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Abstract 

In this work, the behaviour of a woven lamina for thermoplastic composite material is 

experimentally and numerically investigated. A thermoplastic composite made of hot-pressed 

polypropylene (PP) woven laminas is the object of the study. The laminas are composed by 

tapes which are made up of co-extruded core and skins. Experimental tests were carried out to 

determine the properties of the lamina. The experimental data are used to develop numerical 

models for the simulation of the experimental test. Three modelling techniques are proposed: 

the first one implements a macro-mechanical material model, the second one uses a meso-

mechanical approach, and the third one discretizes the geometry at the yarn level. The global 

response of the meso-mechanical material model showed the best agreement with the 

experimental test, even if it does not represent the optimal solution from the computational-

cost point of view. 

 

Keywords: woven fabric; thermoplastic lamina; thermoplastic composite; numerical 

modelling; bias-extension test. 

 

1. Introduction 

Weight reduction in automotive field is one of the most important criteria for the design. In the 

last decade, the introduction of rigid safety standards was followed by an increase of the vehicle 

weight. This led to the development of lightweight materials in the design phase of the vehicle 

structural components. The advantages of thermoplastic materials and their application in the 

automotive industry was studied by many researchers [1][2][3] in order to meet the increasingly 

restrictive European directives [4] in terms of recyclability and polluting emissions. 

Due to the peculiar mechanical properties and failure mode of the thermoplastic materials, their 

numerical simulation is still an open point [5]. In this work, starting from experimental data, a 

multi-scale approach is implemented in order to simulate the behaviour of a polypropylene 

woven lamina used for the production of a thermoplastic composite material. 

Woven fabric can be addressed to a multi-scale problem. Three hierarchical level can be 

defined [6]: macro-level, meso-level, micro-level. Depending on the discretization level, 

different modelling approaches and homogenization techniques need to be implemented. The 

fabric at the macro-level can be simulated as a continuous anisotropic material with orthogonal 
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or non-orthogonal axes [7]. The yarn re-orientation during large deformation can be predicted 

by a stress and strain transformation from the global orthogonal to the local non-orthogonal 

coordinate system [8]. At the meso-level, the yarns are modelled, and their properties directly 

influences the characteristic of the whole fabric. The fabric unit cell can be represented as a 

truss of elastic beams connected by hinges with rotational stiffness [9]. 

In this overview, the goal of this work is to set-up a reliable and computationally cost-effective 

numerical model of a thermoplastic lamina. Starting with an experimental campaign, the 

material parameters obtained with the experimental tests were used as input data for the 

numerical model. In order to find a trade-off between the model reliability and its time-

efficiency, the geometry of the model was reproduced with both continuum and discrete 

techniques. To this aim, the finite element code LS-Dyna is used in its explicit formulation. 

The numerical and experimental results are then compared and discussed to study the accuracy 

of the numerical models. 

 

2. Experimental Test 

The thermoplastic material named PURE© is studied in this work. It is composed by hot-

pressed and hot-compacted balanced fabric made of woven thermoplastic tapes (figure 1). Each 

thermoplastic tape is made of a highly oriented PP core (homopolymer) and two PP skins 

(copolymer). The tapes are obtained through a co-extrusion process. The production process of 

PURE© is patented. 

The mechanical properties of the PURE© sheets were largely investigated by Boria et al. [10][11] 

showing a high strength and stiffness together with a failure mode dominated by delamination. 

However, for the purpose of this work, the mechanical properties of the meso-components of 

the composite are experimentally investigated in order to define the constitutive properties of 

the woven lamina. 

Tensile tests on the single tape was executed to evaluate the Young modulus of the material. A 

gauge length of 70 mm and a speed of 2 mm/min were adopted. Three specimens were tested: 

the obtained stress vs strain curve shown a repeatable trend (figure 2B). The delamination of 

the external skin (copolymer) caused a smooth drop of the elastic modulus, till the failure of 

the core (figure 2A). 
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The Poisson modulus of the fabric was evaluated testing a fabric specimen in tension. The 

tensile test was carried out according to the ASTM 5035 standard. The specimens had a width 

of 50 mm and each side was ravelled. 

The shear properties of the fabric were evaluated according to the bias-extension test [12][13][14]. 

The specimens had an aspect ratio higher than 2 and they were tested in extension. The warp 

and weft tapes were oriented at 45° respect to the load direction. According to this conditions, 

three different shear-zones [15] can be distinguished (figure 3): no shear region (A); pure shear 

region (C); half of the shear in the region C (B)[16]. The behaviour of the C region can be 

addressed to a trellis mechanism. Therefore, this region is used to define the shear properties 

of the material. Due to the application of a tensile force on the specimen, the tapes, originally 

oriented at 45°, started to rotate. The friction between the tapes then produced an increase of 

the load. The load further raised up as soon as the tapes started to compact. In the last phase of 

the test, the tapes were subjected to tensile load since they were oriented almost perpendicularly 

to the load direction. 

