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Summary 

This paper presents results from a study of the long term behavior of carbon/epoxy composites. The interactions 

between ageing in water and constant mechanical loads are described, first experimentally then using a simple 

modelling approach. An identification procedure for the model is carried out and test/model comparisons are 

discussed. The results show that a 4-parameter Burgers model can provide a good fit of the experimental data. 

The analysis of the results indicates the impact of water diffusion on the viscoelastic behaviour with larger 

strains for both creep and recovery phases. Those changes tend to appear at the early stage of the moisture 

diffusion process and stabilize quite quickly.  

 

1. Introduction 

The use of continuous fiber reinforced composites is now widespread, particularly in the marine industry, and 

several references describe their use in structures from small boats to military ships and submarines [1-4]. More 

recent applications include marine energy recovery systems such as the blades of tidal turbines; these impose 

more complex constraints, as they are destined to be permanently installed in high energy environments where 

inspection and maintenance are difficult and costly. There is thus a need to guarantee long term reliability, and 
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validated models of long term behaviour are essential. The durability of composite materials is a complex 

subject, grouping the effects of environmental aging, creep, and cyclic loading [5,6]. While these effects have 

been considered independently in numerous studies, a more realistic representation of behaviour under marine 

service conditions must include the coupling between them. This is one of the aims of the present work. 

However, first some examples of previous studies will be given, in order to highlight the current state of the art 

in this field. 

The influence of water on continuous fibre reinforced thermosetting polymers has been studied in some detail 

in the past. Weitsman provided an excellent overview of published work [7], while Colin & Verdu [8] gave a 

detailed description of the role of the matrix. In general, water, whether distilled or seawater, will diffuse into 

the matrix resulting in reversible swelling and plasticization mechanisms. Various kinetic models have been 

proposed for diffusion [9], but in many cases the 1-D Fickian diffusion model proposed by Springer and 

colleagues over 40 years ago provides a reasonable first estimate of the water profile [10]. Then at longer times 

the matrix may hydrolyze, a chemical ageing mechanism resulting in permanent molecular chain scission. This 

can result in matrix cracking, which in turn encourages additional diffusion and accelerating degradation. In 

parallel, ageing may also degrade the fibre/matrix interphase region; this may occur more quickly than matrix 

degradation if the interphase facilitates water entry [11]. One of the difficulties in predicting long term 

behaviour of composites is that, even without considering mechanical loading, these four mechanisms 

(plasticization, swelling, hydrolysis and interface degradation) can occur simultaneously, each with its own 

kinetics. Another factor to consider is the temperature. Raising the water temperature is often used in laboratory 

studies to accelerate water ingress but temperature variations in service will also affect the quantity of water in 

the material. 

There are then various coupling effects between these mechanisms to be considered. The first involves the 

influence of absorbed water on short term composite mechanical behaviour, and this is the easiest to study. 

Samples can be immersed in water and removed periodically for testing. Many examples of this type of study 

are available such as [12-15]. A second aspect, requiring additional test equipment, involves measuring how 

mechanical loads affect the water take-up. Early work by Fahmi & Hurt on epoxy polymers [16] was followed 

by several studies showing that applied stress can increase water uptake [17-19]. So, given that water affects 

mechanical properties and that mechanical loading affects water absorption it is easy to imagine that strong 

coupling between the two will seriously affect long term behaviour. An additional factor to include in the 

durability analysis is the time-dependent behaviour of polymer composites, and there have been many studies 

of the response of composites to constant loads, or creep. For example, Scott et al. provided a review of studies 
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pre-1995 [20]. Work at Virginia Polytechnic in the 1980’s [21,22] resulted in the development of viscoelastic 

models, including the non-linear viscoelastic approach of Schapery [23].  

Results showing how moisture affects creep behaviour are less frequent, but those which exist have indicated 

that water ingress can accelerate creep strain [24-29]. Time-temperature superposition has been used by a 

number of authors to produce master curves, with Miyano and Nakada in particular applying this approach 

successfully to predict a range of composite properties [30]. An equivalence between temperature and water 

content with respect to creep behaviour has also been described [31]. Finally, Raghavan and colleagues have 

studied damage development under creep loading [32, 33], while other studies have used load-unload and 

isostress cycles to identify creep and recovery parameters [34, 35]. A large number of creep models have been 

applied to composites; Guedes provided a review of life prediction methods [36], and the different models will 

be discussed in more detail below. 

