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Abstract: The present paper is aimed at studying the in-plane shear response of a flax fiber - epoxy resin 

composite laminate. Rectangular specimens, with ±45° laminate orientation with respect to loading 

direction were used for the experimental procedure. Tensile testing up to failure allowed to extract the 

shear strain-shear stress curve, which have shown a linear domain, up to approximately 25 MPa, where 

a shear modulus was calculated, of 1.67 GPa and a Poisson ratio of 0.7, value which is typical for off 

axis laminates. Strain measurement during these tests, using Digital Image Correlation, have shown 

that, at high stress levels, concentrators occur in the specimen in the region of failure. Repeated loading 

tests have shown that the material stiffens approximately 9% when increasing loading speed, leading to 

conclude that a viscoelastic component of the deformation is present during loading. Repeated creep-

recovery tests showed that, for longer periods of time, viscoplastic deformations appear as well, with an 

exponential evolution with respect to the creep duration.  
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1. Introduction 
Nowadays, society is seeing a pronounced shift in perspective, towards low emission technologies 

[1, 2], a shift that is making a mark in all areas of the industry. For the composite materials field, it is 

entraining the search for alternatives to the current popular options, such as carbon and glass fiber 

reinforcements, which are the most common reinforcements for laminate composites. Viable options are 

proving to be bio-based, such as the use of plant fibers, which have an innate low environmental 

footprint. While a great diversity exists among the proposed alternatives, studies have shown that 

composites with flax fiber reinforcement tend to have the best mechanical properties among the bio-

based reinforcement fibers [3, 4]. The low density of flax fibers, of approximately 1.5 kg/cm3 [3] results 

in high specific strength and stiffness for the resulting material, higher than that of glass-fiber reinforced 

laminates [5], with which they are often compared. Furthermore, the flax plant has a long tradition of 

cultivation in Europe, making it an accessible local source of raw materials [6] on the continent, 

especially in the temperate to cold regions. Additionally, current fiber reinforced composites present a 

difficulty in the end-of-life cycle, pyrolysis having been proven to be the only viable method of disposal 

or recycling [7], a solution which alters the reinforcement fiber’s mechanical properties.These arguments 

fuel the research for green sourced materials, with flax fiber reinforced composites, currently being on 

the forefront.  

Several industrial applications have already been proposed, ranging from car body elements [8], to 

musical instruments or furniture [5]. They prove the usability of flax fiber reinforced materials for non-

structural applications. However, several unknowns are still under scope before high load applications 

are to be considered in an industrial scale.  

The microscopic structure of the flax fibers, which broadly consists of a cellulose crystalline structure 

embedded in a hemicellulose matrix [9], gives it a complex mechanical response. The stress-strain curve 

is associated with a bi-linear or a tri-linear evolution [10, 11]. Studies conducted by Keryvin et al. [12] 

and Charlet et al. [13] have shown that a time dependant component is present in the elementary flax 

fiber’s mechanical behavior.   
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Studies conducted by Poilane et al. [14, 15] have shown that it also is inherited by the composite 

material in which the fibers and introduced, regardless of fiber orientation or length. Composites with 

the reinforcement on the load direction have proven to display both a viscoelastic and a viscoplastic 

component, behavior exhibited in repeated loading-unloading and creep-recovery tests [16]. They are 

both recorded starting from low stress levels.  

For a laminate composite to be used in conception, behavior on other directions needs to be studied 

as well. In a previous work, the authors have shown, using samples with ±45° fiber reinforcement, that 

in shear [17], a viscoelastic component is present, but modeling the composite behavior only considering 

has proven insufficient. The present work is aimed to further fuel those results, by identifying a possible 

viscoplastic component, through repeated loading-unloading and creep-recovery tests.  

 

2. Materials and methods 
The composite material used in this study is an epoxy resin reinforced with unidirectional flax fibers 

oriented to ±45°, alternating and symmetrical to a middle plane. This stacking sequence allows for 

analyzing the in-plane shear response of the laminated material. Sheets of pre-impregnated fiber were 

stacked, 20 in number, and placed in a heated press. The material was manufactured using a 

thermocompression process at 3 bars and 130°C for 60 min, followed by a post-curing cycle at 130°C 

for 60 min, destined to eliminate residual stress caused by resin curing. From the resulting composite 

plates, 280 mm x 280 mm in size and approximately 3.25 mm thick, specimens were cut at dimensions 

200 mm x 25 mm (Figure 1) through a laser cutter. 

The mechanical characterization was conducted in accordance with ASTM D3518 [18]. Deformation 

was recorded using a Dantec Dynamics Digital Image Correlation (DIC) equipment and the load was 

applied using an INSTRON 8872 universal testing machine (UTM), with a speed of 2 mm/min. Five 

specimens were selected for this procedure and painted on one of the surfaces with a stochastic pattern 

of black dots on a white background (Figure 2) to allow deformation recording by the DIC. 