Figure 4A shows the resultant force-displacement curve where a change of the slope is evident. 

This change of slope is due to the reorientation effects above explained. To evaluate the shear 

parameters of the fabric, geometrical considerations on the specimens had to be carried out. 

The shear parameters taken into account are the shear angle 𝛾 (1) and the normalized shear 

force 𝐹𝑠ℎ(𝛾) (2)[17]: 
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Where L is the length of the specimen, W is the width and d is the actual extension of the 

specimen during the test. 

Figure 4B shows the trend of the normalized shear stress vs the shear angle. The normalized 

shear stress is obtained dividing the normalized shear force by the thickness of the specimen 

[18] . A sharp increase in the shear stress is evident around 0.10 rad of the shear angle. This 

sudden change of the slope is due to the yarn locking effects. Yarn locking effects starts at a 

certain yarn angle, that is called locking angle. Here, the yarns further compact and compress 
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each other, leading to a sudden load increase [15]. Three different changes of slope can be 

distinguished. For each slope a different shear modulus can be defined. The slope S1 

corresponds to the reorientation region. The slope S2 represents the after-locking effects of the 

yarn. The slope S3 corresponds to the region in which the yarns are subjected to tensile load. 

 

3. FEM simulations 

Three different numerical models were developed to simulate the non-linear and non-isotropic 

behaviour of the fabric subjected to the bias-extension test. The material parameters of the FEM 

models were defined with the results of the experimental tests (Table 1). 

In the first FE model the fabric geometry was considered as a continuum. The model 

dimensions reproduced the ones of the specimen used for the experimental tests. The specimen 

was modelled with four nodes Belytschko-Tsay shell elements with a mesh size of 5 mm. The 

upper and lower extremity nodes of the specimen were constrained, to reply the same boundary 

conditions of the experimental test. The planar-orthotropic material model MAT_FABRIC 

(MAT_34) was adopted. This material card models the fabric at macroscopic level, using the 

Hooke’s law as the constitutive equation[19]. Moreover, the use of the Green-Lagrange strain 

formulation ensured the material axes to be orthogonal. This material model demonstrated a 

high sensitiveness to the characteristic of the elastic liner. This parameter of the material card, 

when activated reduces the tendency of the central elements (C region of the specimen) to 

undergo to excessive wrinkle. Accordingly, the characteristics of this parameter was tuned with 

trial and error procedure. The figure 5 shows the force-stroke curve obtained with the 

MAT_FABRIC in comparison with the experimental result. The load at maximum 

displacement is quite well predicted by the numerical model, even if the trend of the numerical 

curve presents an opposite concavity. This first FE model needed lower time for the set-up and 

the simulation, therefore it was desirable from a computational point of view[19]. However, it 

ignored the interaction between the yarns, neglecting the reorientation effects and their 

influence on the global response of the fabric observed during the experimental bias-extension 

test. 

In the second FE model, the MAT_MICROMECHANICS_DRY_FABRIC (MAT_235) 

material model is used. The specimen dimensions, boundary conditions and element type were 

the same of the previous model whereas a mesh size of 10 mm was adopted for this model. The 

adopted material model considers the geometry of the fabric as a continuum too, although its 
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material formulation accounts for the yarns meso-mechanical interaction, ensuring a higher 

degree of detail compared to the material card used in the first FE model. The 

MAT_MICROMECHANICS_DRY_FABRIC was developed by Tabei and Ivanov[20], and it 

can simulate the interactions between the yarns as a trellis mechanism. In the material card a 

yarn’s locking angle can be defined. Beyond this threshold-angle, the yarn-locking effects, 

explained in the section 2, become more evident. The FE model was made up of a basic 

structure repeated many times. The basic structure is defined as the representative volume cell 

(RVC). This cell is the constitutive periodic structure of a woven fabric material. Each RVC is 

divided in 4 different sub-cell and each sub-cell defines the fundamental characteristic of the 

yarn. The force-stroke curve obtained with the MAT_MICROMECHANICS_DRY_FABRIC 

is shown in figure 5. It is possible to notice that the experimental trend is well captured by the 

numerical curve. In the input parameters, the same value for the _Young modulus in the weft 

and warp direction was adopted. Several simulation attempts were run to calibrate the discount 

factor µ. This is a non-physical parameter that scales down the yarns shear resistance before 

the reaching of the yarns locking angle[15]. The value of this parameter demonstrated a strong 

influence on the simulation result. The tolerance angle for locking demonstrated also to have 

relevant effects on the force trend of the FE model. The tolerance angle smooths the transition 

force between the unlocked and the locked-yarns condition. It was calibrated with an iterative 

process taking as reference the experimental curve. 

