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Abstract: Currently, FRP composite tubes are drawing increasing attention in many industrial applica-
tions, due to their excellent mechanical and lightweight properties, with reduced energy consumption
and enhanced sustainability. This study investigates the failure mechanisms and crashworthiness
performance of glass and carbon fibre reinforced polymer (GFRP and CFRP) composite tubes under
low velocity transverse impact. Finite element methods were developed to establish numerical
models to predict the failure responses of FRP composite tubes with a complex ply sequence of both
woven and unidirectional layers. In the modelling, continuum damage mechanics and cohesive zone
method were used to calculate the intralaminar and interlaminar failure behaviours, respectively, in
FRP composite tubes. The numerical models were validated by corresponding experiments, and the
effects of the impact energy and material type were investigated. The experimental results show that
the initial impact energy does not significantly affect the specific energy absorption (SEA) and peak
force (PF) of GFRP composite tubes, and the SEA and PF are generally around 0.5 kJ/kg and 600 N,
respectively, when the impact energy varies from 10 J to 50 J. Failure mechanism analyses show that
GFRP tubes and CFRP tubes with totally unidirectional plies present global bending deformation
with significant matrix damage, and CFRP tubes with “hybrid layer type” exhibit local penetration
with severe fibre and matrix damage. The crashworthiness analyses indicate that CFRP tubes perform
better in SEA while GFRP tubes possess smaller PF when subjected to low velocity transverse impact.

Keywords: transverse impact; finite element analysis; composite tube; failure mechanism; energy absorption

1. Introduction

In recent years, adopting sustainable materials, either in engineering industries or in
daily life, has become common sense to curb carbon emissions and climate change [1]. Fibre
reinforced polymer (FRP) composite material is one important candidate among sustainable
materials due to the lower environmental pollution in its production. It has been widely
used in a variety of industrial domains, such as aeroplanes [2] and automobiles [3]. In
addition, due to their low carbon emission, superior specific strength, stiffness, and excellent
energy absorption capacity, FRP composites have increasingly drawn substantial attention.
Additionally, FRP composite tubes are common components and can resist electrochemical
corrosion, making them more sustainable than steel in particular environments [4]. As
such, considerable experimental and numerical studies have been focused on the quasi-
static and dynamic axial crushing of FRP composite tubes to investigate their mechanical
properties and crashworthiness for engineering applications [5–9]. However, the transverse
impact of FRP composite tubes is still under-reported, though they are commonly seen in
engineering applications [10–12].

Transversal impact responses of composite tubes made of glass fibre reinforced poly-
mers (GFRP) or carbon fibre reinforced polymers (CFRP) have been drawing increasing at-
tention, with various relevant investigations [13–16] conducted. For instance, Wu et al. [17]
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investigated the transverse impact response of CFRP composite tubes with different ply
sequences, with numerical and experimental approaches. Deniz et al. [18] experimen-
tally studied the effects of the tubular diameter and initial impact energy on the failure
behaviours of GFRP tubes. Sun et al. [19,20] characterised the quasi-static lateral crush-
ing behaviours of circular GFRP and CFRP tubes with different geometric configurations.
However, most current studies have only accounted for transverse impact behaviours of
either GFRP or CFRP composite tubes, and most numerical models have only considered
composite tubes with either unidirectional or woven ply. However, the “hybrid layer
type” [19,20] FRP tubes, possessing both unidirectional and woven plies, are common and
advantageous [19,20], but only a few numerical works are available.

In this study, we develop finite element models to perform the crashworthiness analysis
and to predict the failure responses of “hybrid layer type” FRP tubes under low velocity
transverse impact. First, low velocity transverse impact experiments on GFRP tubes were
performed under different initial impact energies. Then, a comparative study was conducted
for GFRP tubes, CFRP tubes with only unidirectional layers (CFRP-U) and CFRP tubes
comprising both woven and unidirectional layers (CFRP-W), under the same initial impact
energy (i.e., 50 J). Accordingly, numerical models based on the finite element method (FEM)
were established to consider the intralaminar and interlaminar damage mechanisms of these
FRP tubes. The FEM models were validated with the experimental results in terms of the
force-displacement curves, failure morphologies and crashworthiness indexes.

