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Abstract 

Hygroscopicity of natural fibers influences biocomposites lifetime submitted to wet environments. The 

present study investigates the hygroscopic stresses state in a flax fiber reinforced polypropylene 

composite when submitted to different environmental conditions from the dried state through various 

relative humiditiy (RH) to immersion. An experimental and modelling strategy is applied on 

asymmetric biocomposites to estimate the stresses distribution through their thickness.  

On dry condition, transverse tensile stresses reached 26.4MPa. These stresses were nullified at 

50%RH and then increased again until 90%RH or immersion conditions are applied. The evolution of 

the internal stresses influence drastically the tensile strength of biocomposites. Indeed, the internal 

stresses overcome the transverse strength of Flax/MAPP unidirectional ply, which potentially leads to 

damage. Environmental loading and gradient effect also drastically influence the internal stresses. A 

progressive humidification step enables to reduce drastically the stresses intensity with levels lower 

than 10 MPa thanks to lower hygroscopic gradients. 
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1. Introduction 

The use of natural fibers as a reinforcement for composite materials has known a growing use over the 

past decades due to their interesting mechanical performances and low environmental impact 

compared to glass fibers. However, these fibers possess hydrophilic components, leading to important 

moisture absorption (reaching 25% under 95% RH [1]) and anisotropic hygroscopic expansion. This 

hygroscopic behavior has to be considered when designing composite parts, as it may contribute to 

part deformation and internal stresses development. The transverse hygroscopic expansion of a single 

flax fiber is linked to its microstructure, which is driven by its microfibril angle and its biochemical 

composition. This expansion attains 21% under 95% RH condition when the fiber is free of swelling 

[2], but reaches “only” 3.2% for a composite made of 60% in volume of flax fibers and PP matrix 

when submitted to immersion conditions [3]. 

Despite an important fiber volume fraction, this decrease in hygroscopic swelling is caused by the 

contrast of hygro-mechanical behavior between the fibers and the surrounding polymer matrix. This 

latter is often less sensitive to moisture sorption and induces a constraining effect on the fibers by 

reducing their hygroscopic swelling. This leads to a compressive state in the radial direction of the 

fibers, which reduces the fiber free expansion and potentially increases the load transfer between the 

fibers and the matrix [2,4]. This compressive stress state also leads to a lower access of the fibers to 

the moisture diffusion [3,5,6]. Despite these positive aspects, the contrast of hygroscopic swelling 

behavior between natural fibers and the surrounding matrix was shown to be a major source of damage 

within the composite, which reduces the material lifetime [7]. This behavior difference is often cited to 

initiate matrix cracking, fiber/matrix interface debonding or even ply delamination [7–9]. 

The estimation of induced stresses states in composite materials can be performed through 

experimental or numerical approaches. Numerous experimental approaches have been developed in 

the past decades to estimate induced stresses in composite materials [10]. Among them, the study of 

asymmetrical laminates submitted to environmental variations leads to simple identification of the 

material residual strains through the measurement of its out-of-plan deflection, but it relies on the use 



of a model to estimate the stresses distribution in the laminate [3,11,12]. Numerical approaches were 

developed to investigate the development of hygro-mechanical stresses in synthetic fibers reinforced 

composites [5,13–19] and only few approaches are found on biocomposites [3,20,21]. Also, these 

numerical approaches have to be validated by comparing their results with experimental 

measurements. Therefore, a complete method including both an experimental and a modelling 

approach is necessary to validate the developed model and estimate the stresses distribution in the 

composite. This was proposed by the authors in a previous study [3], which was however limited to 

the investigation of immersion conditions from a sample initially submitted to 50%RH. Immersion is a 

severe environment, which might not be representative of the real use conditions of biocomposites. 

Also, this study did not focus on the dried state of the material, neither on its mechanical behavior 

under low RH conditions. A more recent study proposed to identify the hygro-mechanical behavior of 

the same material, but it only proposed an estimation of the composite deformation under several 

relative humidity conditions. Finally, the model developed in [3] was validated by comparing the 

predicted curvature of an asymmetric laminate in its fully saturated state with the experimentally 

measured one, but the evolution of the curvature during sorption was not discussed. The validation of 

the model during transient moisture diffusion is still to be performed. It therefore appears that the 

study of the impact of various relative humidity on the hygroscopic stresses of a flax fiber reinforced 

composite material has never been proposed in the literature and deserves a complete investigation. 