The third model the geometry of each single tape of the fabric was modelled . Therefore, the 

specimen was discretized at the yarn level. The interactions between the warp and the weft 

yarns were modelled with a penalty-based contact algorithm. Each yarn was meshed with 2 mm 

four nodes Belytschko-Tsai shell element. The isotropic plastic material model 

MAT_PLASTIC_KINEMATIC (MAT_03) was used. It was possible to use a material card 

with a low number of parameter because the interactions between the tapes and the orthotropy 

of the model is considered discretizing the geometry. The force-stroke curve obtained with this 

third FE model is shown in Figure 5. The load starts to rise significantly at 30 mm of stroke, 

where the locking effects become more consistent. The load at the maximum displacement is 

in good agreement with the experimental evidence, although the re-orientation regions are quite 

different. This is the reason why the two curves have a similar trend but with different values 

of load for the intermediate strokes. This important difference is due to the low shear-stiffness 

of the FE model. Indeed, due to the texture of the fabric, the yarns are free to slide and rotate 
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about the axis perpendicular to the fabric plane. This effect can be slightly reduced by 

increasing the friction coefficient between the yarns. 

In the Figure 6a an out of plane deformation in the central part of the numerical specimen can 

be noticed. This deformation can be also observed in the experimental tests. The figure 6b 

confirms the hypothesis of the null displacement in the A region of the specimen. 

 

4. Conclusion 

A composite woven lamina used for the production of a thermoplastic composite made entirely 

of polypropylene was the object of this study. Experimental tests were performed to evaluate 

the material’s constitutive properties. The large shear deformation of the fabric is the focus of 

the work. In this type of deformation  the yarn re-orientation and the locking-effects have a 

strong influence on the global behaviour of the material. A recursive algorithm based on 

geometrical assumptions was first implemented to extrapolate the shear properties of the fabric 

starting from the experimental results of the bias-extension test. The bias-extension test was 

then simulated using different approaches and material models, with the numerical finite 

element code LS-Dyna. Three different FE models were evaluated. The material model 

MAT_MICROMECHANICS_DRY_FABRIC resulted the most suited to capture the load-

displacement trend of the experimental bias-extension test. The meso-mechanics formulation 

proposed by that material model allows to account for the yarn mechanics during the 

deformation. However, the calibration of this material model is more time-demanding due to 

the high number of input parameters required. A second model based on the material model 

MAT_FABRIC was developed. Even if the MAT_FABRIC demonstrated less accuracy of the 

results in comparison with the experimental evidence, its lower number of parameters and the 

lower computational cost makes this material model suited for the simulation of large-scale 

components. The last FE model examined in this work took also into consideration the real 

texture of the fabric. Each single yarn of the fabric was modelled, and the yarn mechanics and 

re-orientation effects were accounted by the discretization of the geometry. The deformation 

field found in the experimental bias-extension test was accurately simulated with this last FE 

model. However, this last FE model requires proper contact formulations in order to avoid low 

shear resistance between the yarns. The difference in the shear resistance between the yarns 

was the reason of the important discrepancy evidenced in the global force-displacement trend 
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between the experimental and the numerical results. The information got in this work gives an 

important base for the simulation of components made of thermoplastic composites. 

 

References 

[1] J.D. Muzzy, A.O. Kays. Thermoplastic vs. thermosetting structural composites. Polymer 

Composites. 1984;5(3): 169-172. 

[2] F.C.Campbell. Manufacturing Processes for Advanced Composites. Elsevier Science; 

2004. 

[3] S. Boria, G. Belingardi, D. Fiumarella, A. Scattina. Experimental crushing analysis of 

thermoplastic and hybrid composites. Composite Structures. in press, 

https://doi.org/10.1016/j.compstruct.2019.111241. 

[4] Directive 2000/53/EC of the European Parliament and of the Council of 18 September 

2000 on end-of life vehicles. Official Journal of the European Communities (21 October 

2000) 

[5] X.C. Sun, L.F. Kawashita, A.S. Kaddour, M.J. Hiley, S.R. Hallett. Comparison of low 

velocity impact modelling techniques for thermoplastic and thermoset polymer composites. 

Composite Structures. 2018;203: 659-671. 

[6] M. Komeili, A.S. Milani. Finite element modelling of woven fabric composites at meso-

level under combined loading modes. In: Savvas G. Vassiliadis. Advances in modern woven 

fabrics technology. IntechOpen; 2011. 

