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ABSTRACT 

Discontinuous-long-fibre (DLF) composites fabricated by compression moulding pre-impregnated UD fibre 
chips are generating interest in the aerospace and automotive industries. These composites benefit from 
the high volume fraction of prepregs while allowing the fabrication of complex shape parts. However, the 
effects of the random nature of chip distribution compounded by the orthotropic chip properties make 
the mechanical behaviour of compression moulded DLF composites difficult to predict. Local weaknesses 
may be present within the material when chips are unfavorably oriented with respect to the load, thereby 
reducing the mechanical properties and increasing their variability. To better understand the behaviour 
of these composites, a finite element model was developed to predict the mechanical properties obtained 
from a tensile test. DLF chips were modelled based on a voxel method where random chip positions were 
generated by an algorithm developed in this work. ANSYS® software was used to model the non-linear 
phenomena and damage response of the composite. The Puck failure criteria was used to model damage 
initiation in the specimen. Tensile modulus and strength predictions showed good correlation with 
experimental results. It appeared that the failure of the UD fibre DLF composite was associated with 
matrix failure (transverse tension and in-plane shear).  

1 INTRODUCTION 

Compression moulded discontinuous-long-fibre composites (DLF) research has recently generated a lot of 
interest in specialized industries such as aerospace and automotive. DLF composites show a great 
potential for recycling continuous fibre off-cuts and remnants from manufacturing by remoulding the 
scraps [1, 2]. The DLF composites architecture take advantage of the high volume fraction (𝑣𝑓) of the pre-

impregnated continuous fibres, which ranges from 50-60%, while maintaining the ability to form complex 
shapes [3], thus helping to bridge the gap between continuous-fibre and short-fibre composites [4]. DLF 
composites start as a continuous-fibre prepreg tape, which is cut and slit into chips. These chips are then 
compression moulded into the required geometry. Studies show that DLF composites may have 
stiffnesses comparable to those of continuous-fibre quasi-isotropic laminates, but their strength is 
significantly lower [3, 5].  

Early studies suggested that in-plane isotropy can be achieved in DLF composites [3]. However, recent 
studies have shown that when chip flow is encountered during moulding, in-plane isotropic properties 
can no longer be assumed [6–9]. Chip flow leads to fibre alignment in the direction of flow, creating a 
highly anisotropic material where lower properties are encountered perpendicular to the flow. 
Furthermore, using digital imaging correlation, some researchers have observed highly nonuniform strain 
fields caused by variability in fibre orientation [5, 10]. Weak points in the material due to unpreferred chip 
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orientations is a source of serious concern in load bearing components, as well as the high variability in 
mechanical properties shown by Feraboli et al. [6].  

To better understand the underlying phenomena governing the mechanical behaviour of DLF composites, 
a finite element model (FEM) was developed in this study. A model proposed by Selezneva [11], where 2D 
solid elements were employed for simplification, showed promising results. To consider the randomness 
of the DLF composite, partitions in the specimen were created to assign random stack up orientations and 
sequences. These stack ups were defined by a position algorithm, from which the ABD matrix of the classic 
laminate theory could be calculated. Hashin’s failure criteria was used to model the initiation of 
progressive damage in the composite. That study was limited to the 2D response of the elements. The 
present study proposes using 3D elements to better represent the specimen behaviour. An algorithm 
developed to generate the random 3D positioning of the DLF chips is described in this work. This algorithm 
is utilized to generate a FEM that predicts the results of standard tensile tests with DLF specimens. Model 
validation was performed by comparing the FEM results to experimental results from a previous study 
[12]. 

2 DISCRETIZATION OF THE COMPUTING DOMAIN 

The discretization of the geometry was carried out with a method similar to the one used by Selezneva et 
al. [11]. However, the model developed here is composed of a 3D solid brick elements, which makes it 
possible to evaluate the effect of the stacking sequence of the pre-impregnated fibre chips. The principle 
of the method is to assign an in-plane orientation to each of the elements in the model to represent the 
chips. To do this, an algorithm was developed to position the chips randomly within the domain. Since the 
algorithm is based on the element numbers, it is important that the geometry be previously discretized 
with a structured mesh. 