The present study proposes to investigate the development of hygroscopic stresses in a flax fiber 

reinforced polypropylene matrix composite when submitted to different environmental conditions, 

from the dried state (RH 0%) to immersion through various relative humidities (10, 30, 50, 70 and 

90%). It aims at estimating the induced hygro-mechanical strains and stresses state in an asymmetric 

bilaminar composite strip, which has been previously characterized [22]. The data collected in this 

previous study is used to feed a hygro-mechanical model [3] which is adapted to the study of 

asymmetrical thin plates submitted to relative humidity conditions. The model permits to estimate the 

deformations of the asymmetric laminate, which are compared with the experimentally measured ones. 

Then, the stress distributions through the thickness of the laminate are estimated under several 



environmental conditions. Finally, the estimated stress distributions and values are discussed regarding 

experimental investigations performed on the material.  

2. Materials and Methods 

2.1. Materials 

Flax fibers (Linum usitatissimum) were harvested in France, before being dew retted, scutched and 

hackled. Unidirectional (UD) flax fibers tapes (of areal densities 200 g/m² and 50g/m²) were supplied 

by Lineo. Extruded and film-cast Maleic Anhydride compatibilized PolyPropylene (MAPP PPC 3660 

from Total Petrochemicals) were used to manufacture the MAPP/flax laminates. Stacks of polymer 

films and unidirectional flax fibers tapes were prepared in a metallic mold (of in-plane dimensions 130 

x 130 mm²). The laminate were manufactured with a dedicated hot pressing protocol, consisting in a 

dwell step at 190°C for 8 min under 20 bars, with an incrementally applied pressure to maintain the 

alignment of the fibers. It was then cooled to room temperature at a 15°C/min rate. The targeted fiber 

volume fraction was set to 60% in volume. The resulting porosity was 1.35% ± 0.2% in volume [22]. 

Several stacking sequences were used in [22] to characterize the hygro-mechanical behavior of the 

material, including [0°]14, [90°]26 and [+45/-45]8S. These lay-up sequences were selected in order to 

characterize the longitudinal modulus EL, the transversal modulus ET and the in-plane shear modulus 

GLT, respectively. These properties were estimated through tensile tests and range from the highest 

value to the lowest [22]. The thickness of the samples used to identify them had to evolve inversely so 

the stiffness of all the samples would be of the same order of magnitude. An asymmetric stacking 

sequence laminate was also manufactured, following a [01 905] stacking sequence which permits to 

emphasize the out-of-plane bending of the laminate [23,24]. The obtained dimensions for this last 

laminate were 70 x 10 x 0.46 mm3. More details concerning the preparation of the specimens can be 

found in [22].  



2.2. Modelling 

The hygro-mechanical model previously developed by the authors [3] permitted to well describe the 

hygro-mechanical behavior of the composite when submitted to immersion condition. In the present 

study, it is adapted and applied to the investigation of the material behavior submitted to various 

relative humidity conditions. This model is based on a unidirectional description of the moisture 

diffusion through the thickness of the laminate solved by a finite difference scheme, and on the 

modified lamination theory to translate the mechanical behavior of the composite. Both models are 

weakly coupled, as the water diffusion impacts the hygroscopic swelling and mechanical properties of 

the composite but the stress state does not affect the moisture diffusion. 

According to the previously observed moisture diffusion kinetics in similar materials [3,25], it appears 

they can be approached by a Fickian law (Eq. 1). 
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(Eq. 3) 

where C is the moisture content field, t is the time, z is the through thickness coordinate,  ∇z is the 

spatial differential operator along the z direction, Dzz is the moisture diffusion coefficient in the 

through-thickness direction, h is the half thickness of the laminate, C0 and Cimp are the initial and 

imposed moisture contents, respectively. The prescribed content and the initial conditions are given by 

Eqs. 2 and 3 respectively. This problem is solved by the finite difference method in Matlab R2017a. It 

leads to the evolution of the mean moisture content value and its distribution through the thickness of 

the laminate.  

The hygro-mechanical behavior of the material is expressed through a linear hygro-elastic constitutive 

law. Due to the low thickness of the studied laminates, it is expressed following a plane-stress 

assumption: 
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(Eq. 4) 

where σij are the components of the stress tensor expressed according to the plane-stress assumptions, 

Qij are the components of the reduced stiffness tensor of the material in the global coordinate system 

(x, y, z) of the laminate [26] which are deduced from the identified material properties EL, ET, νLT and 

GLT. εij and !�&#�$
 are the in-plane components of the total and hygroscopic strain tensors respectively. 

It has to be noted that the components of the reduced stiffness tensor and of the hygroscopic strain 

tensor depend on the current moisture content Cmean which corresponds to the mean value over the ply 

thickness, deduced from the moisture distribution C obtained with the finite difference scheme.  

