropic diffusion property, and a general Fickian model is considered. Figure 5 shows a 

schematic of sandwich composite specimen discussed in this section. The Finite element (FE) 

method is used to obtain the solutions to the governing equations of the fluid diffusion. The 

micromechanics model and the Fickian model are implemented at each Gaussian integration 

point within the continuum 3D element (Figure 5). 

Fickian diffusion model for foam core 

Fluid diffusion in polymeric foams can be described by the Fickian diffusion model. The 

constitutive model is based on the mass conservation of the fluid. It is assumed that there is no 

chemical reaction during the diffusion process. It is also assumed that the solid body is rigid 

(undeformed) in the fluid diffusion process. The conservation of mass of the fluid in the material 

leads to: 
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dC
dt

= −div( f )                                                               (1) 

where 𝑓 is the flux of fluid through the polymer, and 𝐶 is the fluid concentration at the current 

time. The flux and the concentration gradient are related by Fick’s first law: 

f D C= − ∇                                                                 (2) 

where D is the diffusivity constant of the material.  

By substituting the flux into the equation (1), we can get the Fick’s second law: 

C D C
t

∂
= ∇

∂
                                                             (3) 

Fluid diffusion behavior in polymeric foam is isotropic, and Fick’s second law for 

diffusion can be written as: 

2 2 2

2 2 2

C C C CD D D
t x y z

∂ ∂ ∂ ∂
= + +

∂ ∂ ∂ ∂
                                               (4) 

The concentration of fluid at any point in the polymeric foam at time t can be denoted as 

C=C (x, y, z, t). ABAQUS finite element (FE) software is used to determine the concentration 

of fluid, which is evaluated at the nodes of the continuum 3D elements. The overall fluid 

concentration in the solid is quantified by: 

8
( ) ( )

1

1
8

m m
i

i
C C

=

= ∑                                                               (5) 

( ) ( )

1

1 Ne
m m

t
m

C C V
V =

= Δ∑                                                         (6) 
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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 solid body. In this study, a MATLAB code is 

generated for reading the fluid concentration at the nodes and numerically integrating them to 

evaluate the overall fluid concentration in the solid. The amount of fluid concentration at each 

instant of time in equation (6) is correlated to the fluid concentration obtained from the 

experiment. The total fluid concentration is related to the fluid uptake as follow: 

     𝐶! =
!(!)
!!

                   (7) 

where 𝑀(𝑡) is the mass of fluid in the solid body at time t, and 𝑀! is the mass of fluid in solid 

body at saturation. 

 

Diffusion behaviors of FRP skins 

Two micromechanics models, i.e., Shen-Springer micromechanics model and unit-cell 

micromechanics model, are considered in order to describe the diffusion behaviors of FRP skins. 

1) Shen-Springer micromechanics model 

The diffusion behavior of fluid in a fiber-reinforced composite is anisotropic [24], and the 

diffusivity along the fibers is different from the diffusivity across the fibers. The glass fibers 

themselves are often seen as impermeable to water, assumed to have zero diffusivity. In order to 

describe the anisotropic diffusion behavior, the effects of fibers should be included in the 

diffusion model. Shen and Springer formulated a micromechanics model for determining the 

anisotropic diffusion in FRP composites, by considering the diffusivities of fiber and matrix and 

the fiber volume content. This model adopted the model of thermal conduction in unidirectional 
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materials introduced by Springer and Tsai [25]. Shen and Springer [26] developed the expression 

of the diffusivities in the directions parallel and normal to the fibers ( 11D  and 22D  ), i.e. the 

longitudinal and transverse directions of standard lamination plate theory: 

11 (1 )f m f fD D Dν ν= − +                                                  (8) 

2

1
22 22

14(1 2 ) tan
11

D f

f m
m

D fD D f

B
DD D

BB B

ν
ν ππ

νπ ν
ππ

−

⎡ ⎤
⎢ ⎥−
⎢ ⎥= − + −
⎢ ⎥

+⎢ ⎥−
⎢ ⎥⎣ ⎦

                               (9) 