[7] P. Boisse, N. Hamila, F. Helenon, B. Hagege, J. Cao. Different approaches for woven 

composite reinforcement forming simulation. International Journal of Material Forming. 

2008;1: 21-29. 

[8] X.Q. Peng, J. Cao. A continuum mechanics-based non-orthogonal constitutive model for 

woven composite fabrics. Composites Part A. 2005;36: 859-874. 

[9] B.B. Boubaker, B. Haussy, J.F. Ganghoffer. Discrete models of woven structures. 

Macroscopic approach. Composites: Part B. 2006;38, 498-505 

[10] S. Boria, A. Scattina, G. Belingardi. Experimental evaluation of a fully recyclable 

thermoplastic composite. Composite Structures. 2015;140: 21-35. 

[11] S. Boria, A. Scattina. Energy absorption capability of laminated plates made of fully 

thermoplastic composite. Journal of Mechanical Engineering Science. 2018;232: 1389-1401 

[12] S.V. Lomov, Ph Boisse, E. Deluycker, F. Morestin, K. Vanclooster, D. Vandepitte, I. 

Verpoest, A. Willems. Full-Field strain measurements in textile deformability studies. 

Composites: Part A. 2008;39: 1232-1244. 

[13] P. Boisse, N. Hamila, E. Guzman-Maldonado, Angela Madeo, G. Hivet, et al. The bias-

extension test for the analysis of in-plane shear properties of textile composite 

reinforcements and prepregs: a review. International Journal of Material Forming, Springer 

Verlag. 2017; 10 (4): 473-492. 

[14] J. Cao, R Akkerman, P. Boisse, J. Chen, H. S. Cheng, et al. Characterization of 

mechanical behavior of woven fabrics: experimental methods and benchmark results. 

Composites Part A: Applied Science and Manufacturing, Elsevier. 2008;39(6): 1037-1053. 

[15] C. Morris, L. Dangora, J. Sherwood. Using LS-DYNA to simulate the forming of 

woven-fabric reinforced composites. The 19th international conference composite materials. 

2013; Montreal, Canada. 

https://www.sciencedirect.com/science/article/pii/B9781856174152500113#!
https://www.sciencedirect.com/science/book/9781856174152


 

 
This article is protected by copyright. All rights reserved. 

[16] I. Taha, Y. Abdin, S. Ebeid. Comparison of Picture Frame and Bis-Extension test for the 

characterization of shear behaviour in natural fibre woven fabrics. Fibers and Polymers. 

2013;14: 338-344. 

[17] J. Launay, G. Hivet, A.V. Duong, P. Boisse. Experimental analysis of the influence of 

tensions on in plane shear behaviour of woven composite reinforcements. Composite 

Science and Technology. 2008;68: 506-515. 

[18] D. Samir, H. Satha. Determination of the in-plane shear rigidity modulus of a carbon 

non-crimp fabric from bias-extension data test. Journal of composite materials. 2014;48: 

2729-2736. 

[19] J. L. Hill, R. D. Braun. Implementation of a Mesomechanical Material Model for IAD 

Fabrics within LS-DYNA. AIAA Aerodynamic Decelerator Systems (ADS) Conference. 

2013; Daytona Beach, Florida. 

[20] A. Tabei, I. Ivanov. Computational micro-mechanical model of flexible woven fabric for 

finite element impact simulation. International journal for numerical methods in 

engineering. 2002;53: 1259-1276. 

  



 

 
This article is protected by copyright. All rights reserved. 

Table I: Parameters evaluated from experimental tests. 

 

 

Table I: Parameters evaluated from experimental tests. 

Calculated Parameter Value Test type 

Poisson modulus 0.42 Fabric Tensile Test 

Young modulus 5400 MPa Single Tape Test  

Ultimate Stress 380 MPa Single Tape Test 

Shear Modulus (S1) 0.2 MPa Bias-Extension Test 

Shear Modulus (S2) 1.7 MPa Bias-Extension Test 

Shear Modulus (S3) 4.1 MPa Bias-Extension Test 
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Figure 1: PURE© thermoplastic sheets and fabric 
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Figure 2: A) Sequence of the tensile test on the single tape; B) force-stroke curve of tensile 

tests on single tape  
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Figure 2: A) Sequence of the tensile test on the single tape; B) force-stroke curve of tensile 

tests on single tape  
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Figure 3: Sequence of the bias extension test 



 

 
This article is protected by copyright. All rights reserved. 

 

 

Figure 4: Bias-extension test A) force-stroke curve; B) shear stress-shear angle trend 
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Figure 5: Comparison between experimental and numerical results of the bias-extension test 
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Figure 6: Geometrical deformation of the specimen obtained with the third numerical model 

 