Considering the relatively low thickness of the studied plates compared to their in-plane dimensions as 

well as the asymmetric ply sequence, the modified lamination theory proposed by Hyer [27] was felt 

as well suited to model the hygroscopic behavior of the studied laminates. This method is based on a 

postulate of the displacement field (u, v, w) along the three directions of the global coordinate system 

(x, y, z). The form of the field is chosen to reproduce the experimentally observed shapes of deformed 

asymmetric laminates. Its out-of-plane component w is expressed as:  

 ' � 12 �*+� + -.�� 
(Eq. 5) 

where x and y are the in-plane general coordinates of the laminate, a and b are the curvatures of the 

laminate along the x and y direction, respectively. From the displacement field and according to the 

Kirchhoff hypotheses, the in-plane strain components are determined with non-linear strain-

displacement relationships, following the von Karman approximation of Green’s strain measure: 
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where u° and v° are the mid plane displacements along the x and y directions, respectively. The 

components of the strain tensor directly feed the constitutive law given in (Eq. 4). Then, the total 

potential energy W of the laminate can be expressed following Eq. 9. 
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(Eq. 9) 

where V is the total volume of the laminate. The mechanical equilibrium of the laminate is obtained by 

minimizing its potential energy W. This is performed by finding values of the kinematic parameters 

(i.e. the curvatures a and b, as well as other parameters used to describe the fields u° and v°) so that the 

first variation of W is zero. The minimization of W can lead to several solutions, each corresponding to 

an equilibrium shape. It is associated with a stability criterion, which consists in the second derivative 

of W. If this latter is positive, then the solution is stable, and vice-versa. Once the different values of a, 

b and the other parameters are determined for a given situation, the strain and stress distributions are 

computed through the thickness of the laminate by using Equations 6-8 and 4. This distribution can be 

given either in the global coordinate system (x, y, z) or in the local coordinate system of each 

independent ply (1, 2, 3). In the case of a unidirectional ply, the 1 direction corresponds to the 

longitudinal direction of the fibers, 2 to the transversal in-plane direction, and 3 to the through-

thickness direction. This latter is therefore the same as z. The whole resolution procedure is performed 

in the Symbolic Math toolbox in Matlab R2017a. More details concerning the developed model or the 

modified lamination theory can be found in [3] and [27], respectively.  

 

2.3. Hygro-mechanical behavior and properties 

A good comprehension of the material hygro-mechanical behavior is mandatory to estimate and 

understand the induced hygroscopic stresses. Also, the identification of the through-thickness 

coefficient of diffusion Dzz, the moisture content MRH, the in-plane elastic moduli EL, ET and GLT as 



well as the in-plane hygroscopic strains εL
hyg and εT

hyg and their evolution with the moisture content C 

are necessary to feed the developed model. The characterization of the involved material has already 

been performed and discussed in [3,22]. Their identification is quickly reminded here as it will be 

useful to understand the generated mechanical state but it will not be further discussed. A continuous 

description of the evolution of the elastic moduli and hygroscopic strains with the moisture content is 

proposed in this study in order to describe the behavior of the material submitted to various 

environmental conditions.  

Moisture diffusion and sorption 

The moisture sorption under stationary states was assessed by using a Dynamic Vapor Sorption device 

(DVS, from Hiden Isochema Ltd, UK) [22]. Sorption and desorption isotherms were obtained from the 

composite under relative humidity conditions from dry state to 90% RH with intervals of 10% RH. 

The equilibrium weight recorded for a given condition is denoted as WRH for a given RH condition. 

The moisture content for a given RH MRH was then obtained as the relative difference with the dry 

condition weight W0: 

 ;<=�%� � 6<= 
 6�6� . 100 (Eq. 10) 

Although achieved in different conditions, immersion tests presented in [3] allowed to complete the 

sorption study performed by Le Duigou et al. [22]. The steady state moisture content during 

immersion was found to be 31.1%, with a diffusion coefficient Dzz = 9.6 10-7 mm/s2. This coefficient is 

considered as constant for the different environmental conditions. The different moisture contents at 

steady state obtained with the DVS measurements under several environmental conditions and during 

the immersion test are summed up in Table 1. 

Mechanical Characterization 

The mechanical properties (EL, ET and GLT) of the biocomposite obtained in [22] for several 

environmental conditions are presented in Fig. 1. The values given for a moisture content C = 31.1% 

correspond to immersion tests. The different moduli highly decrease with C, due to the high sensitivity 



of the flax fiber mechanical behavior on the moisture content [28]. Identical exponentially decreasing 

properties were already identified for natural and inorganic fiber composites [19,29]. 

Based on the measured properties, exponential approximations are proposed in this study to best fit the 

experimental data. The in-plane elastic moduli EL and ET were fitted thanks to equation 11 and 12, 

respectively. The parameters feeding these equations are gathered in Table 2. 

