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A B S T R A C T

This research delves into the failure mechanisms exhibited by unidirectional Carbon Fiber Reinforced Polymer
(CFRP) composites under longitudinal compression, while considering the interplay of three types of
manufacturing-induced defects: initial waviness of fibres, void volume fraction, and void size. The study employs
3D high-fidelity intact representative volume element (RVE) models, incorporating the initial waviness of fibres
and voids based on Micro-CT imaging. A novel algorithm is proposed to generate more accurate 3D void shapes,
departing from conventional circular or triangular approximations. The results highlight the substantial influ-
ence of the initial waviness angle on the reduction of predicted compressive stiffness and strength. The volume
and size of voids play a significant role in determining damage initiation within the composites. The failure
mechanisms of the composite under the coupled effects of initial waviness of fibres and voids are discussed,
exhibiting reasonable agreement with experimental observations.

1. Introduction

Carbon fibre-reinforced polymer (CFRP) composites are increasingly
popular alternatives to replace traditional metallic counterparts due to
their high specific properties and the capability of tailoring to achieve
desired stiffness and strength in a specific direction [1,2]. The excellent
longitudinal tensile properties are a selling point of composites, how-
ever, their longitudinal compressive strength is much smaller than the
tensile strength, such as 62.1% of the latter for unidirectional (UD) IM7/
8552 CFRP composites [3]. Such a phenomenon jeopardises the safe
performance of composite structures, severely limiting composites’
application. The failure of composites is determined by the mechanical
properties of fibres and matrix and the manufacturing-induced sto-
chasticity and defects, such as the initial misalignment/waviness of fi-
bres and voids in the matrix. Thus, it is crucial to understand the failure
mechanisms of composites considering the existence of manufacturing-
induced defects under longitudinal compression in order to maximise
the potential of CFRP composites.

The formation, morphology analysis and the influences of voids on
the mechanical properties under longitudinal compression are reviewed
in [4], in which the 3D “needle-like” elongated and spherical voids were

observed in the intra-laminar of composites using X-ray micro-
tomography (micro-CT) with the volume fraction of voids less than 6 %
[5]. It was found that the fibre-kinking phenomenon is not only related
to the mechanical properties and geometrical characteristics of the fi-
bres and matrix but also affected by the defects and initial waviness of
fibres [6,7]. The previous experimental studies [8–13] indicated that the
fibre kinking generally initiates at the regions with initial fibre
misalignment/waviness, resulting in matrix plastic deformation due to
the inter-fibre shear stress. The shear deformation, in return, aggravates
the fibre rotation, further increasing the local shear stress. Such shear
instability occurs when the shear stress reaches the shear yielding
strength of the matrix and the shear damage mode transforms into the
fibre kinking mode, contributing to the kink-band formation [11]. Other
studies indicated that with a larger waviness angle, the fibre kinking is
more likely to occur in composite materials, which contributes to the
reduction of compressive failure strength drastically [14,15]. In addi-
tion, void formation in the thermoset composites is inevitable during the
curing process of composites due to the infiltration between resin and
fibre, the generation of volatile gas, curing pressure and other factors
[16,17]. Therefore, it is important to consider the abovementioned un-
certainties when predicting the failure strength of composites under
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longitudinal compression.
Many theories have been proposed in order to establish the quanti-

tative relationship between the macroscopic properties of composites
and their microstructure, including defects. The widely used theoretical
and numerical approaches for the investigation of the failure prediction
of composites include the Eshelby equivalent inclusion theory [18,19],
the Mori-Tanaka method [20] and the computational micromechanical
methods [21–23]. Among those approaches, computational micro-
mechanics offers a novel approach to understanding the deformation
and fracture mechanisms in material engineering. Numerical simula-
tions of representative volume elements (RVE) at the microscale level
have been shown to be useful for predicting the mechanical properties of
composite materials [24], which can provide the necessary input data
for failure analysis at the mesoscale level. Moreover, the influences of
the microstructure and material properties of constituents can also be
addressed via parametric studies by means of the RVE modelling
[25,26]. Regarding the failure analysis of composites under longitudinal
compression, the 2D RVE model was an effective tool for the failure
prediction of mechanical properties of CFRP composites. Pimenta et al.
[9] investigated the influences of the constitutive models of constituents
on the failure prediction of composites. It was found the constitutive
model of the matrix has significant influences on the kink-band forma-
tion under longitudinal compression, and a linear-elastic-perfectly-
plastic constitutive law was proved to be sufficient for accurate model-
ling. The sequence of events leading to fibre kinking was also proposed
in the failure prediction of composites with the validation of experi-
mental findings. Prabhakar and Waas [12] studied the interaction be-
tween fibre kink banding and splitting in unidirectional composites
under longitudinal compression with a 2D micromechanical model. It
was found that the compressive failure of composites was dominated by
splitting and the compressive strength is significantly influenced by the
shear strength of the interface between fibres and matrix.