The aim of the present paper is to highlight the various mechanisms leading to changes in mechanical properties 

of composites immersed in water for long periods, so that their effects can be included in structural design. We 

focus in particular on water diffusion impact on extended mechanical loadings: we thus proposed specific creep-

recovery test sequences for unaged and aged composite samples. After analysis of the results from those latter 

tests, we use a viscoelastic modelling approach, based on a Burgers model [37, 39] which has been used for 

instance in [40-43] for different composite materials. We analyze the effect of water diffusion on identified 

parameters and show that the proposed model is also predictive regarding other external loadings. 

The paper is organized as follows. Section 2 deals with the studied composite material. We first describe the 

manufacturing process of the samples used for hygroscopic and mechanical tests. We then propose a model of 

the water diffusion process associated with the identifications of its parameters showing that a dual-stage Fick 

model is a good candidate here. Hygroscopic expansion measurements and mechanical tensile tests end this 

section to highlight the impact of water absorption on the mechanical behaviour. Section 3 present the long-

term behaviour of the composite material with comparisons between unaged and aged samples with creep-

recovery test sequences. We then propose a model of the viscoelastic behaviour based on a four element Burgers 

model. The results of the identification for the different creep phases and the various ageing cases are analyzed 

in order to highlight the effect of water diffusion on the latter behaviour. Some concluding remarks and 

perspectives are finally drawn in Section 4. 
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2. Materials & hygro-viscoelastic characterization  

2.1. Materials 

The material investigated in this study is a high-performance carbon/epoxy laminate produced in an autoclave 

by FMC composites (Brest).  Composite panels [±45]6 were obtained by stacking 6 composite plies with an areal 

weight of 350 g/m², where each ply was produced from the winding of towpregs around a mandrel. These 

towpregs were supplied by Vitech Composites and are impregnated with an epoxy resin from Huntsman 

(LY556). Panels were then cured in an autoclave at 120°C for 2 hours with a pressure of 6 bars. Mean final 

thickness of the panels was 2.02 mm. Fibre volume fraction and glass transition temperature were measured to 

be 58.1 ± 0.8 % and 108°C (onset value) respectively. Finally, specimens for weight gain measurements (50 x 50 

x 2 mm3), hygroscopic expansion (200 x 20 x 2 mm3) and tensile and creep tests (250 x 25 x 2 mm3) were obtained 

by water jet cutting.  

 

2.2. Ageing 

 

2.2.1. Water diffusion 

Weight measurements were performed in deionized water, at 25°C to follow the weight gain during water 

immersion and also at 60°C to accelerate water diffusion. Weight gain was followed through periodic weighing 

of the different specimens on a Sartorius LA310S balance with a precision of 0.1 mg. The weight gain 𝐶(𝑡) was 

calculated from Equation (1): 

 
𝐶(𝑡) =

𝑚(𝑡) − 𝑚0

𝑚0

 
(1) 

where 𝐶(𝑡) is the mass of the sample at a given time t and m0 is the initial dry mass. For each ageing condition, 

3 samples were weighed over 18 months. 

 

2.2.2. Identification of the water diffusion behavior 

Based on the experimental data obtained through weight measurements, it is possible to examine the water 

diffusion kinetics through the identification of the water diffusion behavior. In the literature, the most common 

way to describe the water diffusion behavior in polymers and composites is Fick’s model [10], shown in 

Equation (2), where two parameters can be determined: the diffusion coefficient D and the water concentration 

at saturation Csat. 
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𝐶(𝑡) = 𝐶sat (1 −

8

𝜋2
∑

1

(2𝑛 + 1)2
𝑒𝑥𝑝 [−(2𝑛 + 1)2𝜋2.