 @A � @A ��B + �@A �C� 
 @A ��B� exp�
0,17. ��  (Eq. 

11) 

 @H � @H ��B + �@H �C� 
 @H ��B� exp�
0,35. ��  (Eq. 

12) 

Concerning the shear modulus GLT, the values proposed in [22] only reach a moisture content of C = 

9.4% due to tests achieved only in relative humidity environment. A linear interpolation is proposed 

by the same authors [22], but it would lead to negative values of GLT if extrapolated above C = 23%. 

Therefore, an evolution similar to that of EL and ET is proposed here. The modulus observed at C = 

31.1% corresponds to approximately 25% of the initial modulus. An identical decrease is proposed for 

GLT, and as a consequence the estimated value at C = 31.1% reaches 362 MPa. This value is 

represented in Figure 1c, and named “GLT extrap.”. From the measured and extrapolated value of GLT, 

an exponential fitting function is then proposed through Eq. 13.  

 KAH � KAH ��B + �KAH �C� 
 KAH ��B� exp�
0,1. ��  (Eq. 

13) 

The fitted values obtained from Eqs. 11-13 are also plotted in Fig. 1. Finally, the in-plane Poisson’s 

ratio νLT is considered as constant and equal to 0.33 [3]. More details concerning the analysis and 

discussion of the mechanical properties of the biocomposite can be found in [22].  

Hygroscopic Expansion 

The measured hygroscopic expansion strains εhyg obtained in [22] are represented in Fig. 2 versus the 

mean moisture content obtained at saturation for several hygroscopic conditions. The longitudinal 

strains are considered as evolving linearly with C [3], from 0 to the maximal value of -0.17% obtained 



at C = 31.1%. It was more difficult to find a simple mathematical function describing the evolution of 

the transversal strain. Therefore, it was interpolated using a piecewise cubic interpolation function in 

Matlab R2017a. The interpolated values for both directions are shown in Fig. 2. The evolution with 

the mean moisture content is different compared with values obtained under immersion condition in 

transient state [3], which can be explained by the presence of important moisture content gradients in 

partially saturated samples, leading to properties and strains gradients. 

Bending curvature 

The evolution with time of the measured bending curvature of the [01 905] laminate for each 

environmental condition is represented in Fig 3a. It is decomposed in two phases: a rapid increase of 

the curvature followed by a plateau at which the maximum curvature is reached. The maximum values 

of the curvature for each conditions are represented in Fig. 3b versus the moisture content. It appears 

that, when plotted against the moisture content C (Fig. 3b), the curvature highly rises until C reaches 

10% and then stabilizes. This is explained by the evolution of the hygroscopic strain obtained in Fig. 

2.  

The stabilized recorded profiles of the bending laminate obtained in [22] for the different 

environmental conditions show almost a straight configuration at 50%RH, which will be considered as 

the reference situation. Therefore, the hygroscopic strains !�&#�$
 used in the constitutive law (Eq. 4) 

will be shifted to consider null values when RH = 50%. This leads to !�&#�$ � !�&#�$ �LCMNOLP 

!�&#�$�QR � 50%�. 

3. Numerical results 

The model developed in [3] and fed with the properties identified in [22] first permits to estimate the 

curvature of the asymmetric laminate experimentally observed in [22] and [3]. This permits to validate 

the model and consider the estimated stresses distributions are correct. First, the validation is 

presented. Then, the estimated stresses distributions are presented and discussed. 



3.1. Curvatures 

The evolution of the predicted curvatures with time is represented in Fig. 3a for the different 

environmental conditions when the sample is initially dry. The final values are in good agreement for 

the different conditions as previously seen, but the predicted increase rate during the early moments of 

the evolution seems slower than the experimentally observed one, except for the low RH (10 and 30%) 

and the 90% RH conditions. The steady-state curvatures obtained for each condition are represented in 

Fig. 3b and compared with the experimentally measured ones. An excellent agreement is found for 

low moisture content (from 0 to 5%), with less than 4.10-3 mm-1 of deviation between the numerical 

and the experimental results. The model overestimates the curvature of the composite for the 90%RH 

and the immersion condition, corresponding to moisture content of 9.46% and 31.1%, respectively, 

with deviations ranging between 13.10-3 and 14.10-3 mm-1. 