With the significant improvement in computing power, in order to
more accurately describe the effect of the microstructure on the me-
chanical behaviour of materials under compression, a high-fidelity 3D
RVE model is a necessity. Naya et al. [27] measured the mechanical
parameters of fibre andmatrix under different environmental conditions
and then analysed the fibre kinking mechanisms of unidirectional FRP
composites under different environmental conditions using a 3D RVE
model. In order to capture the realistic influence of the manufacturing-
induced inevitable voids on the failure behaviour of composites, some
studies took the size and distribution of voids into account in the
micromechanical analysis. He et al. [28] investigated the failure
mechanisms of unidirectional composites with various fibre radii, fibre
shape deviations and matrix void content using a 2D RVE model under
transverse loadings. Li et al. [29] studied the effect of void distribution
on the transverse behaviour of unidirectional composites with a 2D RVE,
in which the distribution and size of the voids are random. It was found
the distribution of voids has a larger influence on the initiation and
evolution of damage in the composites than the transverse stiffness and
strength of the composites.

However, though the reviewed literature considers the influences of
voids in micromechanical failure analysis, these studies mainly focus on
the mechanical behaviour under transverse loading conditions or are
limited to two dimensions. For the unavoidable defects, namely the
initial waviness of fibres and voids in a matrix during manufacturing
process, the study of the coupled influences of the initial waviness angle
and voids on fibre kinking is undoubtedly a crucial topic for the accurate
prediction of the mechanical properties of composites. Therefore, this
paper focuses on the coupled influences of the initial waviness and voids
on fibre kinking mechanisms in unidirectional CFRP composites using
experimental and numerical approaches. Micro-CT was used to measure
the initial waviness angle of fibres and the size and volume fraction of
voids. Based on the experimental measurements, high-fidelity 3D RVE
models, considering waviness and voids, were constructed to predict the
failure strength of the composites under longitudinal compression. The

RVE models, containing 50 fibres embedded in a matrix, were extended
from our previous works [30–32], which has proved to be efficient in
capturing the failure modes of matrix under transverse and in-plane
shear loadings. In addition, the model in this study introduces fibre
waviness and voids with weakening partial elements and considers the
dispersity of voids size and distribution with randomisation and iterative
algorithm.

The paper is organised as follows: the introduction is followed by the
construction of computational micromechanics-based models which is
discussed in Section 2, including 3D RVE models, the constitutive
models of constituents and the definition of initial waviness and voids.
The longitudinal compressive stiffness and strength of IM7/8552 com-
posites with different waviness angles of fibres, volume fractions, and
sizes of voids are predicted and validated in Section 3. A new method to
measure the kink-band at peak load for 3D numerical simulations with
random fibre distributions is proposed for characterising the relation-
ship between the compressive strength and the matrix yielding within
fibre kink-band region and the kink-band width and fibre rotation angle
are predicted with the defects and discussed in Section 4. The coulped
effects of the defects on the failure mechanisms are discussed in Section
5. Section 6 summaries the main conclusions.

2. Computational modelling of UD composites

2.1. 3D representative volume element model

The computational micromechanics-based model, considering initial
fibre waviness and voids, was used to conduct the progressive failure
analysis of a unidirectional composite under longitudinal compression.
The RVE is defined as the smallest volume element which is large
enough to represent the micro-structure of composites yet small enough
for computation cost, the effective properties of a composite material
correspond to properties averaged over a repeating RVE. Therefore, fi-
bres in cross section area with periodic distribution are introduced in the
models to reconcile the representativeness of RVE and the dispersity of
fibres. The RVE model containing 50 fibres was found large enough to
capture the essential features of the microstructural behaviour while
maintaining reasonable computational cost [27,30,31,34]. The average
fibre diameter is 7 μm with the fibre volume fraction was set to 60 % for
the IM7/8552 [32]. The microstructure of the 2D RVE model was syn-
thetically generated using a discrete element method-based algorithm
which is statistically equivalent to the realistic fibre distribution [33]. In
order to capture the influence of the initial fibre waviness angle in the
formation of kink-band, the 2D RVE model was extruded along the fibre
direction with a sinusoidal function to achieve the final 3D RVE, see
Fig. 1. The fibres and matrix in the model were meshed using reduced
integrated isoparametric linear wedge (C3D6) and brick (C3D8R) finite
elements. The length of elements in the longitudinal direction is set to

Fig. 1. 3D RVE model considering the initial fibre waviness.
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approximately 6 μm, resulting in the total number of elements being 0.4
million. The main part of the RVE has an initial local fibre waviness
equal to one-half of the wavelength (L=500 μm) associated with the
sinusoidal function. Two straight parts (L0 = 50 μm) are added at both
ends to eliminate the boundary effects on the formation of the kink-
band. The dimensions of the cross-section are 50 μm × 50 μm. A local
material orientation, which is the tangent direction corresponding to the
sinusoidal-generated function, was used to assign the fibre direction in
the ABAQUS.