𝐷. 𝑡

𝑒2
]

∞

𝑛=0

) (2) 

However, while Fick’s model is often used to describe water diffusion kinetics in polymers and composites, it 

does not always describe the water ingress accurately [9]. Figure 1-Left illustrates the experimental sorption 

kinetics for the composite at the two studied temperatures: we can observe anomalies of diffusion implying that 

the application of Fick’s model will not be accurate. We can clearly observe a second stage of diffusion and it is 

apparent that the saturation state has not been reached for any of the temperature conditions.  

Alternatives, such as the dual-stage Fick model can be more appropriate when two distinct water diffusion 

mechanisms are identified, Equation (3).  

 
𝐶(𝑡) = ∑ [𝐶si (1 −

8

𝜋2
∑

1

(2𝑛 + 1)2
𝑒𝑥𝑝 [−(2𝑛 + 1)2𝜋2.

𝐷i. 𝑡

𝑒2
]

∞

𝑛=0

)]

2

𝑖=1

  (3) 

In this case two different diffusion coefficients, D1 and D2, can be identified, together with two different water 

concentrations Cs1 and Cs2. Identification is then based on a least squares minimization solution. The results of 

the identification procedure are shown on Figure 1-Right where there is a very good agreement between the 

experimental data and the identified sorption curves. Table 1 provides the identified dual-stage Fick parameters 

for each temperature condition.  

 

Figure 1: Gravimetric measurements performed on composite samples at 25°C and 60°C water: raw data (left) 

and identified Fick curves with mean data points (right). 

One should note that the second water concentration denoted by 𝐶𝑠2 may not be the “true” physical value since 

the saturated state has not been reached and that this state may never be reached, depending on the very long-

term behaviour of the diffusion process. Moreover, the identified values for each parameter are very different: 
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for instance, at 25°C, the ratio 
𝐷1

𝐷2
 is close to 3.5 whereas the value at 60°C is close to 50. This latter remark 

underlines the strong influence of temperature on the hygroscopic behaviour of the studied composite material. 

Dual-stage Fick parameters 25°C 60°C 

Cs1 (%) 0.39 ± 0.07 1.25 ± 0.31 

D1 (m²/s) (9.34 ± 0.93). 10-14 (2.76 ± 0.16). 10-13 

Cs2 (%) 0.92 ± 0.04 1.69 ± 0.02 

D2 (m²/s) (2.14 ± 0.24). 10-14 (5.67 ± 4.01). 10-15 

Table 1:  Identified dual-stage Fick parameters for each studied temperature. 

 

2.2.3. Hygroscopic expansion 

Hygroscopic swelling is directly associated with water absorption. In order to measure this, periodic 

measurements were carried out using a Keyence LK-G32 laser with a precision of about 5 µm. The induced 

hygroscopic strain 𝜀ℎ is determined using Equation 4. 

 
𝜀ℎ =

𝐿(𝑡) − 𝐿0

𝐿0

 × 100 (4) 

where L(t) is the length of the tested specimen at an ageing time t and L0 the initial length of the specimen.  

Figure 2 shows the experimental hygroscopic expansion 𝜀ℎ measured in the longitudinal and transverse 

(through-thickness) directions for both temperature conditions. The results are similar for both temperatures. 

Moreover, this expansion is only significant for the transverse (i.e. thickness) direction and can be neglected in 

the longitudinal direction.  

 

Figure 2: Hygroscopic swelling in longitudinal and thickness directions of ±45° laminates (left) and zoom for 

the transverse direction (right) for both temperature conditions. 
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2.3. Mechanical characterization 

 

Two different types of mechanical test were performed within this study, tensile quasi-static tests and tensile 

creep. These were performed at four different stages: in the unaged state (named T0) and then for three different 

ageing conditions in immersion at 25°C and denoted by T1 = 55 days, T2 = 392 days and T3 =527 days: those times 

respectively correspond to global water contents of 0.6%, 1.2% and 1.3%. It may be noted that ageing was here 

only carried out at 25°C. For each condition, three repeat specimens were characterized. 