The evolution of the curvature measured in [3] on a similar asymmetric laminate from an initial state 

under 50% RH submitted to immersion condition is represented in Fig. 4 together with the curvature 

predicted thanks to the initial model [3] and to the adapted model developed in the present study. The 

measured curvature evolves following an initial linear increase from 0 to 0.07 mm-1 when C varies 

from 2.94% to 10%, followed by a saturation plateau when C further increases. It attains a final value 

of 0.0795 mm-1 at saturation. The initially estimated curvature [3] evolves in a bilinear way, with a 

slope change occurring by C = 14.5%. The slope however remains in the same order of magnitude, 

which is due to the evolution of the hygroscopic strains measured during the immersion of the 

composite [3]. The estimated final value reaches 0.088 mm-1, which was found to be satisfactory 

compared to the experimentally measured one as it represents 10.7% of error. The estimated curvature 

from the developed model evolves also following two regimes. At first, it evolves linearly with C from 

0 to 0.07 mm-1 when C rises from 2.94% to 15.6%. It then slowly increases to its final value of 0.0835 

mm-1 at saturation. The final curvature is therefore predicted with an error of 5.0%. 



3.2. Steady state stresses distributions 

The stresses distribution through the thickness of the laminate under the different environmental 

conditions is given in Fig. 5a and b in the global coordinate system (x, y, z). The global coordinate 

system is pictured in Fig. 6, together with the local one. At RH lower than the reference condition (RH 

< 50%), the 0° ply slightly expands and the 90° plies shrink along the x direction. This heterogeneous 

behavior between plies lead to a bending moment which generates the observed negative curvature 

along the x axis (Figs. 3 b). The expansion of the 0° ply is blocked by the 90° plies, which leads to 

compressive stresses in the 0° ply (Fig. 5a). On the opposite, the 90° plies see their shrinkage blocked 

by the 0° ply, which leads to a mostly tensile stress. The bending of the laminate leads to a mixed 

compressive-tensile stress distribution through the thickness of the 90° plies. 

Inversely, along the y direction (Fig. 5b), the 0° ply shrinks and the 90° plies slightly swell. The 0° ply 

is however blocked by the 90° plies, leading to important tensile stresses. The 90° plies are on the 

contrary mainly submitted to a compressive stress distribution as their shrinkage is blocked by the 0° 

ply. At higher RH (> 50%), the 0° ply slightly shrinks and the 90° plies expand along the x direction. 

Both directions block one another, leading to tensile stresses in the 0° ply and mainly compressive 

stresses in the 90° ones. Along the y direction, the 90° plies tend to shrink whereas the 0° ply swells. 

This generates compressive stresses in the 0° ply and mostly tensile stresses in the 90° ones.  

The stresses in the local coordinate system are easily deduced from the stresses distributions in the 

global coordinate system. For the 0° ply, the directions 1 and 2 correspond to the x and y directions 

respectively. For the 90° ply, the directions 1 and 2 correspond to y and x, respectively (Fig. 6). These 

stresses are represented in Fig. 7a and b for the different environmental conditions. For low RH values 

(< 50%), the plies are mostly submitted to compressive stresses along their longitudinal direction (Fig. 

7a) and to tensile stresses along their transversal direction (Fig. 7b). On the opposite, for high RH 

values, the plies are submitted to tensile stresses along their longitudinal direction (Fig. 7a) and to 

compressive stresses along their transversal direction (Fig. 7b). These stresses distributions at high 

moisture content were also explored by the authors in [3] for laminates submitted to immersion 

condition.  



3.3. Transient stresses distribution 

The stresses distribution during transient moisture diffusion is also predicted thanks to the developed 

model. As an example, the case of moisture induced stresses from dry state to saturation under a 90% 

RH is discussed. The evolution of the mean moisture content Cmean with the square root of time is 

presented in Fig. 8a, with several specific times ti, which are given in Table 3. As the diffusion process 

is described with a Fickian model, it represents two main phases: a first linear evolution of the mean 

moisture content with the square root of time from 0 to 15 min1/2, followed by a saturation plateau. 

The moisture content distribution through the thickness for each specific time ti is represented in Fig. 

8b. For the initial time t0, the moisture content is null through the whole thickness. For early times (t1 

and t2), moisture starts to diffuse from the outer surface of the laminate when the core of the laminate 

remains dry. After t2 the moisture starts to reach the core of the laminate. For later times (t3, t4 and t5), 

the moisture content tends to a homogeneous distribution reaching the saturation value of 9.46%. 

The evolution of the stresses distributions in the global coordinate system under 90% RH are given in 

Fig. 9a and b for the different times ti.  

The stresses distribution at time t0 = 0 min corresponds to the completely dry state and was already 

discussed in the previous sub-section. At time t1 = 3.5 min, the moisture starts diffusing in the external 

plies (Fig. 8b). Along the x direction (Fig. 9a), it leads to a compressive stress in the external 90° plies 

(from z = -0.23 mm to z = -0.2 mm) as they tend to start swelling but are blocked by the other plies 

situated closer to the laminate center. Along the y direction (Fig. 9b), it also leads to compressive 

stresses in the 0° ply (from z = 0.22 to z = 0.23mm) for the same reason. The important variation of 

stresses distribution in the 0° ply is accompanied by a decrease in the intensity of the stresses in the 

90° plies for both tensile and compressive stresses. At time t2 = 31.5 min, the moisture diffusion 

progresses to the center of the laminate (Fig. 8b). The observation from t1 along the x direction holds. 