For this model, ANSYS [13] SOLID185 eight-node elements were chosen. The elements must be 
significantly smaller than the chips for good accuracy, as shown by Selezneva [11]. The size of the elements 
selected for this work is 0.5 mm × 0.5 mm × 𝑡 (where 𝑡 is the thickness of the chips), which constituted a 
good compromise between the accuracy of the model and the calculation time. The procedure can be 
viewed as one in which chips are placed arbitrarily one-by-one in the mould until it is completely filled. 
This is accomplished by successively assigning in-plane orientations to a group of elements representing 
a chip, until all elements have been processed. Each chip is first given a completely random orientation 
(𝜃) and position (𝑋, 𝑌) in the 𝑋𝑌 plane as shown in Figure 1. The constructed model represents a tensile 
specimen for which the 𝑋 position varies from 0 to 𝐿, the 𝑌 position varies between 0 and 𝐻 and the chip 
orientation angle varies between -90° and 90°. Uniform statistical distributions were used for the position 
and orientation of the chips. The lengths (𝐿) and width (𝐻) were defined as 150 mm and 25 mm, 
respectively, to represent the experimental tests from a previous study [12]. Chips dimensions were set 
as 12.7 mm × 12.7 mm as in the experimental tests.  
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(a) (b) 

Figure 1 – (a) Random positioning of the chips. (b) Chips size. 

 
Elements in the area covered by a chip meet the criterion  

 𝐴𝐵𝑒 + 𝐴𝐷𝑒 + 𝐷𝐶𝑒 + 𝐵𝐶𝑒 ≤ 𝑙 ∙ ℎ (2) 

where 

𝐴𝐵𝑒 = |
(𝑋𝐴 ∙ 𝑌𝐵) + (𝑋𝐵 ∙ 𝑌𝑒) + (𝑋𝑒 ∙ 𝑌𝐴) − (𝑌𝐴 ∙ 𝑋𝐵) − (𝑌𝐵 ∙ 𝑋𝑒) − (𝑌𝑒 ∙ 𝑋𝐴)

2
| 

𝐴𝐷𝑒 = |
(𝑋𝐴 ∙ 𝑌𝐶) + (𝑋𝐶 ∙ 𝑌𝑒) + (𝑋𝑒 ∙ 𝑌𝐴) − (𝑌𝐴 ∙ 𝑋𝐶) − (𝑌𝐶 ∙ 𝑋𝑒) − (𝑌𝑒 ∙ 𝑋𝐴)

2
| 

𝐷𝐶𝑒 = |
(𝑋𝐶 ∙ 𝑌𝐷) + (𝑋𝐷 ∙ 𝑌𝑒) + (𝑋𝑒 ∙ 𝑌𝐶) − (𝑌𝐶 ∙ 𝑋𝐷) − (𝑌𝐷 ∙ 𝑋𝑒) − (𝑌𝑒 ∙ 𝑋𝐶)

2
| 

𝐵𝐶𝑒 = |
(𝑋𝐷 ∙ 𝑌𝐵) + (𝑋 ∙ 𝑌𝑒) + (𝑋𝑒 ∙ 𝑌𝐷) − (𝑌𝐷 ∙ 𝑋𝐵) − (𝑌𝐵 ∙ 𝑋𝑒) − (𝑌𝑒 ∙ 𝑋𝐷)

2
| 

represent the areas of the triangles formed by connecting the corners of the chip to the centroid of the 
evaluated element (𝑥𝑒 , 𝑦𝑒). A given element is included if the sum of these areas is less than or equal to 
the area of the chip.  

The first chip to be placed will always occupy space associated with elements from the first layer. 
Thereafter, when a chip (or part of a chip) is placed in an occupied space, there will be superposition. To 
determine the 𝑍 position occupied by an element of chip, a 𝑍-position indicator matrix is defined. This 
matrix is first initialized to zero, indicating that the first chip belongs to the initial layer of elements. Each 
time a chip is placed, all elements in the area covered by that chip have their Z-position indicator increased 
by 1. With a structured mesh, this scheme can easily link a given chip to element numbers in the model. 
The number of each element representing a chip is given by 