 

2.3.1. Quasi static tests 

Quasi-static tensile tests were performed according to ISO 527 on a Roell & Korthaus™ testing machine using a 

200 kN load cell at a crosshead speed of 2 mm/min. During these tests, strain was recorded by Digital Image 

Correlation (DIC) using a Basler camera (aca2500 20gm) and the Aramis™ software from GOM. 

Figure 3 illustrates the results of those tensile tests for unaged and aged composite specimens. First, we note 

that sample failures occur at high strain levels around 15% whatever the ageing time. Nevertheless, water 

diffusion within the material lowers the stress levels at for equivalent strains. Moreover, the higher the time of 

ageing or global water content, the lower the stresses. 

 

 

Figure 3: Results of tensile tests at T0 (left) and comparisons with various times of ageing at T = 25°C (right). 

2.3.2. Creep-recovery tests 

Creep tests were performed on an Instron™ testing machine (5566) following a specific test sequence where 

seven incremental creep levels were investigated. Each level combines an initial creep step of 1 hour followed 
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by a recovery of 3 hours, so each test sequence lasts 28 hours. Creep levels were defined based on the elastic 

limit σe determined from quasi static tests in the unaged state and ranged from 25% up to 125% of σe, see Table 

2. Using such a sequence provides a characterization of both the viscoelastic behaviour (σ<σe) and the nonlinear 

viscoplastic behaviour (σ>σe).  

Creep step 1 2 3 4 5 6 7 

% of σe 25 50 75 100 110 120 125 

σ [MPa] 22.75 45.5 68.25 91 100.1 109.2 113.75 

F [N] 1138 2275 3412 4550 5005 5460 5688 

 

Table 2: Elastic limit 𝜎𝑒, applied stresses 𝜎 and imposed forces F for each step of creep tests. 

 

Figure 4 shows the results of those tests for unaged specimens and Figure 5 illustrates the same tests for each 

ageing time, allowing an analysis of the impact of water diffusion. On Figure 4, we can observe very high 

residual strains especially from step 4 corresponding to 91 MPa and 100% of the initial elastic limit. Moreover, 

from step 5, i.e. for applied stresses superior to the elastic limit, we notice a significant variability which may 

come from the accumulation of residual strain and the activation of damage mechanisms such as crack 

propagation or debonding. 

 

Figure 4: Creep-recovery tests at T0 for the 7 step creep-recovery sequence (left) and focus on the first four 

steps (right). 

On figure 5, where the creep-recovery tests for aged conditions are shown, we clearly observe the impact of 

water diffusion from step 3 i.e. an applied stress of 68.25 MPa. First, we note higher viscoelastic strains for the 
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aged samples with a similar behaviour for ageing times T2 and T3 since they correspond to similar water contents 

of 1.2% and 1.3%. Second, we see that residual strain greatly increases with respect to the unaged case T0. Finally, 

one should note that tests at times T2 and T3 had to be stopped since the viscoelastic strains became too large. 

 

Figure 5: Creep-recovery tests for unaged and aged samples for the 7 steps creep-recovery sequence (left) and 

focus on the first four steps (right). 

 

3. Viscoelastic modelling and results 

This section is devoted to the modelling of the viscoelastic behaviour of the studied composites and the 

associated analyses.  

3.1. Rheological model 

Strain curves depicted on Figures 3 and 4 show the total strain 𝜀 defined by 

 𝜺 =  𝜺𝟎 + 𝜺𝒗𝒆 + 𝜺𝒉  
(5) 

where 𝜀0 is the instantaneous strain corresponding to the purely elastic behaviour, 𝜀𝑣𝑒 is the viscoelastic strain 

and 𝜀ℎ is the hygroscopic strain related to the water content. However, since the hygroscopic strain is very low 

in the longitudinal direction as shown on Figure 2, it can be neglected and then  𝜀𝑡𝑜𝑡 ≅  𝜀𝑒 +  𝜀𝑣𝑒. 

