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Abstract 

A numerical method for the calculation of the internal stress state that develops within 

structures subjected to mechanical and steady state or transient hygroscopic loading 

conditions, has been developed. The method encompasses a layer by layer approach whereby 

the structure is discretized into plies with different material properties corresponding to the 

different ply moisture contents. The proposed method has been validated against finite 

element solutions, and results from its application on a fully characterized epoxy polymer 

binder are presented. The impact of the moisture induced viscoelastic behaviour on the 

structural response of the case studied is discussed. 

 

 

1. Introduction 

 

Real polymer and composite structures are usually subjected to transient hygroscopic loading 

conditions (e.g. day and year cycles) and even in the case where stationary conditions apply, 

sorption process may take years before moisture equilibrium is reached. As a consequence, a 

variable stress profile arises within the structure which can induce damage [1] and can 

eventually lead to failure. 

The first step towards the calculation of the moisture induced stresses is the determination of 

moisture sorption kinetics via the application of an adequate diffusion predictive model. A 

wide number of models have been proposed in the literature a summary of which can be 

found in [2, 3]. Among these, the classical Fickian model has shown good correlation with 

experimental results obtained from tests performed on resin [4, 5] and uni-directionally 

reinforced polymer matrix [6] coupons for a wide range of temperatures and relative air 

humidities. This approach is thus employed in the current study as well. 

Once the moisture distribution within the structure is determined, the latter can be modelled as 

a laminate consisting of discrete monolithic layers with different rheological properties. The 

different properties correspond to the different moisture content of each layer and depend on 

the constitutive law [7, 8] employed. A solution for the internal stress state can then be 

obtained by applying classical laminate theory assumptions [9]. Such an approach was 
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followed in [10, 11] where the problem of moisture viscoelasticity was reduced to the 

elasticity problem of a layered medium via the application of the Laplace transform. 

The objective of the research was to estimate the contribution of viscoelasticity on the stress – 

strain behaviour of a polymer material subjected to tensile loading during moisture uptake. 

Given the criticality of the moisture induced internal stresses and the mathematical 

complexity of the Laplace transform approach [7, 8], a numerical method is used in this study. 

The latter can easily account for any type of static as well as transient hygroscopic loading 

conditions and has been validated against finite element solutions. 

2. Model description 

 

The modelling strategy followed is divided in two main stages. At the first stage, the 

specimen of an originally uniform material is virtually split into p plies with different material 

properties corresponding to the different moisture content of each ply as shown in Fig. 1. 

Fick’s second law is then used for the determination of the time-dependent ply moisture 

content. At the second stage, constitutive models are applied at the ply level for the 

determination of the stress distribution within the layered specimen.  

         
 

Figure 1. Scheme of a specimen divided into p plies with different material properties corresponding to the 

different ply moisture contents. ANSYS finite element model and boundary conditions applied. 

 

2.1. Modeling of moisture sorption 

 

In this study, sorption is assumed to occur solely by diffusion and classical Fick’s law is 

employed for the calculation of the moisture distribution within the specimen. Since the 

specimen’s width and length are an order of magnitude greater than its thickness, one-

dimensional diffusion (along the x-axis in Fig. 1) is considered. The variation of moisture 

concentration with time can thus be obtained from the following partial differential equation 
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where c is the moisture concentration and D is the moisture diffusion coefficient describing 

the rate of moisture sorption. 
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Provided that D is independent of the moisture concentration and h is the plate thickness the 

solution for Eq. (1) can be more robustly obtained via the separation of variables method [12]. 

For initial   00 , 0c x h t c     and stationary  0, , 0c x x h t c     boundary 

conditions, the solution is given from the following series 
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For the case of the same initial condition and non-stationary boundary conditions of 

oscillatory form that simulate day and year natural cycles i.e.   0, ,  0c x x h t     

sin( )C CA t B   , instead (2) the analytical solution of Eq. (1) is given in [13] and is too 

lengthy. 

2.2. Constitutive model 

 

The constitutive model employed consider isotropic linear viscoelastic behaviour and is 

defined at the ply level. Due to the isotropic material properties, arbitrary rotation of the x, y 

and z axes has no effect on the material behaviour, thus the plane of a single ply can be 

defined by the 1-2 coordinate system shown in Fig. 1. A ply subjected to a plane stress state 

11 22 12{ , , }    that varies with time. Assuming that compliance terms  11S t ,  22S t , and 

 66S t  are time-dependent and that Poisson’s ratio, , is time independent, the total ply strains 

induced by an arbitrary stress history are given by 
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with   is the hygroscopic expansion factor which is a function of the moisture content  w t . 

In order to eliminate the Volterra-type integrals, the transverse and shear compliances are 

expressed using Prony series [14, 15] with linear viscoelastic parameters , ,  1...i iS i M  ,  
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Considering tensile loading along 2-direction (see Fig. 1),  22 t strain component is given by 
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The total strain of each layer, given by Eq. (3), can be re-written in compact from as 

           1 1 1j elast j jt S t R t     . 