A sample, which was equipped with aluminum end tabs, was subjected to repeated loading-unloading 

tests, to determine the loading speed influence on the material response. Strain measurement was 

performed with strain gauges, as they are highly versatile in recording data with either high or low 

frequencies. The specimen was equipped with four transducers, two on the direction of the load and two 

perpendiculars to it, mounted back-to-back, as can be seen in Figure 3. Four more strain gauges on each 

direction, which were equipped on a dummy sample, were added to the connection, to form complete 

Wheatstone bridges for each of the two strain gauge directions. This type of connection was chosen to 

compensate for both bending and temperature-induced parasite strains. The load was applied using the 

same INSTRON 8872 UTM, with speeds ranging in several orders of magnitude, as can be extracted 

from Table 1 and data was recorded with a frequency of 50 Hz.  

At the end of each loading phase, one of the grips of the machine was opened and a period of time 

was allowed to pass between two consecutive tests, to permit the unhindered recovery of the sample 

until strain stabilization, which was continuously monitored. It is worth noting that, this modification to 

a regular loading-unloading test, which are common in material testing, was necessary as the unloading 

component of the test cycle is usually with the sample in the grips of the machine, which dictates the 

deformation of the sample and viciates it.  

Furthermore, sample integrity was evaluated with low-stress level cycles conducted between 

consecutive tests. Damage appearing in the sample during loading phases would result in loss of 

modulus. A description of the testing procedure is presented in Figure 4. 

The third type of test was that of repeated creep-recovery with a variable creep duration. The purpose 

was to determine how the material behaves under long periods of loading. Four cycles were conducted 

on the same sample, with a constant creep stress level, but increasing creep duration. The recovery period 

was constant, of 24 h, considered sufficient for deformations to be stabilized. The procedure is 

represented in Figure 5. The strain was constantly recorded with the same method that was described for 

the previous test, but with a lower frequency, of 0.1 Hz, to allow for long periods of data recording. 
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Loading was managed with dead weights, amplified by a lever mechanism which enabled constant stress 

levels for extended periods of time. 

 

 
Figure 1. Composite sample 

 

 
Figure 2. Sample prepared for mechanical testing 

 

 
Figure 3. Sample equipped for loading-unloading and creep-recovery tests 

 

Table 1. Repeated loading  

tests parameters 
Cycle 

no. 

Load speed 

[kN/min] 

τ 

[MPa] 

1 1 

15 

2 5 

3 10 

4 50 

5 100 

6 500 

7 1000 

 
Figure 4. Repeated loading tests procedure 

 

 
Figure 5. Repeated creep-recovery procedure 

https://revmaterialeplastice.ro/


MATERIALE  PLASTICE                                                                                                                                                                
https://revmaterialeplastice.ro 

https://doi.org/10.37358/Mat.Plast.1964 

Mater. Plast., 58 (4), 2021, 179-186                                                                        182                               https://doi.org/10.37358/MP.21.4.5543                                                                
    
 

 

3. Results and discussions 
Strain data, obtained with both DIC and strain gauges was recorded on the direction of loading, or 

longitudinal, and perpendicular to the loading direction, or transverse. Due to the layer layup, at ±45° 

and symmetrical to a middle plane, shear strain is equal to the difference between the two, Eq. (1) and 

shear stress is equal to the force divided by the double of the cross-section area, Eq. (2). 

 

𝛾 = 𝜀𝐿  − 𝜀𝑇                                           (1) 

   𝜏 =
𝐹

2𝐴
                                                  (2) 

3.1. Tensile tests 

Image data collected during the tensile testing through the DIC equipment was processed with 

ISTRA 4D Software to calculate the deformation distribution during loading (Figure 6) which, due to 

geometry and ply lay-up of the sample, is uniform. From the processed data, principal strains were 

extracted as an average of the processed surface. They represent the longitudinal deformation, 𝜀𝐿, and 

the transverse one, 𝜀𝑇.  

The deformation distribution calculated by ISTRA 4D allows to observe that, when close to 

rupturing, deformation distribution is no longer uniform and concentrators appear on the sample in the 

failure area, (Figure 7) making Eq. (1) and (2) inappropriate for shear stress and strain calculation at that 

level. For this reason, analysis is limited to the domain where strain distribution is uniform. 

Shear strain and shear stress were plotted in Figure 8 for the five samples to obtain the characteristic 

curve in shear, up to 5% shear strain, and in Figure 9 the transverse strain was plotted with respects to 

longitudinal strains. 