Figures 4 and 5 show a viscoelastic behaviour with nonlinearities and simple models such as Maxwell or Kelvin-

Voigt are then not suitable. We thus propose to use a four element Burgers model [37, 39] which can represent 

this type of viscoelastic behaviour more accurately. This model results from a combination of a Kelvin-Voigt 

model and a Maxwell model in series. 
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The constitutive equation describing the Burgers model was suggested by Findley et al. [39] and can be written 

as follows: 

 σ + (
ղ

1

𝐸1

+
ղ

1

𝐸2

+
ղ

2

𝐸2

) σ̇ +
ղ

1
ղ

2

𝐸1𝐸2

= η1𝜀̇ +
𝜂1ղ2

𝐸2

 𝜀 ̈ (6) 

where E1 and E2 are two stiffness related parameters and 1 and 2 two damping related parameters. 

Considering creep strain, this equation can then be expressed using a Laplace transformation as shown in 

Equation (7): 

 
𝜀 (𝑡) =  

𝜎0

𝐸1

+
𝜎0

𝐸2

(1 − exp(
−𝐸2. 𝑡

ղ
2

)) +
𝜎0

𝜂1

𝑡 (7) 

where σ0 is the applied stress. Therefore, four parameters need to be identified: E1, E2, 1 and 2. Elastic modulus 

E1 can be found easily, knowing the applied stress σ0 and the instantaneous strain ε0 such that E1 = σ0 / ε0. The 

identification of the other three parameters is not straightforward and an optimization problem is proposed to 

circumvent this issue. The aim is to find the optimal parameters (𝐸2, 𝜂1, 𝜂2) by minimizing the least-square 

discrepancy 𝑞 between the 𝑁 experimental data points {𝜀𝑒𝑥𝑝(𝑡𝑛)}
𝑛=1

𝑁
 and the strains {𝜀𝑏𝑢𝑟𝑔𝑒𝑟(𝑡𝑛)}

𝑛=1

𝑁
 obtained 

with Equation (8) such that: 

 
𝑞(𝐸2, 𝜂1, 𝜂2) = ∑(𝜀𝑏𝑢𝑟𝑔𝑒𝑟(𝑡𝑛) − 𝜀𝑒𝑥𝑝(𝑡𝑛))2

𝑁

𝑛=1

    (8) 

An optimal set (𝐸2, 𝜂1, 𝜂2) is thus a solution of the following minimization problem: 

𝑃𝐵𝑢𝑟𝑔𝑒𝑟  ∶    (𝐸2, 𝜂1, 𝜂2) =          𝑎𝑟𝑔𝑚𝑖𝑛           𝑞(𝐸2, 𝜂1, 𝜂2)    (9) 

                         (𝐸2, 𝜂1, 𝜂2) ∈ (ℝ+)3        

In practice, this optimization problem (9) is solved with a Nelder-Mead simplex algorithm [44] using a random 

starting point. If no information is available on the parameters to identify, a first coarse localization of a 

minimum based on several random starting points may help to converge through the optimal solution. 

3.2. Results and discussion 

We first focus on some identification results. We only applied the model to creep steps 2, 3 and 4 corresponding 

respectively to applied stresses of magnitude 45.5 MPa, 68.25 MPa and 91 MPa. Experimental results associated 

to higher applied stresses clearly involve nonlinear phenomena, which cannot be represented with the proposed 

model. Moreover, we only work on the creep phases here; the recovery phases will be studied in future work. 

Finally, for the sake of clarity, we only show the viscoelastic strains 𝜀𝑣𝑒 as this is easier to interpret than also 

showing the instantaneous strains 𝜀𝑒 on the same plots. Figure 6 presents the results of the identification for 

applied stresses of 45.5 MPa and 68.25 MPa, respectively corresponding to 50% and 75% of the estimated initial 
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elastic limit, and for unaged samples (T0) and aged samples at times T2 =392 days and T3 = 527 days. One should 

note that slight differences appear for applied stresses of 68.25 MPa between Figure 5–right and Figure 6-right: 

the larger gap between the results at T2 and T3 comes from the instantaneous elastic strain 𝜀𝑒 which differs for 

those two times of ageing and which is not shown on Figure 6. 