2 1m
D

f

DB
D

⎛ ⎞
= −⎜ ⎟⎜ ⎟

⎝ ⎠
                                                         (10) 

where fv  is the volume fraction of the fiber, fD  is the diffusivity of the fiber and mD  is the 

diffusivity of the matrix. It should be noted that the Shen-Springer model considers isotropic 

diffusion properties for fibers and matrix. As a result, there is only one diffusivity term for fiber, 

namely Df. The Shen-Springer model reduces to the Fickian diffusion when the fiber volume 

fraction is zero, which means the material is a pure resin. It is noted that equations (9) and (10) 

also impose a constraint to the ratio of the matrix and fiber diffusivity: 1 0.5m

f f

D
D v

π
< + .  

When the diffusivity of the fiber (Df ) is assumed to be small compared to the diffusivity 

of the matrix ( mD ), 11D  and 22D  for the Shen-Springer model are expressed as: 

11 (1 )f mD v D= −                                                        (11) 
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22 (1 2 )f m

v
D D

π
= −                                                     (12) 

In the following sections, equation (8) to (10) will be noted as the general Shen-Springer 

model, and equation (11) to (12) will be noted as the reduced Shen-Springer model. The 

reduced Shen-Springer model is widely adopted in describing fluid diffusion behaviors in FRPs. 

The finite difference method is used to solve the governing equations and fluid concentration is 

calculated at each node. The overall fluid concentration in the solid body is achieved following 

equations (5) and (6). 

 

2) Unit-cell micromechanics model 

Another micromechanics model is formulated based on a simplified unit-cell model with 

four subcells representing the fiber and the matrix constituents (Figure 5). The homogenized 

diffusivity is achieved from the different diffusivities of fiber and matrix, which lead to the 

anisotropic diffusion behavior of the GFRP composites. 

This unit-cell model has successfully determined the mechanical and non-mechanical (e.g. 

thermo-viscoelastic, piezoelectric, and heat conduction) response of FRP composites [27-29]. 

Recent studies showed that the unit-cell model can be formulated to predict the anisotropic fluid 

diffusion behaviors in FRPs (Gagani et al. [20] and Fan et al. [30]). The first subcell is the fiber 

constituent and the remaining three subcells are matrix. Perfect bonding at the interphases 

between the fiber bundle and matrix is assumed, and a periodic boundary condition is imposed 

on the unit-cell. In determining the diffusivity of the composite, it is also assumed that the 

volumetric expansion (swelling) is negligible, thus both fiber and matrix diffusion behaviors 
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follow the Fickian diffusion. The conservation of mass of the fluid in the composite body leads 

to: 

!"
!"
= −𝐷𝑖𝑣(𝐟)              (13) 

where C is the time- and space-dependent water concentration in the composite and t denotes the 

time variable and  is the flux of fluid. 

The flux of the fluid that passed through the homogenized composite faces, , is 

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

𝐟 =  !
!

𝐟(!) 𝐗(!) 𝑑𝑉(!)!
!!! ≈ !

!
𝑉(!)𝐟(!)!

!!!                 (14) 

where f(α) and V(α) are the flux and volume of subcell (α), respectively, and X(α) is the spatial 

location of each point within the unit-cell. It is also assumed that field variables within one 

subcell are uniformly distributed. A total volume of the unit-cell is V = 𝑉(!)!
!!! . When the 

fiber volume fraction is considered, then V = 𝑉(!)!
!!! =1. The flux in the composite is 

formed due to the gradient of fluid concentration and a linear relation is considered between the 

flux and concentration gradient in the homogenized composite: 

𝐟 = −𝐃 𝛗;      𝛗 = 𝑔𝑟𝑎𝑑(𝐶)              (15) 

Here and  are the effective diffusivity and concentration gradient of the 

homogenized composite, respectively. Similarly, a linear relation is adopted for the constitutive 

relation in each subcell: 

f

f

 D  φ
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𝐟(!) =  −𝐃(!)𝛗(!)                    (16) 

where D(α) is the subcell diffusivity and 𝛗(!) is the subcell concentration gradient. Substituting 

equation (15) into equation (16) gives: 

                                      𝐟(!) =  −𝐃(!)𝐁(!)𝛗                      (17) 

Substituting equation (17) into equation (14) leads to the effective flux in terms of 

diffusivity properties of the constituents and volume content: 

𝐟 ≈ − !
!