 𝐸𝑛𝑢𝑚 = 𝐸𝑋𝑌 + 𝐼𝑧−𝑝𝑜𝑠 ∙ 𝑄𝑋𝑌 (3) 
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where 𝐸𝑋𝑌 is the element number of the first layer,  𝐼𝑧−𝑝𝑜𝑠 is the Z -position indicator of the element of 

interest, and 𝑄𝑋𝑌 is the total number of elements in the 𝑋𝑌 plane. Figure 2 shows a simple example of a 
model having 16 elements in which three chips are being randomly positioned. Fore simplicity, chip 
orientation is omitted in the figure. Figure displays the evolution of the Z-position indicator matrix and 
how the element numbers are identified when there are chips stacked on top of each other. Initially the 
matrix of Z-position indicators consists of only zeros. Then, a chip is positioned and the numbers of the 
elements (𝑝𝑏1) are defined according to equation (3). Subsequently, the Z-position indicator matrix is 
updated. The second chip is then randomly placed and its element numbers (𝑝𝑏2) are found based on the 
newly updated Z-position indicator matrix. The process continues until the volume is completely filled. 

 

Figure 2 – Example of a simple model having 16 elements, where three chips are positioned randomly. 

Once an element is linked with a chip, the randomly allocated chip angle 𝜃 is assigned to this element by 
defining local coordinate system based on the angle of the chip. An example of a discretized model is 
shown in Figure 3. The thickness of the elements must be equal to the thickness of the chips. However, 
the length and width of the chips need to be specified. This makes it possible to model virtually any size 
of chips while keeping good accuracy, as long as the element size is significantly smaller than the chip size. 

 

Figure 3 – Example of a discretized model. Colours represent the coordinate systems assigned to the elements. 
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3 MODEL DEFINITION 

3.1 Mechanical behaviour 

The mechanical properties of the composite from which the chips are derived are presented in Table 1. 
Properties that are not asterisked are taken from the material supplier’s data [14]. 

Table 1 – Mechanical properties of the composite chips used for numerical analysis [14]. 

Property Value Property Value 

𝐸11 [GPa] 120* 𝑋𝑡 [MPa] 2241 

𝐸22(𝐸33) [GPa] 9* 𝑋𝑐 [MPa] 1200 

𝐺12(𝐺13) [GPa] 5.2 𝑌𝑡 [MPa] 92 

𝐺23 [GPa] 4 𝑌𝑐  [MPa] 92 

𝜈12(𝜈13) 0.29 𝑆12 [MPa] 141 

𝜈23 0.4   
  * Property measured by the authors 
 
To model the non-linear behaviour of the composite, a progressive damage model was used. This model 
reduces the rigidity of the elements that have suffered a failure. The modified Puck’s failure criterion was 
chosen [13] to govern damage initiation. Three damage variables reduce the rigidity of the elements: 
damage in direction 1 (𝑑1), damage in direction 2 (𝑑2) and in-plane shear damage (𝑑12). The stress-strain 
relationship is given by 

 𝜎 = [𝐷]𝜀 (4) 

where the elasticity matrix is 

[𝐷] =

[
 
 
 
 
 
 
 
 
 
 
 
 
 

𝐶11

(1 − 𝑑1)
𝐶12 𝐶13 0 0 0

𝐶21

𝐶22

(1 − 𝑑2)
𝐶23 0 0 0

𝐶31 𝐶32

𝐶33

(1 − 𝑑2)
0 0 0

0 0 0
𝐶44

(1 − 𝑑12)
0 0

0 0 0 0
𝐶55

(1 − 𝑑12)
0

0 0 0 0 0
𝐶66

(1 − 𝑑12)

 

]
 
 
 
 
 
 
 
 
 
 
 
 
 
−1

 

 

3.2 Puck’s model 

To determine whether the material suffers damage, the modified Puck failure criterion [13] was used. 
According to this model, the failure criterion in direction 1 (i.e., direction parallel to the fibres) is defined 
by  
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 𝑓1 = |
𝜎1

𝑋
| (5) 

where 

𝑋 = {
𝑋𝑐 , 𝜎1 < 0
𝑋𝑡 , 𝜎1 ≥ 0

 

The failure criterion in direction 2 (i.e., failure of the matrix) is defined by  

 
𝑓2 =

𝜎2
2

𝑌𝑡𝑌𝑐
+

𝜏12

𝑆2
+ (

1

𝑌𝑡
+

1

𝑌𝑐
)𝜎2 (6) 

where 𝜎1, 𝜎2 and 𝜏12 represent the stress in direction 1, the stress in direction 2 and the shear stress in 
plane 12, respectively. Puck's model is therefore defined as  

𝑓 = max (𝑓1, 𝑓2) 

where the element fails when 𝑓 is greater than 1. 