 

Figure 6: Comparison between experimental data and identified viscoelastic strain obtained with the Burgers 

model for applied stresses 45.5 MPa (left) and 68.25 MPa (right) for different ageing times.  

 

On Figure 6, we can first observe a very good fit between the experimental observations and the identified 

curves based on the proposed Burgers model. Then, we also clearly note the effect of water on the viscoelastic 

behaviour, since curves at time T0 present lower strains. However, it is interesting to note that the strains for 

aged times T2 and T3 are very close, which indicates that changes in the viscoelastic behaviour appear early 

during the diffusion process. One should note that this statement is not necessarily true for higher applied 

stresses as we can see on figure 5. However, in that case the difference between ageing times T2 and T3 may be 

caused by other phenomena such as damage mechanisms, which may be activated by both water diffusion and 

high applied stresses.  

We now propose an analysis of the Burgers parameters 𝐸2, 𝜂1 and 𝜂2 with respect to the applied stresses. This is 

only performed for times T0 and T3 since results for time T2 are very close to those for T3. The results are 

presented on Figures 7, 8 and 9 respectively for  𝜂1, 𝐸2 and 𝜂2. For each case, three samples have been tested and 

the presented means come from those three samples. We first focus on viscosity 𝜂1, illustrated on Figure 7, which 

controls the linear evolution of viscoelastic strain during the so-called secondary-creep stage. First, we note a 

good repeatability of the tests resulting in a low variability for this parameter. Second, we note that viscosity  𝜂1 
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decreases with respect to the applied stress whatever the ageing time: this indicates that the viscoelastic strain 

increases faster according to the external loading. Third, we show that this decrease is clearly linear with the 

applied stress. Moreover, the slopes of each linear approximation shown on Figure 6 for times T0 and T3 are very 

close (differing by about 7%) but the intercepts are different with a lower one for the aged samples. It is thus 

interesting to note that water diffusion decreases the viscosity  𝜂1 but does not modify its linear behaviour with 

respect to the applied stress.  

 
 

Figure 7: Variations of Burgers parameter 𝜂1with respect to applied stress for times T0 (left) and T3 (right). 

 

We then focus on parameters 𝐸2 and 𝜂2 which govern the transient nonlinear evolution of the viscoelastic strain 

before the secondary-creep stage.  We first analyze the results for apparent modulus 𝐸2 illustrated on Figure 8. 

As for viscosity 𝜂1, we note lower values for ageing time T3 and a linear decrease for both times.  However, the 

relative difference between the two slopes, around 32%, is higher but the intercepts are exactly the same. 

Moreover, the variability on 𝐸2 is higher for ageing time T3.  

 

 



13 

 

 

 

 

Phil. Trans. R. Soc. A. 

 

 

 

Figure 8: Variations of parameter 𝐸2with respect to applied stress for times T0 (left) and T3 (right). 

 

We finally focus on parameter 𝜂2 for which the results are plotted on Figure 9. As for the previous parameters, 

a linear approximation gives a good representation of the decrease of the viscoelastic strain with respect to the 

applied load: we observe a relative difference of 20% between the slopes and very similar values of intercept, as 

seen for parameter 𝐸2.  Once again, the variability on 𝜂2  is higher for ageing time T3 than for unaged time T0. To 

conclude, it is clear that parameters 𝐸2 and 𝜂2 behave in a similar way with respect to to the applied stress, 

which seems logical since they are both related to the nonlinear part of the viscoelastic evolution with time.   

 

Figure 9: Variations of Burgers parameter 𝜂2with respect to applied stress for times T0 (left) and T3 (right). 

 

We will now show that the previous results with the associated statements may help to predict the viscoelastic 

behaviour for different times of ageing and applied stresses. To achieve this task, other tests have been 

conducted for a different ageing time equal to 55 days, denoted T1 in the following, and for various applied 

stresses equals to 39 MPa and 59.25 MPa. 