                                                                    
                    Figure 6. Example of deformation                              Figure 7. Concentrators   

             distribution during loading: principal strain 1                         at high load levels 

 

The shear stress-strain curves show a linear domain, up to approximately 25 MPa. For this region, a 

chord shear modulus, G, is calculated, between 0.2% and 0.6% shear strain, obtaining a value of 

1.67±0.01 GPa. The linear region is followed by a reduction in stiffness, where the maximum shear 

stress is achieved, at 37.78 ± 0.5 GPa, before failure. Longitudinal strain versus transverse strain plots 

shows a linear evolution, leading to the conclusion of a constant Poisson’s ratio, calculated to be 0.7 ± 

0.01 in the same 0.2% - 0.6% shear strain interval. It is worth noting that the value is higher than 0.5 

(maximum possible value for an isotropic material) due to the layup of the reinforcement material in the 

matrix and is common for off-axis reinforced composites [18]. 
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     Figure 8. Shear strain - Shear stress curve                      Figure 9. Longitudinal strain versus 

                                                                                                              transverse strain 

 

3.2. Repeated loading tests 

The deformation response during the repeated loading tests is presented in Figure 10. It can be 

noticed that, after releasing from the grips, the sample fully recovers in a period of time. This shows the 

presence of a visco-elastic behavior and the absence of residual deformations. Loading phases are cut 

and presented in shear strain-shear stress coordinates, in Figure 11. They show a variance of the curve, 

dependent on loading speed, confirming that visco-elastic deformations occur during loading.  

Shear modulus G is calculated for each curve, in the same domain as for the previously tests and is 

presented in Figure 12, on a logarithmic scale. An increase of approximately 9% is observed, from 1.69 

GPa to 1.84 GPa, which stabilizes for the highest loading speeds. This leads to the conclusion that, if a 

sufficiently high speed is applied, a purely elastic response can be obtained. However, it can also be 

extracted that, in the case of high loading speeds, due to machine limitations, an overshoot is produced, 

which is undesirable in either laboratory conditions or industrial applications. Lastly, during the 

evaluation cycles, no loss in modulus has been detected, concluding that no damage has been produced 

in the sample.  

 

 

 
Figure 10. Deformation response during repeated loading tests 
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           Figure 11. Shear stress-shear strain                        Figure 12. Shear modulus versus  

          curves with respects to loading speed                                   to loading speed 

 

 

3.3. Repeated creep-recovery tests 

The deformation response during the entire testing period is presented in Figure 13. It can be 

observed that a time-dependent deformation is present during creep, as expected and confirmed by the 

previous tests. However, at the end of each cycle, plastic deformations are present.  

The recovery phases are extracted in Figure 14. Viscoelastic deformations tend to recover but, at the 

end of each phase, plastic deformations tend to increase. Since no load is applied during recovery, it can 

be concluded that they are produced by the load during creep and that they are constant during the entire 

recovery phase. Thus, they can be considered time-dependent plastic deformations, or viscoplastic, and 

that they increase with creep duration. Furthermore, it is possible to dissociate them during recovery, 

when viscoplastic strains are constant, but impossible during the creep phase, when they are both varying 

in time. 

 

 
Figure 13. Shear strain response during the creep-recovery test 

 

This viscoplastic strain, recorded at the end of the recovery phases, is depicted in Figure 15 in a 

logarithmic time scale, where the cumulated creep duration is used for the abscissa axis. A linear 

evolution can be traced, which signifies, on a linear scale, an exponential evolution with respects to time.  

 

0.5 h 
1 h 1.5 h 2 h 
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               Figure 14. Recovery phases                      Figure 15. Cumulated plastic deformations 

                                                                                             versus cumulated creep duration 

 

When considering the repeated loading tests and the creep recovery tests, it can be concluded that the 

overall shear behavior of the material is a sum of viscoelasticity and viscoplasticity, with the latter being 

present only when the load is maintained for a longer period of time. 

These results show that a laminated composite material with flax fiber reinforcement will have a time-

dependent behavior even in normal environmental conditions. 

 

4. Conclusions 
A set of experimental data for a laminated composite of flax fiber and epoxy resin has been presented. 

The lay-up of the laminates, arranged at ± 45°, with respect to the loading direction and symmetrically 

with respect to a middle plane allowed to analyze the in-plane shear response of the material.  

Through tensile testing, the shear strain - shear stress curve was extracted up to 5% shear strain. It 

presents a linear domain, where a shear modulus was calculated and a transition region where maximum 

shear stress was extracted. The longitudinal strain versus transverse strain plot showed a linear evolution, 

leading to the conclusion of a constant Poisson’s ratio.  

The repeated loading test have shown that, by increasing the loading speed, the material stiffens, up 

to an asymptote, leading to the conclusion that a viscoelastic component is present in the material 

response, even during loading. It can be reduced and, possibly eliminated by increasing the loading 

speed. Furthermore, no significant plastic deformations were recorded due to the short duration of the 

applied loads. The creep-recovery tests showed that, for long periods of loading, plastic deformations 

accumulate, dependent on load duration, in an exponential evolution.  
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