Along the y direction (Fig. 9b), most of the 0° ply is now submitted to a compressive stress as it tends 

to swell but is blocked by the 90° plies. Most of these latter plies are therefore submitted to tensile 

stresses to reach the mechanical equilibrium of the laminate. At time t3, the stresses along the x 

direction exhibit a nearly symmetric distribution through the thickness of the laminate. The external 



plies are submitted to a compressive stress distribution and the internal ones to a tensile stress. This 

time corresponds to the moment when the curvature of the laminate is zero (Fig. 3a). At the time t4, the 

stresses distribution then tends to the steady state stress at RH = 90%, which correspond to time t5. An 

important change in the stresses distribution therefore appears when the material is submitted to 

important RH after being dried. This change was not monitored by the authors in their previous study 

[3] as it started from RH = 50% and was submitted to immersion condition. 

The evolution of the stresses distribution in the local coordinate system is represented in Fig. 10a and 

b. As was previously explained, the longitudinal stresses (Fig. 10a) are mostly compressive stresses at 

the early moments of diffusion (for t0, t1, t2) and turns to tensile stresses when the moisture diffuses 

and tends to a saturated state (for t4 and t5). The transversal stresses (Fig. 10b) are mainly tensile 

stresses at the same early moments and tend to compressive stresses during diffusion due to the 

swelling of the composite along this direction, which is blocked by the surrounding longitudinal fibers. 

The impact of moisture content gradients is more visible in this distribution, and notably at times t1 

and t2 where sharp variations of the stresses distribution are visible near the external plies (around z = -

0.23 and z = 0.23 mm). These are due to the important moisture content gradients observed at the same 

times (Fig. 8b). The symmetry of the stresses distribution is once again found at t3, after what the 

stresses tend to the distribution observed in steady state at RH = 90% (Fig. 7b).  

The transversal stress σ22 is the more likely to produce defects such as fiber/matrix decohesion, matrix 

cracking and delamination [26], which were already experimentally observed on flax/PP composites 

[23,30]. Monitoring its values during moisture diffusion is therefore crucial to ensure optimal 

performance of the material. The results presented earlier (Fig. 10b) suggest important variations of 

this stress distribution during sorption. The maximum value of this stress component is plotted in Fig. 

11 versus the mean moisture content when submitted to different environmental conditions.  

At 0% RH, the maximum stress reaches 26.4 MPa, which was already observed in Figs. 7b and 10b. 

When imposing incremental RH variations from 0% to 50%, the maximum stress decreases during 

each interval (0-10%, 10-30% and 30-50%) until it reaches 0 MPa at 50%RH. A further increase in the 

environmental loading leads to an increase in this maximum value, until it reaches 10 MPa under 



steady state immersion. The rise of σ22 is however non-monotone. From 50% to 70% RH, it first 

increases before decreasing and increasing again. From 70% to 90% RH, and from 90% RH to 

immersion condition, it first decreases before increasing again. These variations are explained by the 

combined actions of several phenomena:  

- the presence of high moisture content gradients, which leads to a heterogeneous behavior of 

the 90° plies and tends to increase the stresses intensities, 

- the decrease in the mechanical properties and the increase of the transversal strain of the plies 

until a moisture content of 10%, 

The evolution of σ22 is proposed for two more conditions: when the laminate is initially at 0% or at 

50%RH and is submitted to immersion condition. For the first case, the stress is initially at 26.4 MPa 

and decreases to 19 MPa at C = 5%, but then increases until 23MPa at C = 10%. It then decreases 

below 20 MPa at C = 12.5% and the curve then follows the results for the segment studied between 

90% RH and immersion condition. For the second case, the evolution is similar to the one between 

50% and 70%RH, as the stress first rises before decreasing and increasing again by following the 

curve between 90% RH and immersion conditions. The maximum value reaches 12.4 MPa at C = 

10%. 

It has to be noted that a modification of the diffusion coefficient was investigated to better reproduce 

the experimental data in Fig. 5a, leading to values of Dzz twice the initial value. However, it showed 

that the estimated stresses with a modified coefficient only slightly overestimate the initially predicted 

stresses intensity with less than 5% of modification of the stresses intensity. Therefore, the stresses 

distributions presented in Figs. 9-11 are considered as representative of the experimentally observed 

mechanical state.  