ECCM16 - 16
TH

 EUROPEAN CONFERENCE ON COMPOSITE MATERIALS, Seville, Spain, 

22-26 June 2014 
 

4 

 

In order to avoid large systems of equations the ply stress state given by the following 

condensed system of equations 

          
1 1

1 1

p p

elast n elast nn n n
n n

S h N S h R
 

 

   . 

The previous formulation combined with the sorption kinetics model described in section 2.1, 

allows for the solution of the creep problem of a polymer plate during moisture uptake. The 

method described here, was adapted from LAMFLU a FORTRAN computer program 

previously developed for orthotropic laminates [16, 17]. 

 

3. Finite element implementation 

 

In order to validate the developed programme LAMFLU described above, linear viscoelastic 

analyses were performed using the commercial ANSYS finite element code. Due to 

symmetry, only one fourth of the specimen was modelled using four node layered shell 

elements that can account for viscoelastic material behaviour. 40 layers were used along the 

specimen thickness in order to be consistent with the discretization used within LAMFLU 

programme. The sorption kinetics model described in section 2.1 was implemented into 

ANSYS parametric design language via a purpose built command script. A typical mesh of 

the model is shown in Fig. 1 along with the boundary conditions assigned.  

 

4. Case study 

 

Stress and strain results were obtained from the application of the proposed numerical method 

on a rectangular EDT-10 epoxy resin specimen with dimensions 2  10  150 mm. The 

hygroscopic properties used for the stress-strain calculations were taken from [8], whereas the 

mechanical properties from [18]. In [4], it was shown that moisture sorption of EDT-10 resin 

follows classical Fick’s law for a wide range of atmospheric relative humidities (i.e. 16 %   

 98 %) with an average value of hygroscopic diffusivity of D = 1.910
-6

 cm
2
/h. It was also 

shown that moisture sorption isotherm has a nonlinear character and can be approximated by 

an empirical polynomial function w() = 0.00042 
+ 0.0087, were both w and  are in %, 

with the maximum moisture content of the resin being a little less than 5 %. 

The swelling strain was assumed to be directly proportional to the moisture content of the 

specimen as in [18] and the hygroscopic expansion factor was  = 0.2 %
-1

. The dependence of 

the elastic and shear moduli on moisture content was approximated by the empirical 

polynomial function 
1 2[3.500 0.0005067 ( ) 0.01594 ( )]w t w t
S
    with initial values 3.5 and 

1.2 GPa respectively and the Poisson’s ratio was considered constant v = 0.44. Linear 

viscoelastic behaviour was described with exponential creep function according to Eq. (4) 

which includes the moisture-time superposition principle with the parameters of the relaxation 

spectrum given in Table 1. Horizontal moisture shift factor was determined from the direct 

creep experiments performed in [18] and approximated by the following expression: 
2exp[ 2.0680 ( ) 0.1720 ( )]wa w t w t   . All the properties of the resin were obtained as 

functions of the moisture content under stationary conditions. 
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i i , s
-1

 i , MPa
-1

 

1 8.272·10
-5

 2.89·10
-6

 

2 2.051·10
-7

 5.23·10
-5

 

3 5.603·10
-9

 1.83·10
-4

 

4 2.789·10
-10

 5.03·10
-4

 

5 1.870·10
-10

 1.53·10
-3

 

 

Table 1. Parameters of relaxation spectrum obtained from [18]. 

 

5. Results and discussion 

 

Moisture sorption process was modelled both for stationary and oscillating environments. 

Figures 2a and 2b show the moisture content versus time variation for three plies that lie at 

normalized distance x/h = 0.025, 0.225 and 0.475 from the outer surface of the specimen and 

are subjected to stationary and oscillatory moisture conditions respectively. In Fig. 2a the 

moisture content variation has been calculated for a specimen subjected to constant 

atmospheric humidity   = 95.8 % corresponding to w = 4.5 %. It should be noted that 

despite the small specimen thickness (i.e. h = 2 mm), over 10000 hours are needed for 

moisture equilibrium to be attained and thus for swelling stresses to attenuate. In Fig. 2b, the 

moisture content variation has been calculated for a specimen subjected to an oscillatory 

atmospheric humidity corresponding to moisture content of the following 

form:     1.5sin(2 / 336 ) 3w t t  . It can be seen that as we move towards the inner plies of 

the specimen, the moisture oscillation amplitude is damped. In particular, for the specimen 

thickness h = 2 mm and the oscillatory period T = 336 h considered in this study, the moisture 

content of the middle ply is solely affected by the stationery moisture component. 
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Figure 2. Moisture content variation with time for plies that lie at normalized distance x/h = 0.025, 0.225 and 

0.475 from the outer surface of the specimen and are subjected to (a) stationary (w = 4.5 %) and (b) oscillatory 

(w(t) = 1.5sin(2 / 336t)+3) moisture conditions. 