Periodic boundary conditions are usually used for the failure analysis
of RVE models to maintain the periodicity of stress and displacement
fields, however, a significant growing of computational cost is needed
due to excessive boundary constrains, especially for those who cannot
access high-performance computing platforms. Gitman et al. [35] and
Kereke et al. [36] conducted a study on the influences of boundaries on
the prediction of elastic properties of composites. They found that the
difference in the prediction obtained from the uniform boundary con-
ditions and periodic boundary conditions ranges between 5–30 %. It was
also reported in [26,34,37,38] that for the RVEs with more than 30 fi-
bres embedded, the results obtained from periodic boundary conditions
are close to those obtained from displacement or traction loading. For
the models in this study, 50 fibres are embedded in RVEs, which is
enough to capture accurate mechanical behaviours without periodic
boundary conditions according to the literature aforementioned. Thus,
in this study, uniaxial longitudinal compression was realised with fixing
the transitional motions at the end surface with z = 0 and applying
uniform z-direction displacement on the other end surface without
constraining the translational motion in x and y directions, and the
boundaries of other surfaces remain traction free and un-restrained.

2.2. Material models of constituents

The carbon fibres were modelled to be linearly elastic and trans-
versely isotropic, which were defined with five independent elastic
constants (E1, E2, υ12,G12,G23). The experimental findings exhibit brit-
tleness under tension and extensive plastic deformation under
compression and shear for the epoxy resin system [39]. Thus, the
polymeric matrix in IM7/8552 composite materials was modelled by a
Drucker-Prager plastic damage model [40], which is based on the yield
function by Lubliner et al. [41] and modified by Lee and Fenves [42].
Under tension-dominated loadings, the quasi-brittle behaviour can be
captured by the model with a damage variable. After the onset of
damage, the softening behaviour is captured by an exponential cohesive
model, characterized by the single normalized scaler damage variable.
Thus, the correct fracture energy dissipation of the matrix Gm can be
ensured. While for compression and/or shear-dominated loadings, the
behaviour of the matrix is assumed to be perfect plastic. More details
about the constitutive model and its numerical implementation in
ABAQUS/Explicit refer to [40].

The fibre/matrix interface is usually modelled with a classical
cohesive zone element to capture the interface debonding [22,30]. In
order to capture the friction effect after interface failure under
compression, a Coulomb friction law is coupled into the cohesive
element via a VUMAT subroutine in ABAQUS. Considering the compu-
tational cost of the simulation of failure prediction in the longitudinal
compression with the 3D high-fidelity RVE model, the interface was
modelled using a surface-based frictional-cohesive zone model [27]. The
cohesive interaction is governed by a traction-separation law. The
damage onset is controlled by a quadratic stress criterion, which con-
siders the damage modes, such as tension opening mode, shear mode
and mix mode. The damage propagation is ruled by the Benzeggagh-
Kenane law with a power exponent and critical energy release rates in
pure modes (GIC, GIICandGIIIC). The isotropic Coulomb friction law,
characterised by a friction coefficient μ, is coupled with the cohesive
behaviour of the interface. Further details about the frictional-cohesive
model can be found in [27,43]. The material properties of the

constituents of IM7/8552 UD composites can be found in Table 1.

2.3. Definition of initial fibres waviness and voids

During the fabrication process of composite laminates,
manufacturing-induced pore and void defects are inevitable due to
insufficient resin infiltration. Pore defects usually refer to the voids close
to the surface, however, an RVE model of composites represents the
internal geometrical features, which are far away from the surface to
avoid boundary effects. In RVE modelling, there are two strategies used
to model voids in a matrix, a) deleting the matrix elements and b)
weakening the matrix elements. It was reported that both strategies can
achieve similar results regarding the prediction of mechanical properties
of the composites [45]. In order to mitigate the risk of convergence is-
sues, the second strategy was utilised by weakening the elements of
matrix to represent the void defects, in which the elastic properties of
voids elements are only 1 % of the other elements. The similar method
was reported in the modelling of UD composites [45] and 3D woven
composites [46].

The volume fraction of voids (fv) is defined as Vvoids/VRVE, in which
the Vvoids is the volume of voids and the VRVE is the volume of the whole
RVE. Five RVE models with different voids volume fractions (1–5 %) are
adopted in this study based on the experimentally determined volume
fraction of voids (1.31–1.94 %, see Appendix) and the consideration of
the maximum acceptable void fraction of 5 % in the engineering ap-
plications [16]. Although the shape of the realistic voids in composites is
complex and varied, experimental images show that the shape of the
voids in a composite with a low void fraction is elongated along the fibre
direction [47], see Fig. 2. As such, our RVE models are constructed to
further probe the effects of elongated voids commonly observed.

In order to investigate the influences of void sizes on the mechanical
behaviour of composites under longitudinal compression, three void
sizes, namely Type I (average size 4.37 μm3), II (average size 75.50 μm3)
and III (average size 460 μm3), were adopted, which can be found in the
RVEs with Φ0 = 5◦, fv = 3 %, see Fig. 3. In Fig. 3 regarding the voids of
Type I, individual isolated voids are represented by a single element,
which was randomly generated via a python script. It should be noted
that the shape of elements is dependent on the mesh along fibre direc-
tion, which is slender in this study. Smaller elements could be achieved
with a consequence of drastically increased computational cost. The
voids of type II and III consist of multiple elements to construct larger
voids while keep consistent volume fraction with a slight difference due
to the shape of elements. Besides, due to the random distribution of the
voids within an RVE, with the increase of void volume fraction and void
size, voids could join together to form a larger void or align with fibres to
represent the defects of fibre/matrix interface, see Fig. 4.