4. Discussion 

The moisture sorption of flax/MAPP biocomposite slaved by the hygroscopicity of flax fibers has 

major consequences on their internal mechanical state. An initially dry MAPP/Flax composite with 

60% of fiber volume fraction absorbs in a sigmoidal way around 10% and 31% of moisture when 



submitted to RH=90% and water immersion conditions, respectively. Moisture sorption from the dry 

state (0% RH) to a wet state (90% RH and immersion) implies an exponential decay of the elastic 

tensile properties (i.e. the in-plane longitudinal, transversal and shear moduli) due to the evolution of 

flax fiber properties (Fig. 1a, b and c). 

Moisture sorption induces anisotropic hygro-expansion (Fig. 2) principally along the transverse 

direction of flax fibers due to their microstructure (e.g. their microfibril angle). Compared to free 

fibers, the hygro-expansion of biocomposites is reduced, thus confirming a constraining effect of the 

matrix on the fiber together with the rise of internal hygroscopic stresses. These hygroscopic stresses 

are also highlighted by the appearance of a large curvature in an asymmetric lay-up submitted to 

moisture variations. These hygroscopic stresses lead consequently to a modification of the moisture 

sorption [3].  

The curvature predicted with the presented model in the case of an initially dried asymmetric laminate 

submitted to various environmental condition is found satisfactory compared to the measured ones, 

both in transient and in steady-state cases (Fig. 3 a and b, respectively). The predicted curvatures 

during transient moisture diffusion are in good agreement with the experimentally measured ones, 

even though they evolve slowly than the measured ones. This might be due to a possible dependence 

of the moisture diffusion coefficient to the applied environmental condition and the induced 

hygroscopic stress state, as was already observed in [3].  

The application of the developed model to the prediction of the curvature of a similar asymmetric 

laminate initially at 50% RH and submitted to immersion condition permits to better predict its 

hygroscopic strain state compared to the initial model [3]. This emphasizes the need to improve the 

initial model [3] with a more accurate description of the material hygro-mechanical behavior [22], 

which is the objective of this study. It therefore appears that the properties initially obtained in [3] 

were not the most capable of describing the hygro-mechanical behavior of the involved material. 

These properties were indeed identified during transient sorption of the composite submitted to 

immersion conditions from an initial state under 50% RH. This leads to important moisture content 

gradients, which might alter the identification of the moisture dependence of the hygro-mechanical 

properties. The identification of these properties on a composite in a saturated state under various 



environmental conditions therefore seems a better way to accurately describe its hygro-mechanical 

behavior.  

At steady state, deeper numerical analysis of the involved biocomposite with an asymmetric lay-up 

evidences that,  

- An important tensile stress state is obtained for relative humidity conditions lower than 50% 

RH (from 0 to 30%), as σ22 is comprised between 10 MPa and 26.4 MPa on this environmental 

condition range. The curvature is relatively low and has an opposite sign compared to the one 

obtained at higher moisture content. 

- For RH conditions higher than 50% RH, the amplitude of the curvature evolves in the opposite 

way and the tensile stresses remain lower than 10 MPa but they are still above the transverse 

strength of the flax/MAPP composite. 

However, even if higher tensile stresses are observed for the samples submitted to relatively dried 

condition (i.e. from 0 to 30% RH), which appears as detrimental on the mechanical state, these 

conditions lead to the highest elastic moduli (Fig. 1). Recent works from Requilé et al. [31] and Gager 

et al. [32] have shown a non-monotonic evolution of the tensile strength as a function of the relative 

humidity and moisture content with an optimal tensile strength appearing between 50 and 75% RH 

conditions on UD epoxy/hemp and non-woven PP/flax composites. Therefore, a detrimental effect of 

the mechanical state on the material strength may be argued. Indeed, under environmental conditions 

lower than 50% RH the internal tensile stresses reach high values (i.e. higher than 19 MPa) while 

above the 50%RH condition, internal stresses rise again and are combined with a moisture induced 

plasticization effect of cell-walls. A reduction of strength is observed. 

In transient regime, the internal stresses are numerically evaluated during sorption as a function of 

time. Different moisture conditions were applied, from 0 to 10% RH, 10 to 30% RH, 30 to 50% RH, 

50 to 70% RH, 70 to 90% RH, and 90% RH to immersion. Results evidence complex internal stresses 

evolution with moisture and time. Indeed, during these environmental loading a combination of 

actions should appear:  



- The presence of high moisture content gradients, which increases the stresses intensities, 

- The decrease in the mechanical properties and the increase of the transversal strain of the plies 

until a moisture content of 10%. 