𝑉(!)𝐃(!)𝐁(!)𝛗!
!!!                        (18) 

By comparing equation (15) and equation (18), the effective diffusivity of the composite 

can be written as: 

 𝐃 = !
!

𝑉(!)𝐃(!)𝐁(!)!
!!!         (19) 

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

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

Gagani et al. [21] and Fan et al. [30]. With the micromechanical relations, which impose 

compatibility of the fluid concentration and continuity of the flux at the interface, the 

concentration matrix is obtained for each subcell. The subcell (1) denotes fiber and subcells (2), 

(3), and (4) indicate matrix. The micromechanical relations along the longitudinal (x1) and 

transverse (x2, x3) fiber directions are expressed as: 

           
(1) (1) (2) (2) (3) (3) (4) (4)

1 1 1 1 1
(1) (2) (3) (4)
1 1 1 1 1

V f V f V f V f f
ϕ ϕ ϕ ϕ ϕ

+ + + =

= = = =
   (20) 
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(1) (2) (3) (4)
2 2 2 2

(1) (2)
(1) (2)
2 2 2(1) (2) (1) (2)

(3) (4)
(3) (4)
2 2 2(3) (4) (3) (4)

;       f f f f
V V

V V V V
V V

V V V V

ϕ ϕ ϕ

ϕ ϕ ϕ

= =

+ =
+ +

+ =
+ +

     (21) 

     

(1) (3) (2) (4)
3 3 3 3

(1) (3)
(1) (3)
3 3 3(1) (3) (1) (3)

(2) (4)
(2) (4)
3 3 3(2) (4) (2) (4)

;       f f f f
V V

V V V V
V V

V V V V

ϕ ϕ ϕ

ϕ ϕ ϕ

= =

+ =
+ +

+ =
+ +

          (22) 

Finally, the effective diffusivity is determined from equation (19). Fibers are usually 

assumed to have zero diffusivity. However, research showed that the fibers constituents in the 

FRPs are typically in the form of fiber bundles. The fiber bundles consist of fibers and matrix, 

and fluid can diffuse into the fiber bundle. Thus, the diffusivity of the fiber bundle subcell is not 

zero. In this study, the fiber bundle is assumed transversely isotropic and the polymeric matrix is 

considered isotropic with regards to their diffusion behaviors. The fiber diffusivity is D(f) 

=diag(D11
(f), D22

(f), D22
(f)), while the diffusivity of matrix is D(m) = D(m) I3, where I3 is the identity 

matrix. The diffusivity of the composite is: 

𝑫 = 𝑑𝑖𝑎𝑔 𝐷!!,𝐷!!,𝐷!! ;   𝐷!! = 𝐷!!                       (23) 

𝐷!! =
!
!
𝑉(!)𝐷!!

(!) + 𝑉(!)𝐷(!) + 𝑉(!)𝐷(!) + 𝑉(!)𝐷(!)                      (24) 

𝐷!! =
!
!
𝑉(!) !

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

!(!)!(!)!!(!)!!!
(!) + 𝑉(!)

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

!(!)!(!)!!(!)!!!
(!) + 𝑉(!)𝐷(!) + 𝑉(!)𝐷(!)      (25) 

In order to solve for the governing equation in equation (13), the finite element (FE) 

method is used. The micromechanics model is implemented in a continuum three-dimensional 
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finite element. In this study, the user material subroutine within ABAQUS, written in 

FORTRAN, is used to integrate the micromechanics model to FE analyses. The concentration of 

the fluid is evaluated at the nodes of the elements, and the total amount of fluid concentration in 

the composite during the diffusion process is determined based on equation (5) and equation (6). 

The advantage of the unit-cell model over the Shen-Springer model is that it does not 

impose any constraint to the fiber volume content (0.785, in the Shen-Springer model) and ratios 

of fiber and matrix diffusivities. 

 

Experimental verification 

In order to include the anisotropic diffusion in the GFRP skins, the Shen-Springer 

micromechanics model and the unit-cell micromechanics model are considered and compared. 