The flowchart of the generation of different types of voids in the RVE
models is found in Fig. 5. For the generation of Type I voids, the number
of voids Nvoids is defined as Nvoids = Vvoids/VAVE, where VAVE is the
average volume of void elements. Then the number of void elements in
the matrix was selected randomly as a void set. For the generation of
Type II voids, an “anchor element”was introduced, which was randomly

Table 1
Material properties of the constituents of IM7/8552 composite and identified
interface parameters [3,30,32,44].

IM7 fibre properties
E1 (GPa) E2 = E3 (GPa) ν12 ν23 G12 (GPa) G23 (GPa)
287 13.399 0.29 0.48 23.8 7

8552 epoxy properties
E (GPa) νm σmyt (MPa) σmyc (MPa) Gm (J/m2)
4.08 0.38 99 130 100

Contact properties at fibre/matrix interface
Knn = Kss = Ktt (GPa/
mm)

t0n
(MPa)

t0s = t0t
(MPa)

GIC (J/
m2)

GIIC = GIIIC (J/
m2)

106 58 92 2 100

J. Chen et al.
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generated for the construction of larger voids. The number of “anchor
elements” in Type II is defined as NAE=Vvoids/33VAVE. The 27 elements
which share the same nodes with the “anchor elements”were selected as
a void set. While for the generation of Type III voids, in order to generate
the larger voids more efficiently, an “anchor node” was introduced. The
number of nodes is defined as NAN=Vvoids/63VAVE, in which the nodes
were generated randomly. The 8 elements which share the same node
were selected as the “anchor elements”. This process was repeated twice,
resulting in the construction of a void set consisting of 216 elements. For
all three strategies, the target volume fraction of voids VvoidsA can be
computed by summing up the volume of each void set. The generation of
voids is completed once the difference between the Vvoids and VvoidsA is
less than 5 %.

3. The influences of coupled waviness and voids on longitudinal
compressive stiffness and strength

3.1. Longitudinal compression stiffness

In this study, three parameters are selected for the study of their
influences on predicted longitudinal compressive stiffness of IM7/8552
composites: initial waviness angle of fibres, the volume fraction and the
size of voids. Table 2 lists the predicted stiffness of the composites with
the consideration of the abovementioned three parameters compared
with the one obtained from “intact” (voids-free) RVE models. In order to
reduce the computational cost, the influences of void size on the failure
prediction were conducted on the RVE models with the initial fibre
waviness angle of 1◦, 3◦ and 5◦. It was observed from simulated
compression that the longitudinal compressive stiffness decreases as the
initial waviness angle of fibres increases for both the intact models and
the models with voids. The stiffness decreases by around 10 % when the
angle reaches 5◦ for the intact model, which can be found in Fig. 6. This
is mainly due to the bending of fibres under longitudinal compression,
caused by the initial waviness of fibres [49]. However, little difference is
observed in the prediction obtained from the models with different
volume fractions and types of voids. This is mainly because the longi-
tudinal stiffnesses of composites are largely dependent on the longitu-
dinal stiffness of fibres, according to the rule of mixture.

3.2. Longitudinal compressive strength

In order to understand the effects of manufacturing-induced defects
on the longitudinal compressive strength of composites, the strength is
predicted on the RVE models with the combinations of three variations.
Table 3 lists the predicted failure strength of IM7/8552 composites
under longitudinal compression considering the initial waviness angle of
fibres, the volume fraction and size of voids. It can be found that the
initial angle has significant influences on the failure strength of com-
posites, i.e., the strength decreases by around 29 % when the angle in-
creases from 1◦ to 3◦, which is in a good agreement with the
experimental findings of 33 % reduction in compressive strength with
angle increasing from 1.2◦ to 3.2◦ [50]. It should be noted that the
failure strength of the composites with an initial waviness angle of 1◦ is
25–50 % larger than the experimental longitudinal compressive
strengths (X11= 1.2–1.45 GPa) [51,52]. This discrepancy is attributed to
that the failure mechanism of composites with an initial waviness angle
of fibres not larger than 1◦ under longitudinal compression is fibre
crushing, which is governed by fibre compressive strength [27].

Fig. 2. Tomograph and CT slices taken of UD CFRP samples manufactured and
described in [48] (top left) voids segmented from a representative sample (top
right) XY slice showing void cross sections and (bottom) a representative XZ
slice demonstrating different types of voids present within samples made using
the methods in [48].

Fig. 3. Three types of void size type I, type II and type III in 3D RVE models
with Φ0 = 5◦, fv = 3 %.

Fig. 4. Various void morphology (Type I, Type II and Type III) in RVE models
with different void volume fractions fv = 1 %, 3 % and 5 %. Voids are in grey
while fibres are in blue, and voids are in alignment with fibres due to the shape
of elements.

J. Chen et al.
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However, when the angle is beyond 1◦, the failure is controlled by the
initial fibre waviness angle and matrix plasticity, resulting in the for-
mation of a kink-band [27,53]. The predicted strengths are shown in
Fig. 7 and compared against experimental results of IM7/8552 samples

tested under longitudinal compression according to ASTM D3410 [52].
Notably, the experiments did not include the measurement of initial
fibre waviness angle or void content. With this in mind, the predicted
strengths of the composites with the initial waviness angle of fibres
between 1.3–2.4◦ fall within the experimental range reported by
[51,52].