Then, two distinct environmental conditions were numerically applied (i.e. 0 % RH to immersion and 

50 % RH to immersion) and their effects on internal stresses σ22 were shown. If the immersion 

condition is directly applied to a sample initially in a dry or ambient condition (i.e. 0% RH or 50% 

RH, respectively), the stresses intensity might remain important during the first moments of moisture 

diffusion and highly influenced by the moisture content gradients. Immersion of a previously dried 

biocomposite should lead to the most detrimental condition of degradation and thus has to be 

considered when performing aging of natural fiber composite materials or developing hygromorph 

biocomposites. 

5. Conclusion 

The present study proposes to investigate numerically the development of hygroscopic stresses in a 

flax fiber reinforced polypropylene matrix composite submitted to different environmental conditions, 

from the dried state (RH 0%) through various relative humidity conditions (including 10, 30, 50, 70 

and 90% RH) to immersion. To this end, a previously developed model has been adapted by taking 

into account a fine description of the evolution of the hygro-mechanical properties and hygroscopic 

strains of the composite as a function of the water content. The model is thoroughly validated by 

comparing the evolution of the estimated curvature of asymmetric laminate with the ones measured 

experimentally under several environmental conditions. The updated model permits to accurately 

predict the hygroscopic strains and curvature compared to the initial model.  

The stresses distribution through the thickness of the laminate are also estimated under several 

environmental conditions. It appears that under dry conditions (RH< 30% RH), high transverse tensile 

stresses σ22 are reached (e.g. the maximum value of the transversal stress component σ22. reached 26.4 

MPa at 0% RH). These stresses are reduced at 50% RH and then increase again until 90% RH or 

immersion condition is applied. This non-monotonic evolution of internal stresses may have only a 



slight effect on elastic properties but are stated to influence drastically the tensile strength of 

biocomposites. Indeed, the internal stresses overcome the transverse strength of the MAPP/flax 

unidirectional composite, leading to potential damage. From the modeling results, it also appears that a 

biocomposite stored under 0% RH condition remains submitted to higher internal stresses compared to 

a 50%RH stored counterpart. A progressive humidification step enables to reduce drastically the 

stresses intensity with levels lower than 10MPa thanks to lower hygro-mechanical gradients. 
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Figures caption 

Figure 1: Evolution of the measured and approximated mechanical properties of the composite a) EL b) 

ET c) GLT, adapted from [22]. 

Figure 2: Evolution of the measured in-plane hygroscopic strains εhyg from [3][22]. 

Figure 3: Measured and modelled curvature of the composite for the different environmental conditions  

a) evolution with time b) maximum value versus moisture content at saturation. 

Figure 4: Evolution of the curvature obtained on an asymmetric laminate initially under 50%RH 

submitted to immersion condition. Comparison of the results obtained experimentally [3], with the initial 

model [3] and with the adapted model. 

Figure 5: Stresses distribution through the thickness of the laminate in the global coordinate system for 

several environmental conditions a) Main component along the x direction b) Main component along 

the y direction. 

Figure 6: Global and local coordinate systems. 

Figure 7: Stresses distribution through the thickness of the laminate in the local coordinate system for 

several environmental conditions a) Main component along the fiber direction 1 b) Main component 

along the transversal direction 2. 

Figure 8: Estimated moisture uptake from dry state to saturation under 90% RH a) Mean moisture 

content Cmean during saturation b) Moisture distribution through the laminate thickness for several times 

ti. 

Figure 9: Stresses distribution through the thickness of the laminate in the global coordinate system for 

each ti during the moisture diffusion from RH 0% to RH 90% a) Main component along the x direction 

b) Main component along the y direction. 



Figure 10: Stresses distribution through the thickness of the laminate in the local coordinate system for 

different times ti during the moisture diffusion from RH 0% to RH 90% a) Main component along the 

fiber direction 1 b) Main component along the transversal direction 2. 

Figure 11: Evolution of the maximal transverse stress σ22 with moisture content C for several 

environmental conditions. 
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Tables 

Table 1: Stabilized moisture content obtained under several environmental conditions 

Condition 0% RH 10% RH 30% RH 50% RH 70% RH 90% RH Immersion 

MRH (%) 0 1.24 2.15 2.95 4.75 9.36 31.1 

 

  



Table 2: Parameters of the fitting functions for EL, ET and GLT. 

Property Unit Value 

EL max (MPa) 41490 

EL min (MPa) 10180 

ET max (MPa) 3500 

ET min (MPa) 928 

GLT max (MPa) 1400 

GLT min (MPa) 362 

 

  



Table 3: Specific times ti. 

ti t0 t1 t2 t3 t4 t5 

Value (min) 0 3.5 31.5 126 253 1400 

 

 