2. Experiments

In this study, the GFRP tubes were made from unidirectional (Code 120) and woven
(Code 7781) layers of E-glass fibre prepreg epoxy (Newport 301) by roll-wrapping and
autoclave curing, and the layups were [(0/90)/0/90/(0/90)] with a fibre volume fraction
of ~60%. The CFRP tubes were made from unidirectional and woven layers of carbon fibre
(TR50S) prepreg epoxy (Newport 301) by roll-wrapping and autoclave curing, and the fibre
volume fraction of cured specimens was 60%. Two kinds of CFRP tubes were used in this
study. The CFRP tubes with only unidirectional plies, i.e., CFRP-U, were sequenced with
[03/45/−45/90/45/−45/03], and the CFRP tubes with both woven and unidirectional
layers, i.e., CFRP-W, were plied with [03/902/03/(0/90)]. The inner diameters of all FRP
tubes were 50.8 mm, while by microscopic measurements, the nominal thicknesses of
unidirectional and woven layers of GFRP tubes were 0.127 mm and 0.254 mm, and that
of unidirectional and woven layers of CFRP tubes was 0.15 mm and 0.3 mm, respectively.
Both CFRP tubes had the same number of unidirectional 0◦ plies, but the most apparent
difference in lay-up configurations was that the outer layer of CFRP-W was a plain-woven
ply. The specimens with their ply sequences of GFRP, CFRP-U and CFRP-W tubes are
illustrated in Figure 1.

In reference to previous studies [5,17,21,22], the transverse impact tests for the CFRP
and GFRP tubes were conducted using a drop tower system. Since the impactor mass was
fixed at 5.482 kg, the impact tests under varying impact energies from 10 to 50 J were set
up by adjusting velocities within 1–10 m/s to guarantee that the impact velocity was within
the low velocity impact scope, and relevant impact setup parameters are listed in Table 1.
The specimens of the FRP tubes were restrained via a fixture, and then a hemispherical steel
impactor with a diameter of 12.5 mm was used to impact the specimen at different velocities
(or energies). A hole was drilled in the centre of the fixture to protect the impactor of the
impact testing machine. In addition, four feed screws were used to fix the specimens, as
shown in Figure 2a. During the testing process, the impact force and displacement data were
recorded, and those tubes’ failure process was captured through a recording system with a
high-speed camera. The sampling frequency of the force sensor was set 200 kHz, and the
moving-average filter [23] with a window size of 20 was used to filter the force data.
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Figure 1. Illustration of GFRP, CFRP-U and CFRP-W tubes with their corresponding ply sequences.

Table 1. Impact energies and velocities in the experiments.

Impact Velocity (m/s) Impact Energy (J)

1.90 10
3.29 30
4.25 50

Figure 2. (a) Experimental scenarios, and (b) FEM set-up.

For the GFRP tubes, the initial energy was used. Two indicators were used to assess
the crushing performance of the composite tubes [24]. Initially, the energy absorption (EA)
can be integrated based on the force–displacement curve as follows.

EA =
∫ dmax

0
F(s)ds = Fmdmax (1)
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where F(s) is the resistive force of the tube as a function of displacement s during the
crushing process, Fm is the average resistive force and dmax is the crushing distance.
Meanwhile, the peak force (PF), can also be extracted from force–displacement curves to
evaluate the crashworthiness performance of FRP tubes.

Another index is the specific energy absorption (SEA) which expresses absorbed
energy by a structure per unit mass. The SEA is given by:

SEA =
EA
m

(2)

In the crashworthiness analysis, the greater the SEA and the smaller the PF, the better
the crashworthiness performance.

3. Numerical Analysis
3.1. Constitutive Models

Currently, continuum damage mechanics (CDM) [25] are usually utilised to calculate
the intralaminar and interlaminar failure behaviours of FRP composites [25]. As such,
the CDM-based approach was applied to employ the user-defined subroutine VUMAT of
Abaqus software to simulate and predict the damage behaviours of CFRP and GFRP tubes
under low velocity transverse impact [26]. The damage initiation criteria and evolution
law for intralaminar failure are basically presented in Appendix A. For the interlaminar
delamination, the cohesive zone method (CZM) was utilised in this study [25]. By using
the CZM, at the beginning, the damage initiation is triggered when the contact stress ratios
reach 1 according to a quadratic nominal stress criterion. Then, the evolution law (a mixed-
mode fracture criterion based on the Benzeggagh–Kenane method [27] develops in a linear
softening approach after meeting the initiation law to evaluate the fracture mechanism.
More details on CZM can be referred in many previous publications [25]. To sum up, the
CDM [28] was used to model the intralaminar failure while the CZM was utilised to model
the interlaminar failure of FRP composite tubes. In terms of the material properties, the
intralaminar and interlaminar parameters of both CFRP-U and CFRP-W tubes were directly
adopted from our previous study [24]. For the GFRP tubes, the material parameters for
numerical modelling are presented in Table 2. The Young’s modulus and material strength
of E-glass/epoxy unidirectional layers were directly adopted from [29,30], while the fracture
energies, e.g., longitudinal fracture energy (350 KJ/m2), etc., of the unidirectional layers
were defined based on those of glass fibre composites [31]. The elastic properties of
E-glass/epoxy woven layers were adopted from [32], while the fracture energies were
adopted from those of GFRP woven fabrics [20]. The GFRP tubes’ interlaminar strength
and toughness were defined based on [33], as shown in Table 2.

Table 2. Material parameters of GFRP composites [20,29,31–33].