Three sizes of voids, Type I, II and III, are considered for the failure
prediction of composites with three void volume fractions (fv= 1 %, 3 %
and 5%.) and three initial waviness angles (Φ0= 1◦, 3◦ and 5◦). It can be
found that in all the combinations, with the increase of void size from
Type I to Type III, the failure strength decreases. This is because with a
larger void in the matrix, stress wave propagation is block by the void
which initiates stress concentration around the void. When the initial
waviness angle is 3◦, with the increase of the volume fraction of voids,
the reduction of failure strength from Type I to Type III increases from
0.18 % at fv = 1 % to 1.5 % at fv = 5 %. Interestingly, when the volume
fraction of voids is 3 %, the reduction of failure strength decreases from
1 % at Φ0 = 1◦ to 0.37 % at Φ0 = 5◦. This suggests that the initial
waviness angle of fibres has larger influences on failure strength
compared to the void size.

For Type I voids, there is only 1.54–1.86 % reduction in strength
between the model with the highest volume fraction 5 % of voids
compared to the intact model for each initial waviness angle of fibres
(see Fig. 7). For composites with an initial waviness angle larger than 1◦,
the failure strength is determined due to the shear-driven failure of the
matrix [53,54]. According to the results obtained from the simulations
where the initial waviness angle of fibres ranges from 2◦ to 5◦, the
volume fraction of Type I voids has slight influences on the failure

Fig. 5. The flow chart of the realization of different void sizes in the RVE model.

Table 2
Comparison between predictions of Young’s Modulus of CFRP composites with different voids and initial waviness angles under longitudinal compression (units: GPa).

Φ0 Intact model Void volume

1 % 2 % 3 % 4 % 5 %

Void size

I II III I I II III I I II III

1◦ 172.23 172.23 172.38 172.28 172.13 172.1 172.05 172.1 172.05 171.97 171.99 172.14
2◦ 170.36 170.17 − − 170.24 170.19 − − 170.12 170.06 − −

3◦ 167.28 167.14 167.34 167.18 167.1 167.06 167.02 167.05 167 166.92 166.98 167
4◦ 162.91 162.91 − − 162.69 162.6 − − 162.63 162.45 − −

5◦ 157.91 157.85 157.8 157.79 157.7 157.61 157.56 157.56 157.52 157.43 157.4 157.28

Fig. 6. Predicted longitudinal compression modulus of IM7/8552 with Type-I
voids, different voids volumes and fractions for different initial waviness an-
gles of fibres.

J. Chen et al.



Composite Structures 347 (2024) 118451

6

strength of composites. This is due to the fact that the damage initiation
in the matrix usually occurs due to stress concentration caused by the
voids.

4. The influences of coupled waviness and voids on the kink-
band width and fibre rotation angle at peak load under
longitudinal compression

4.1. Definition of the width of kink-band and fibre rotation angle at peak
load

It is paramount to define the width of the kink-band and fibre rota-
tion angle for the quantitative progressive failure analysis of composites
under longitudinal compression from the numerical simulation point of
view. Naya et al. [27] selected the plastic equivalent strain (PEEQ) at the
surface of the RVE model to define the width of the kink band for the
illustration of the damage evolution in the composites under longitu-
dinal compression. However, this may not be appropriate due to the
randomly distributed fibres embedded into matrix, which results in the
different stress states at different locations of cross-section across the
model width. Therefore, in order to characterise the relationship be-
tween the compressive strength and the matrix yielding within fibre
kinking region, the length of the matrix shear yielding region at different
locations of the cross-section across width was used to measure the kink-
band width at peak load. Fig. 8 shows the definition of the kink-band
width wS and fibre rotation angle Φ in the numerical simulation of the
RVE model with an initial waviness angle Φ0 = 3◦ and Type I voids with
fv = 3 % at the peak load under longitudinal compression based on in-
plane shear stress distribution. Due to the randomly distributed fibres
in cross-section of the RVE, three planes A, B and C, which segment the
RVE model into four parts equally along transversal direction, are
selected to measure the kink-band width. Thus, the overall kink-band
width wS of the RVE based on shear stress regions can be defined as:

Table 3
Comparison between predictions of the strength of CFRP composite with different voids and waviness angles under longitudinal compression.

φ0 Intact model Void volume

1 % 2 % 3 % 4 % 5 %

Void size

I II III I I II III I I II III

1◦ 1545.35 1538.61 1536.34 1535.44 1532.92 1526.56 1519.57 1511.81 1520.23 1511.12 1491.98 1487.20
2◦ 1297.71 1292.37 1287.61 1282.93 1277.35 1271.65
3◦ 1101.53 1098.03 1096.58 1096.92 1094.62 1090.54 1087.38 1083.78 1086.17 1081.68 1073.49 1070.26
4◦ 935.76 933.31 930.38 927.17 924.11 920.52
5◦ 807.6 805.17 803.60 802.94 801.65 798.73 796.33 795.58 795.78 792.21 789.05 783.62

Fig. 7. Comparison of predicted failure strengths under longitudinal
compression considering Type-I voids between numerical simulations and
previously reported experimental data [51,52].