The following diffusion properties are used for the micromechanics models: diffusivity of fiber 

in the longitudinal direction is D f
11 =1.65×10

−5 mm2

hr
= 4.57×10−9 mm

2

s
, while the fiber’s transverse 

diffusivity is D f
22 = 8.25×10

−4 mm2

hr
= 2.29×10−7 mm

2

s
. The diffusivity of the matrix is determined 

from experiments as 
2 2

3 71.65 10 4.57 10matrix
mm mmD
hr s

− −= × = × , see Fan et al. [19]. The effective 

diffusivities of the unit-cell micromechanical model are calculated from equations (23) to (25). 

The diffusivities of the reduced Shen-Springer model are calculated based on equations (11) and 

(12). The diffusivities are summarized in Table 2. It is showed that the reduced Shen-Springer 

model, neglecting the fiber diffusivity, under-predicts the fluid diffusion behavior. However, the 

Shen-Springer model is reduced from the general expression based on the assumption that the 
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diffusivity of the fiber ( fD ) is small compared to the diffusivity of the matrix ( mD  ). Equations 

8-10 are the general expression of the Shen-Springer model, and they contain the diffusivity of 

fiber compared to the reduced Shen-Springer model. The diffusivities of the general Shen-

Springer model are calculated by considering the same fiber diffusivities used in the unit-cell 

micromechanics model. The micromechanical model uses D f
11  =0.01Dm, D f

22  =0.5Dm. In the 

calculation using the Shen-Springer model, it is assumed that Df  =0.01Dm for determining D11 of 

the FRP composite, and Df  =0.5Dm for determining D22 of the FRP composite. The calculated 

diffusivity is still smaller compared to the effective diffusivity from the unit-cell model. The 

results are included in Table 2. They show that, compared to unit-cell micromechanical model, 

the general Shen-Springer model leads to the same diffusivity along the fiber direction, but 

smaller transverse diffusivity.  

The general Shen-Springer model is implemented in the finite difference approach by 

using FORTRAN. Figure 6 show the simulation concentration of fluid by using the reduced 

Shen-Springer model, the general Shen-Springer model and the unit-cell micromechanics model. 

In comparison, the results show that the general Shen-Springer model and the micromechanics 

model have relatively good agreement with the experimental data. However, the constraints of 

the general Shen-Springer model should be considered before applying it to predict fluid 

diffusion behavior. It is noted that equation (9) and (10) also impose a constraint to the ratio of 

the matrix and fiber diffusivity, 1 0.5m

f f

D
D v

π
< + . Figure 7 illustrates the relation between m

f

D
D

 

and fv . Thus, the ratio of the matrix and fiber diffusivity for different fiber volume content 

should be below the line in Figure 7.  Based on the constraints, a valid solution for the equations 
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requires for the ratio of matrix and fiber diffusivity to be under the curve. These constraints of 

the general Shen-Springer model limit its usage for the material system with certain 

combinations of matrix and fiber diffusivity ratio, however the condition on fiber volume 

fraction is typically satisfied by the manufacturing methods needed for common FRP systems. In 

comparison, the unit-cell micromechanical model does not have any of those constraints. Thus, 

the unit-cell micromechanical model has wider applications in fluid diffusion prediction for 

fiber-reinforced composites. 

The general Fickian diffusion model is considered for the polyurethane foam core of the 

sandwich composites. The diffusivity used for the Fickian model is Dfoam=3.83x10-6  !!!

!
. Figure 

8 shows the simulation results compared with the experimental results. It can be seen that the 

Fickian model has a good agreement with the testing data.  