Since we have observed that the viscoelastic responses are very close for ageing times T2 and T3, we propose to 

use the previous results for time T3 to compute the Burgers parameters for time T1. Those parameters are thus 

computed from the equations of the linear approximations given on Figures 7, 8 and 9. Comparisons between 

experimental data and the predicted viscoelastic strains are depicted on Figure 10. The presented results are 

promising with a very good agreement between the predicted strain curves and the experimental observations 

for both applied stresses. This also indicates that the Burgers parameters identified for ageing time T3 can be 

used for a lower ageing time, i.e. T1 which is equal to 55 days and corresponding to a global water content of 0.6 

% that is less than half of the value at T3. Once again this statement implies that the changes in the viscoelastic 

behaviour appear early in the diffusion process.   
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Figure 10: Comparison between experimental data and predictions based on interpolated Burgers parameters 

for new applied stress 39 MPa (left) and 59.25 MPa (right) at ageing time T1.  

 

Finally, we illustrate the evolution of the Burgers parameters with ageing time on Figure 11. 

 

Figure 11: Evolution of identified Burgers parameters with respect to time of ageing: apparent moduli 𝐸1 and  

𝐸2 (left) and viscosity 𝜂1 and 𝜂2 (right). 

On this latter figure, the values of the parameters for time T1 = 55 days have been determined using the previous 

strategy for the predicted strain curves. In practice, we compute the values for applied stresses 45.5 MPa and 

68.25 MPa from linear interpolation of the applied stresses used for testing at T1 corresponding to 39.5 MPa, 

59.25 MPa and 79 MPa. Figure 11-left shows the results for parameters 𝐸1 and 𝐸2: as expected, apparent elastic 

modulus 𝐸1 remains the same regardless of applied loads. We only note a slightly lower value for the aged case. 

The behaviour of parameter 𝐸2 differs greatly from 𝐸1: first, we can note that a significant drop appears at the 

beginning of ageing for both applied stresses: once again, this indicates that the changes in the viscoelastic 
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behaviour occur during the very first steps of the water diffusion process. Secondly, parameter 𝐸2 tends to 

stabilize. Moreover, as seen on Figure 8, one can notice that the 𝐸2 values are lower for the highest applied stress. 

Figure 11-right presents the same type of analysis for Burgers parameters 𝜂1 and 𝜂2: the same conclusions can 

be drawn since we can clearly observe that 𝜂1 and 𝜂2 depend on the times of ageing and the applied stresses 

with a significant drop at the beginning of the diffusion process. However, since no experimental data are 

available prior to time T1, no extrapolation of the Burgers parameters can be made with the proposed model for 

lower times than days. Further tests will be conducted with a finer time-discretization at the very early stage of 

the diffusion process in order to better analyse the latter behaviour. Changes to the model, if needed, will then 

be applied. 

  

 

4. Conclusions 

The present work focused on the durability of an epoxy-based composite material. The water diffusion kinetics 

were experimentally characterized and a dual-stage Fick modelling was used to capture the so-called anomalies 

of diffusion. We showed that the longitudinal hygroscopic expansion was very low and can be neglected during 

the mechanical tests. However, tensile tests have exhibited the impact of water on the stresses for a particular 

strain with lower levels than those obtained for the unaged case. We then have proposed a study of the 

viscoelastic behaviour when ageing occurs. We highlighted the strong effect of water diffusion on the creep and 

recovery phases with both showing higher viscoelastic strains. We then proposed a model of the creep phase 

with a four element Burgers model with an associated identification procedure of its parameters. The analyses 

of these parameters with respect to both applied stresses and ageing exhibited a linear behaviour of the 

evolution of each parameter with similar slopes and intersects.  Moreover, we showed that the values of those 

parameters decreased with the time of ageing and tended to quickly stabilize indicating that changes in the 

viscoelastic behaviour happened in the early stage of diffusion. 

Further work will first be devoted to the recovery phase modelling; irreversible strains are observed for 

significant applied stresses and thus there is a need for nonlinear modelling. Moreover, a numerical 

implementation of the proposed model in a finite element software will be performed in order to obtain 

additional information, such as internal stress effects, on various local fields. Second, the validity of the model 
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will be checked based on long-term creep tests (several months). It is of particular interest to investigate the 

duration of short-term identification tests required for reliable long-term prediction. 
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