Fig. 8. Definition of the kink-band width w and fibre rotation angle Φ at the peak load from the numerical simulation of the RVE model with Φ0 = 3◦, and Type I
voids with fv = 3 %. (Plane A, B and C represent three planes located at three different positions. Plane B is the central plane, and planes A and C are two sym-
metrical planes.).

J. Chen et al.
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w =
wA + wB + wC

3

where wA, wB and wC are the kink-band width at planes A, B and C,
respectively. The widths were determined based on the edges of the
shear yielding regions. The rotation angle of fibres Φ can be defined in
any of these planes.

4.2. Influences of initial waviness and voids on the formation of kink-
band

Table 4 lists the predicted widths of the in-situ kink-band obtained
from the shear plastic region (wS) of the matrix at the peak load
considering the initial waviness angle, and the shape and volume frac-
tion of voids. When the initial waviness angle Φ0 = 1◦, no obvious kink
band was observed from both regions. This is because up to Φ0 = 1◦, the
failure mechanism is fibre crushing, which is governed by fibre
compressive strength; while for the cases with the initial waviness angle
above 1◦, the failure of the RVE is controlled by the angle and matrix
plasticity, resulting in the formation of kink-band [27,53]. It can be
found in Table 4 that the kink-band width increases as the initial
waviness angle increases. When increasing the volume fraction of voids
from 1 % to 5 % with Φ0 = 2◦ and type I voids, the width of the kink-
band increases by 35.5 %. However, the width only increases by 5.3
% when Φ0 reaches 5 %, suggesting that the dominant factor influencing
the predicted width is the initial waviness angles.

With the comparison of predicted widths of kink-band in different
cases with the types of voids, it can be found that the width increases as
the size of voids increases. Though, this trend was not always consis-
tently observed due to the random distribution of voids. As a result,
different cross sectional slices yielded different kink-band widths for the
same simulated condition. Overall, the kink-band widths at peak loads
obtained from the numerical simulation considering initial waviness and
voids ranges between 85.76 and 174.99 μm. These band widths are in
excellent agreement with the experimental findings that the kink-band is
in the order of 10–30 fibre diameters [27,54], which is 70–210 μm in this
study.

Table 5 lists the predicted final rotation angle (Φ) of fibres with
different initial waviness angles and different volume fractions and types
of voids. A 41 % reduction in the predicted rotation angle of fibres is
found from intact RVE models as the initial waviness angle is increased
from 2 to 5◦, indicating the significant influences of the initial angle on
the final rotation angle. This is because with the increase of the pre-
scribed initial waviness angle, fibres tend to be vulnerable to bend [49],
resulting in further bending with a similar compressive strain. A similar
trend can also be found in other cases with the consideration of voids.
Small fluctuation in the predicted rotation angle of fibres is found when
comparing different cases considering the influences of volume fraction
and type of voids. The whole range of the angle considering initial
waviness and voids lies in 4–10.43◦, which is in a reasonable agreement
with the numerical and experimental findings [27].

5. The influences of coupled waviness and voids on failure
mechanisms under longitudinal compression

5.1. Progressive failure analysis considering fibre waviness and voids

It was reported experimentally and numerically [6,10,11] that the
fibre kinking failure in longitudinal compression was induced by shear
yielding of matrix due to the initial waviness of fibres. In this study, two
competing failure mechanisms were found in the intact numerical
models: matrix tensile failure (splitting) and shear yielding. When the
voids are introduced into the models, premature failure occurs due to
stress concentration/rearrangement alongside voids where damage
initiates and propagates by linking up the matrix cracks, resulting in the
final failure with the kink-band containing primary cracking path dis-
cussed below.

As a representative example, Fig. 9 shows key numerical results
obtained for two models with the sample waviness angle and different
void contents. The first model is the intact RVE with Φ0 = 3◦ and the
second is the RVE with Φ0 = 3◦, fv = 3 % and type III voids. There are
selected for the discussion about the effects of voids on the progressive
failure analysis of composites under longitudinal compression. In the
early stage before failure at point A in Fig. 9(a), the transverse and in-
plane shear stress concentration (σ2 and τ12) are observed around
voids tip, as shown in Fig. 9 (b) and (c), respectively. Micro cracks
initiate from these voids and propagate along the voids longitudinal
direction, resulting in matrix cracking and fibre/matrix interface
debonding, see Fig. 9(d-e). This cracking and debonding indicates the
failure of matrix and interface at post-failure point B. When fibres are no
longer constrained by the matrix, they rotate until they can no longer
bear the load in their severely rotated state. The fibres at this point
fracture, and the kink-band forms, which is associated with matrix
splitting.

For the composite without voids, evenly distributed and smaller
stresses are found in the kink-band region at point A compared to the
composite with voids, see Fig. 9(b-c). These features result in smooth
transfer of stresses at the kink-band region and give rise to a smaller
damage region compared to the model with voids, see Fig. 9(d) and (e)
for matrix cracking and interface debonding, respectively. The com-
parison between the numerical results from the RVE models with and
without voids suggest the voids expedite and aggravate stress concen-
tration as well as matrix and interface damage, leading to an earlier
failure and a slightly smaller failure strength, which can be found in the
stress–strain curves in Fig. 9(a).