Next, the diffusion behavior in the sandwich composites immersed in deionized water is 

predicted using the multi-scale model that incorporates different diffusivity behaviors of epoxy 

matrix, glass fiber, and polyurethane foam core. In this study, the user material subroutine within 

the ABAQUS commercial FE software, written in FORTRAN, is used to integrate the unit-cell 

micromechanics model to FE analyses. For the polyurethane foam core, the general Fickian 

model is used. For the post-processing, the total amount of fluid in the composites is determined 

by integrating the field variables at the nodes obtained from the FE analyses. For this purpose, a 

MATLAB code was generated for reading the nodal field variables and numerically integrating 

them to obtain the overall fluid concentration. Finite element meshes with 8 node hexahedral 

elements were generated for the sandwich composites with nominal dimensions 178.08 × 51.11 

× 22.10 mm3. The skin thickness is 2 mm for both sides of the skins, and a perfectly bonded 
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condition is assumed between the GFRP skin and the polyurethane core. A convergence study 

was first conducted in order to determine sufficient numbers of elements, by comparing the 

overall fluid concentration to the analytical solution of isotropic diffusion in resin. In this study, 

a total of 48000 elements was sufficient in capturing the fluid sorption response. Figure 9 shows 

the FE meshes of the sandwich and the details of the GFRP skin and the interface between skin 

and core. The fibers in the GFRP skins are along the x-axis. 

For the FE analysis of the sandwich composite, initially the sandwich composite is under 

dry conditions, which means a zero concentration for the entire sandwich. Upon immersion, the 

surfaces of the sandwich composite are in contact with the fluid, corresponding to a normalized 

concentration C = 1. The analysis is conducted up to 4000 hours in order to compare with the 

experimental data. Figure 10 shows the middle plane of the sandwich composite in the 

longitudinal direction. The concentration profiles of the middle plane during the fluid diffusion 

analysis are shown in Figure 11, confirming that the presence of the GFRP sheets delays the 

fluid sorption of the polyurethane foam core. One-eighth of the sandwich composite is selected 

to show the three-dimensional concentration profile inside the sandwich composites (Figure 10). 

Figure 12 shows the three-dimensional concentration profile. It can be observed that the fluid 

diffuses through the open edges of the polyurethane foam and this diffusion process is much 

faster without the GFRP skins.  

In Figure 13, the multi-scale framework that incorporates different diffusivity behaviors 

of epoxy matrix, glass fiber, and polyurethane foam core has a good agreement with the 

experimental response of the immersed sandwich composite.  
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Structural analysis 

Polymeric sandwich composites have been widely used in large wind turbine blade 

applications, see for example Thomsen [4]. During service, the wind turbine blades are usually 

subjected to a humid environment, and the moisture can diffuse into the wind turbine blade 

structure. Such diffusion behavior can lead to weight and property changes of the structure. 

Accounting for fluid diffusion in the design of wind turbine blades can improve the durability of 

the structure and also lower the service cost. The following section presents a qualitative study of 

fluid diffusion into a wind turbine blade structure which is built with polymeric sandwich 

composites. The multi-scale framework is applied and the simulation results are presented. 

Part of the curved wind turbine blade is selected for the study as shown in Figure 14. The 

selected wind turbine section has a length of 907 mm at the middle-plane, and the width of the 

wind turbine blade section is 100 mm, with the same material discussed above. A unidirectional 

fiber arrangement is assumed for the GFRP skins and the fibers are parallel to the x-axis. The 

outer surface of the wind turbine blade is assumed to be completely immersed in fluid. We 

examine the fluid diffusion through the outer surface into the wind turbine blade and predict the 

concentration of fluid in the sandwich structure. The multi-scale analysis is performed and 

ABAQUS commercial FE software allows the incorporation of the unit-cell micromechanics 

model for the GFRP skins, and the Fickian model for the polyurethane foam core. Continuum 

three-dimensional elements are considered for the sandwich composite.  

Figure 14 shows the FE mesh of the wind turbine blade. Initially the wind turbine blade 

is assumed to be completely dry, which corresponds to a normalized concentration C=0. Upon 

immersion, the outer surface of the wind turbine blade is in contact with a fully saturated fluid 
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corresponding to a normalized concentration C = 1. The analysis conducted lasts 9000 hours, 

which corresponds to about a year of immersion. Figure 15 illustrates the concentration profiles 

of the wind turbine blade during the fluid diffusion analysis. This qualitative study shows an 

example of how this research can support the design and prediction of long-term responses of 

engineering structures built with polymers and polymeric composites. 