Moisture induced stresses in the specimen section change with time following moisture 

concentration. Figures 3a and 3b show the variation of the normalized transverse (σzz/σ∞) and 

longitudinal (σyy/σ∞) stresses across the plate thickness as calculated at time instants t = 277 

and 2777 h respectively. These results correspond to a specimen subjected to uniform tensile 

load σ∞ and constant atmospheric humidity   = 95.8 %. It should be noted that despite no 

external loads act along z-direction, a variable transverse stress profile arises across the 

specimen thickness at t = 277 h as shown in Fig. 3a. This stress profile evens out as moisture 

equilibrium is gradually restored within the specimen (see stress distribution at t = 2777 h). A 
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similar trend is also observed for the tensile stresses shown in Fig. 3b. In both figures, 

ANSYS and LAMFLU are shown to be in excellent agreement proving the developed design 

tool to be mathematically accurate. Moreover, LAMFLU is shown to be as time-efficient as 

ANSYS since the time required to obtain the solution is of the same scale (i.e. both run within 

minutes). 
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Figure 3. Variation of the normalized viscoelastic (a) transverse (σzz/σ∞) and (b) longitudinal (σyy/σ∞) stresses 

across the specimen thickness as obtained from LAMFLU (lines) and ANSYS (symbols). The specimen is 

subjected to a uniform tensile load (σ∞) and constant atmospheric humidity  = 95.8 %. 

 

The time variations of the transverse εzz strains are plotted in Fig. 4a. The latter were 

calculated by performing elastic and viscoelastic analyses on a specimen subjected to uniform 

tensile load σ∞ = 10 MPa and constant atmospheric humidity  = 95.8 %. Figure 4a shows 

that εzz strains from both elastic and viscoelastic analyses are initially compressive since the 

elastic term dominates over the viscoelastic and the swelling terms. With the increase in the 

specimen moisture content, swelling strains start to develop causing the sample to expand. In 

the elastic case, the sample continues to swell (i.e. εzz strain increases) until moisture 

equilibrium is attained. However, in the viscoelastic case, viscoelastic compressive strains 

dominate over swelling strains for t ≥ 5·10
3 

h, causing the specimen to contract in the lateral 

direction. 
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Figure 4. Time variation of (a) transverse (εzz) strains as obtained from elastic and viscoelastic analyses 

performed using LAMFLU (lines) and ANSYS (symbols). Time variation of normalized (b) transverse (σzz/σ∞) 

stresses as obtained from elastic (solid lines, black symbols) and viscoelastic (dashed lines, white symbols) 

analyses. The specimen is subjected to a uniform tensile load σ∞ and constant atmospheric humidity  =  95.8 %. 
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As a result, viscoelastic analysis shows that at moisture equilibrium, the sample has laterally 

contracted whereas the elastic one that it has expanded. However, when viscoelastic 

behaviour is considered, longitudinal strains at moisture equilibrium are found to be higher 

than those obtained from the elastic case by a factor of four. It is therefore apparent that 

neglecting the moisture induced viscoelastic behaviour of polymer structures, will lead to 

erroneous design especially when strain based criteria are employed. 

Figure 4b shows the time variation of the elastic and viscoelastic transverse (σzz/σ∞) stresses 

that develop within the outer and the middle plies. It should be noted that these two plies 

represent the two extremes with the middle ply being under tensile stresses and the outer ply 

being predominantly under compressive stresses. The stress variations from both elastic and 

viscoelastic analyses are shown to follow the same trend, however, the time instant at which 

they attain their maximum or minimum values differs. Moreover, during moisture uptake, 

viscoelastic stresses are shown to be lower in magnitude than the corresponding elastic since 

moisture induced viscoelastic behaviour leads to stress relief. 

Oscillation of humidity in ambient environment leads to essential changes in stress – strain 

behavior of the specimen. It should be noted that although the moisture content of the middle 

ply does not oscillate with time, both longitudinal and transverse stresses are of an oscillatory 

form. This is because the portion of the load that is carried by the middle ply depends on that 

carried by the other plies. Since stresses in the outer plies are of oscillatory form (due to the 

oscillatory moisture content), so should be stresses in the middle ply. It is apparent that 

structures subjected to oscillatory moisture conditions should be designed against fatigue 

issues. 

 

6. Conclusions 

 

A robust and efficient numerical method for the calculation of the internal stress state that 

develops within structures subjected to mechanical and steady state or transient hygroscopic 

loading conditions has been developed. The method has been validated against finite element 

analyses and was shown to be mathematically accurate. Results from the application of the 

proposed method on an epoxy polymer binder indicate that: 

 

 Moisture induced viscoelastic behaviour should be taken into account when designing 

polymer structures especially if strain based criteria are to be employed. This is because 

viscoelastic strains are shown to be up to four times greater than those calculated via 

elastic analysis. 

 A variable stress profile arises within a polymer structure over a significant part of its 

life span with the stresses at some time instant being several times greater (up to three 

times in this case study) than the externally applied stress field (i.e. the far field load).     

 Structures subjected to oscillatory moisture conditions should be designed against 

fatigue due to the significant stress oscillation within the structure.     

 Due to the iterative procedure of the developed method, viscoelastic material behaviour 

can be incorporated in a straight forward manner. 
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