Finally, similar post-failure features can also be observed from the
post-mortem X-Ray CT images of representative CFRP sample from [48],
shown in Fig. 10. Due to the randomly distributed voids and aligned long
fibres, the kink-band widths obtained in the experiments and predicted
by the numerical simulations at peak load from different cut planes
present to be different. Variation in the failure along the through
thickness direction in both model and experimental samples highlights
the necessity of 3D measurement which can be achieved using CT or
with high fidelity models proposed herein.

Table 4
Comparison of predicted the kink-band width of fibres at peak loads under longitudinal compression.

Φ0 Intact model Void volume

1 % 2 % 3 % 4 % 5 %

Void size

I II III I I II III I I II III

1◦ — — — — — — — — — — — — —
2◦ wS 75.22 85.76 92.98 105.27 116.17 121.23
3◦ wS 97.84 103.55 104.14 102.04 108.72 122.54 125.12 131.47 134.25 136.38 138.25 156.73
4◦ wS 132.82 135.78 143.37 149.2 154.12 160.45
5◦ wS 143.4 150.57 148.86 149.75 159.04 158.17 159.95 173.07 171.82 158.59 174.99 169.93
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Table 5
Comparison of the predicted rotation angle (Φ) of fibres under longitudinal compression.

Φ0 Intact model Void volume

1 % 2 % 3 % 4 % 5 %

Void size

I II III I I II III I I II III

1◦ 4.27 4.61 4.00 4.55 4.22 4.44 4.09 4.40 4.01 4.05 4.33 3.84
2◦ 7.48 7.18 7.16 6.99 7.14 7.02
3◦ 8.64 7.81 7.63 7.98 7.86 8.11 8.25 7.98 8.08 8.02 8.05 7.75
4◦ 9.13 8.92 9.03 8.87 9.13 9.10
5◦ 10.52 10.24 10.23 10.00 10.12 10.37 10.5 10.26 10.17 10.12 10.43 10.11

Fig. 9. Numerical results of the Intact RVE with Φ0 = 3◦ and the RVE with Φ0 = 3◦, fv = 3 % and type III voids. (a) Stress–strain curve for both models. (b) In-plane
shear stress concentration in both models at point A. (c) Transverse stress concentration in both models at point A. (d) Matrix splitting damage in both models at point
B. (e) Fibre/matrix interface debonding damage in both models at point B.

Fig. 10. Post-mortem X-Ray CT images of representative sample from [48] showing the geometry of kink-band at different cut planes. The cut planes are orientated
parallel to the plane of the kink-band.
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Fig. 11 presents the comparison of compressive stress and fibre
rotation angle (Φ) considering different volume fraction of Type-I voids.
An initial waviness angle of fibres was recorded when the compressive
load is zero. Nearly linear lines at low or even moderate compressive
stresses can be found which indicates the compressive load is mainly
held by the fibres. With a small initial waviness angle of 2◦, the reduc-
tion in compressive failure strength is larger with an increase of volume
fraction of voids compared to the reduction in strength for the case of an
initial waviness angle of 5◦. This is mainly because with a larger pre-
scribed initial waviness angle, fibres tend to be vulnerable to bend,
resulting in faster failure. This suggests that the initial waviness angle
plays a dominant role in the compressive failure compared to the voids.

5.2. The influences of initial fibre waviness and voids on the failure
mechanisms of composite

Fig. 12 shows the influences of the initial waviness angle on the
failure of composites and the kink-band formation with fv = 3 % and
Type I voids at the peak load. Matrix cracking or splitting indicated with
the variable DAMAGET and matrix yielding indicated with shear stress
S12 at the centre plane B (see Fig. 8) are used for the discussion of
composite failure. It is found that when the initial waviness angle is 2◦,
both matrix cracking and longitudinal splitting can be found at the
transitional region and kink-band, respectively. These damage features
are often observed experimentally using in-situ or post-mortem tech-
niques. For example, splitting at the transitional regions can be observed
with Micro-CT at Cutting plane B in Fig. 10 as well as in-situ observation

with the SEM in [54], which is mainly due to the difference between the
bending stiffness of straight and curved parts. When the angle increases
to 5◦, matrix cracking and yielding disappear at the transitional region
since the stress localisation mainly occurs in the centre of the RVEmodel
where the kink-band is formed. Severe matrix cracking and plastic
yielding are predicted in the kink-band region when the initial waviness
angle reaches 3◦, while the highly stressed kink-band region shrinks
with the increase of angle. This is mainly due to the fact that the com-
posite with a larger initial waviness angle such as 5◦ fails at a smaller
strain of 0.68% compared to 0.95 % for 1◦ and 0.83% for 3◦, resulting in
not enough time for the highly stressed region to expand.