Conclusions 

This research examines the fluid diffusion behavior in sandwich composites and 

presented both experimental and numerical investigations. The sandwich composite consists of 

two thin GFRP skins and a thick polyurethane foam core. During the test, the sandwich 

composite was immersed in deionized water at 50 °C and the weight changes were recorded. 

Two micromechanics diffusion models are considered and compared for the GFRP skins, namely 

the Shen-Springer micromechanics model and the unit-cell micromechanics model. The reduced 

Shen-Springer model is one of the mostly adopted diffusion model for FRPs, but the simulation 

results show that it under-predict the diffusion process in GFRP skins. The general Shen-

Springer model shows better accuracy compared to the reduced model. However, its usage is 

limited by the constraint on the diffusivity ratios between fiber and matrix. The unit-cell model 

shows good agreement with the experimental data of GFRP skins and it has no constraint. For 

the polyurethane foam core, the general Fickian diffusion model shows good correlation with the 

experimental results. 

The diffusion process in sandwich composites is examined by using the integrated unit-

cell model and the FE framework. The unit-cell micromechanics model is considered to describe 

the anisotropic diffusion in GFRP skins, while the Fickian model is used for the isotropic 
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polyurethane foam core. The multi-scale analysis shows a good agreement with the testing data. 

It is found that the presence of GFRP skins significantly slowed the diffusion process in 

polyurethane foam core. A qualitative study of a fluid diffusion in a portion of a sandwich 

composite wind turbine blade is performed by using the multi-scale analysis. This qualitative 

study provides an example of how this research can contribute to engineering structural designs 

and durability of structures based on polymeric sandwich composites. 
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Table 1. Average ± standard deviations of the samples prior to immersion 

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

Epoxy plates 1.295 ± 0.02598 150.7 ± 0.2380 149.4 ± 0.2928 

GFRP plates 
(50°C) 

1.635 ± 0.01581 151.1 ± 0.1973 151.3 ±0.1533 

Polyurethane foam 19.05 ± 0.00441 63.95 ± 0.6785 64.41 ± 0.6176 

Sandwich composites 22.10 ± 0.03258 178.1 ± 0.2599 51.11 ± 0.1462 

 

 

Table 2. Diffusivities determined by Shen-Springer model and unit-cell model 

Materials Temp. Diffusivity 
of FRP 

composites 

Reduced 
Shen-Springer 

diffusivity 
(!!

!

!
) 

General Shen-
Springer 
diffusivity 

(!!
!

!
) 

Unit-cell 
effective 

diffusivity (!!
!

!
) 

GFRP/deionized 
water 

50℃ D11 
D22 

3.06 x10-7 
1.61x10-7 

3.08x10-7 
2.87x10-7 

3.08x10-7 
3.61x10-7 
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FIGURES 

 

 

 

Figure 1. Percent mass change of epoxy samples immersed in deionized water at 50oC. 
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Figure 2. Percent mass change of GFRP samples immersed in deionized water at 50oC. 
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Figure 3. Percent mass change of polyurethane foam samples immersed in deionized water 
at 50°C. 
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Figure 4. Percent mass change of sandwich specimens immersed in deionized water at 50°C. 
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Figure 5. A schematic of the sandwich specimen with two GFRP skins and a polyurethane foam 
core. 
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Figure 6. Concentration of fluid in GFRP in deionized water at 50oC. 
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Figure 7. Ratio of matrix and fiber diffusivity versus fiber volume fraction 
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Figure 8. Concentration of fluid in polyurethane foam in deionized water at 50 °C. 
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Figure 9. Mesh used for the finite element (FE) analysis.  
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Figure 10. A schematic of the sandwich composite and the cross-section selected for contour 
plot. 
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Figure 11. Concentration contours of the middle plane of the sandwich composite. 
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Figure 12. Concentration contours of the one-eighth sample of the sandwich composite. 
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Figure 13. Simulation concentration of fluid in sandwich composite in deionized water at 50 °C.  

 



41 

 

 

Figure 14. Schematic of a wind turbine blade and mesh used for finite element (FE) analysis. 
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Figure 15. Concentration contours of the wind turbine blade structure. 

 

 