3.3 Damage variables 

Damage variables are used to reduce the stiffness of the material at the locations where failure occurs. 
This reduction in stiffness allows the modelling of progressive damage, i.e., the evolution of damage in 
the elements. Damage variables behave as follows: 

𝑑1 = {
0, 𝑓1 < 1

0.95, 𝑓1 ≥ 1
 𝑑2 = {

0, 𝑓2 < 1
0.95, 𝑓2 ≥ 1

 𝑑12 = {
0, 𝑓2 < 1

0.95, 𝑓2 ≥ 1
 (7) 

The damage variables vary between 0 and 0.95, where 0 represents no damage and 0.95 represents the 
maximum damage to the element.  

3.4 Conditions of the analysis 

Due to the random behaviour of the model, ten specimens were tested by simulation. This makes it 
possible to perform statistical analyses, as well as to validate the model by comparing it with the 
experimental results obtained previously [12]. The boundary conditions shown in Figure 4 were used to 
represent the conditions of the tensile tests. Uniform displacement in positive 𝑋-direction is applied to 
the nodes at the right end, while the nodes at the left end are fixed in the 𝑋-direction. To fix the model in 
the 𝑌 and 𝑍 directions, a node at each end of the model blocks the movement in those directions. These 
are represented by the red dots in Figure 4. These boundary conditions are imposed to represent a sample 
fixed in the jaws of a tensile testing apparatus. 
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Figure 4 – Boundary conditions of the finite element analysis model. 

 

4 RESULTS 

A summary of the results obtained is shown in Figure 5, where the bars represent the average, the error 
bars represent the standard deviation, and the square dots represent the extreme values. Tensile 
strengths and tensile moduli are compared in these graphs. The data include ten simulations.  

An analysis of variance (ANOVA) is used to validate the data, with an alpha limit of 5%. The ANOVA analysis 
compares numerical results with experimental values. The P-values of these analyses are presented in 
Table 2. 

These results show that the model can accurately predict the modulus of DLF composites, including the 
variability. In addition, the model adequately represents the average strength, but its predicted strength 
variability is smaller that the experimental variability. Figure 6 shows failure modes present within the 
specimen. 

   

(a) (b) 

Figure 5 – Comparison of the mechanical properties for simulation (Sim) and experimental (Exp) data. (a) Tensile 
strength and (b) Tensile modulus. 
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Table 2 – P-values obtained for the comparison between numerical and experimental analyses. 

 P-value 

Strength UD fibres < 0.05 
Modulus UD fibres 0.61 

 

 

 
Figure 6 – Failure modes predictions for the DLF composite. The scale represents the damage, where 0 means no 

damage and 1 means the complete rupture of the element. 

5 DISCUSSION 

The results of this numerical analysis show that the proposed method shows great potential to predict 
the average properties of DLF composites. The average and the variability in the modulus showed a good 
correlation with the experimental results. The lower variability in the simulation results for the strength 
is suspected to be caused by the perfectly uniform distribution of chip orientation used in the model. 
Although, uniform distribution is assumed to represent the fabrication process, some preferential angle 
tendencies are bound to happen in practice, which may influence the results. This needs to be further 
studied. Figure 6 reveals that the failure of specimens with UD chips is mainly caused by the rupture in 
direction 2 of the material, i.e., the direction perpendicular to the fibres. Shear failure is also very 
apparent. These failure modes are associated with matrix failure. Fibre breakage is practically non-
existent. Unpreferred chip orientation cause weaknesses in the material and failure occurs at those 
locations. It is hypothesised that using woven fibre chip in DLF could alleviate this problem and yield 
mechanical improved properties. Work is currently underway to verify this hypothesis. 
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6 CONCLUSION 

In sum, this study presented a simple but efficient way to simulate the mechanical behaviour of DLF 
composites made from pre-impregnated chips. The proposed FEM, based on 3D solid elements, was fully 
developed using ANSYS software without requiring external software to discretize the domain. By using 
progressive damage features, the model can predict the strength and modulus of DLF specimens.  

The proposed model was used to better understand the mechanical behaviour of DLF composites 
fabricated from UD chips. Simulation and experimental data showed good correlation, thus suggesting 
great potential for the modeling technique. From this analysis, it was concluded that the in-plane 
orthotropic properties of the UD chips have a large impact on the failure mechanism of the material.  
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