The influence of the volume fraction of Type I voids on the final
failure of composites with Φ0 = 3◦ under longitudinal compression is
shown in Fig. 13. As the volume fraction increases, the damaged and
highly stressed parts in splitting and kink-band regions, respectively,
become discrete from continuous due to the existence of voids. When the
volume fraction reaches fv = 5 %, an interesting phenomenon can be
captured in the DAMAGET field that the damage in the matrix initiates
from the voids and propagates along the path parrel to the central line of
the kink-band, linking the damages in the matrix and fibre/matrix
interface.

Fig. 14 shows the influences of void size on the failure of composites
with Φ0 = 3◦ and fv = 3 %. Compared to the kink-band at peak load
obtained from the intact model, the void size has insignificant influence
on the morphology of kink-band regions. However, when the size of
voids increases from Type I to Type III, the locally damaged and highly
stressed regions move associated with the location of the larger voids,

Fig. 11. Variation in compressive stress and final fibre rotation angle for different volume fractions of Type-I voids.

Fig. 12. Influences of the initial waviness angle on the failure of composites with fv = 3 % and Type I voids and the images are taken from middle plan B (Left: Tensile
damage distribution, which indicts matrix cracking. Right: In-plane shear stress distribution in the matrix, which indicates matrix plastic yielding).
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resulting in splitting and matrix yielding locally. Such voids-induced
splitting phenomenon can also be observed from CT scanned images
at Cutting plane C in Fig. 10.

6. Conclusion

This study investigated the influences of initial waviness of fibres and
manufacturing-induced voids on the mechanical performance of unidi-
rectional CFRP composites under longitudinal compression. 3D high-
fidelity RVE models were generated based on the experimentally
determined volume fraction of voids and void geometry as observed in
Micro-CT tomographs of small UD CFRPs. A novel algorithm was
developed to account for more these realistic 3D shapes of voids, instead
of simplified circular or triangular shapes. The nonlinear mechanical
behaviour of matrix was simulated using a pressure-dependent plastic
damage Drucker-Prager model while the fibre/matrix interface
debonding was modelled with cohesive-frictional interaction.

The novelty of this study includes:

• Realistic experimentally-determined void morphology was modelled
with 3D high-fidelity micromechanics-based RVEs for the investi-
gation of coupled initial waviness of fibres and voids on the pro-
gressive failure mechanisms of composites.

• An efficient algorithm was developed for the generation of voids by
weakening the elements of matrix.

• A new method to measure the kink-band at peak load is proposed to
characterise the relationship between the compression strength and
the matrix yielding within fibre kink-band region.

The numerical results are compared to experimental findings and to
key experimental results in the literature. The main conclusions are as
follows:

• The initial waviness angle of fibres has significant influence on the
longitudinal compressive modulus and strength for intact models,
which decrease by 9.1 % and 52 % as the angle increases from 1◦ to
5◦, respectively. However, the volume fraction and size of voids have
smaller effects (~1.7 %) on the longitudinal compressive modulus
and strength.

• The predicted kink-band width at peak load increases as the initial
waviness angle and volume fraction of voids increase, while no
obvious trend could be found in the effects of the void size on the
predicted width. The fibre rotation angle increases as the initial
waviness angle increases, while no obvious trend could be found in
the effects of the volume fraction and size of voids.

• When the initial waviness angle of fibres is less than 1◦, the failure of
composites is dominated by fibre failure. While with the angle of
larger than 1◦, the damage initiated in the region where voids exist.
As the angle increases, the highly stressed region moves from both
ends towards the centre. The volume fraction and size of voids have
detrimental effects on the damage initiation in matrix, and the
damage propagates by linking the void regions where stress con-
centration occurs. The failure of composites is triggered by the ma-
trix tensile damage in the form of splitting, which was observed in
the Micro-CT scanned experimental images.

This investigation offers valuable insights into the complex failure
behaviour of unidirectional CFRP composites, shedding light on the
impact of manufacturing-induced defects on their mechanical perfor-
mance. The developed 3D RVE models, along with the proposed algo-
rithm and approaches, pave the way for more accurate and realistic
simulations in the field of composite materials. Moreover, the outcomes
emphasize the significance of controlling initial waviness and void-
related defects to enhance the structural integrity and durability of
CFRP composites in practical applications. It should also be noted that

Fig. 13. Influences of the volume fraction of voids on the failure of composites with Φ0 = 3◦ and Type I voids and the images are taken from middle plan B (Left:
Tensile damage distribution, which indicts matrix cracking. Right: In-plane shear stress distribution in the matrix, which indicates matrix plastic yielding).

Fig. 14. Influences of the type of voids on the failure of composites with Φ0 = 3◦ and fv = 3 % and the images are taken from middle plan B (Left: Tensile damage
distribution, which indicts matrix cracking. Right: In-plane shear stress distribution in the matrix, which indicates matrix plastic yielding).
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the RVE models can mainly apply to the simulations for shear/splitting-
driven composite failure under longitudinal compression where the
manufacturing-induced defects, i.e., initial waviness of fibres and voids,
play a significant role. The fibre breakage under longitudinal compres-
sion will be tackled in our next study regarding the influence of fibre
trajectory on the composite failure. In addition, due to the numerical
convergence of the current RVE models, the simulation terminated soon
after it reached peak load, thus the kink-band broadening could not be
captured, which is our ongoing research with the consideration of fibre
breakage under longitudinal compression.
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