Description Unidirectional Woven

Density (kg/m3) 1800 1800
Longitudinal Young’s modulus (GPa) 49.6 25.8

Transverse Young’s modulus (GPa) 17 23.9
Principal Poisson’s ratio 0.278 0.118

Shear modulus (MPa) 2800 4500
Longitudinal tensile strength (MPa) 1230 479.8

Transverse tensile strength (MPa) 40 423.6
Longitudinal compressive strength (MPa) 1610 445.7

Transverse compressive strength (MPa) 145 358.8
In-plane shear strength (MPa) 92 65.6

Longitudinal traction fracture energy (KJ/m2) 350 40
Longitudinal compression fracture energy (KJ/m2) 350 60

Transverse traction fracture energy (KJ/m2) 0.5 20
Transverse compression fracture energy (KJ/m2) 1.57 50

Interlaminar normal strength (MPa) 35 35
Interlaminar shear strength (MPa) 65 65
Mode I fracture toughness (KJ/m2) 0.5 0.5
Mode II fracture toughness (KJ/m2) 1.6 1.6
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3.2. Description of Models

The FEM models were established for the impactor, the FRP specimens and the fixture
in Abaqus/CAE [26]. The unidirectional and woven layers of the FRP tubes were modelled
using continuum shell elements with reduced integration (SC8R) [26] and all interfaces
between layers were modelled using the “cohesive contact” [26]. According to Figure 2a,
to meet the actual condition, the fixture and four screws were built using discrete rigid
elements to fix the specimens in the FEM model. Figure 2b presents the meshed models
with the boundary conditions. After mesh convergence analysis, a uniform rectangular
mesh of 2 mm× 1.6 mm was adopted for the FRP tubes. Additional sensitivity analysis was
performed on A global element size of 2 mm was adopted for the plates of a fixture, and a
global element size of 0.8 mm was adopted for the impactor and screw plate. A general
contact based on penalty [26] at the tangential direction and hard contact methods [26] at
normal was applied in the FEM model to calculate material interactions, and the friction
coefficient was defined as 0.3 [34]. For the impactor, in accordance with experiments,
different initial impact velocities or energies were applied. For the numerical results, the
outputting frequency was ~50 kHz, and the moving-average filter with a window size of 5
was used to filter the outputting force to eliminate noise.

4. Result and Discussion
4.1. Effect of Impact Energy

In general, the initial impact energy may significantly affect energy absorption [35].
Three magnitudes of impact energies at 10 J, 30 J and 50 J were used to research the
transverse impact damage behaviours of GFRP tubes, to assess the effect of impact energy.

The force-displacement curves of the GFRP tubes under different initial impact energy
are exhibited in Figure 3. The figure shows that, generally, the force tends to reach the
peak at ~11 mm by experiments and at ~12 mm by FEM. After that, the force begins to
oscillate dramatically.

Figure 3. Force–displacement curves of GFRP composite tubes when subjected to different impact
energies of (a) 10 J (b) 30 J and (c) 50 J.
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A further comparative study for the SEA and PF of GFRP tubes subjected to three
magnitudes of impact energies is shown in Figure 4. The figure shows that the errors
between the results of experiments and FEM are basically acceptable. PF varies slightly
with the impact energies. The PF is ~600 N by both experiments and FEM. The values of PF
decrease and the values of SEA increase with the increment of impact energy in the FEM
results, but the amplitude does not change significantly. For instance, the difference in the
SEA and PF of GFRP tubes between 10 J and 50 J by experiments are ~6%, respectively.
Both methods indicate that the impact energy does not significantly affect the PF and SEA.

Figure 4. SEA and PF of GFRP at three magnitudes of impact energies (10 J, 30 J, 50 J).

The experimental and numerical results in terms of failure morphologies of GFRP
composite tubes at 50 J impact energy are depicted in Figure 5. Note that the stress
condition is unclear from this viewpoint such that the specific stress analysis results are
presented subsequently. Obviously, within the low velocity impact scope, the effect of
impact energy plays an insignificant role in determining the crashworthiness performance
and failure behaviours of GFRP tubes when subjected to transverse impact. Hence, the
failure morphologies of GFRP tubes at 50 J were chosen to typically illustrate the failure
responses of GFRP tubes under the transverse impact. By simulation, from Points A to
B, the GFRP tubes were damaged progressively. Sharp stresses were only observed at
the contact between the impactor and the specimen. From Points B to C, intralaminar
failure occurs. When combined with Figure 3, we find that the impact force reaches a
peak at the moment of intralaminar failure. Afterwards, from Points C to D, the resistant
force oscillates, where large deformations and fracture zones are continuously enlarged,
with a noticeable fracture line [20] in the upper area of the tube when reaching Point D.
The fluctuations in the force–displacement curves and SEA in between the experiments
and FEM were observed, which could be explained as follows. The CDM method can
be convenient to describe a series of primary damage modes and non-linear behaviours
of the composites, i.e., the fibre fracture, matrix cracking, and even the matrix plasticity.
However, certain minor damage behaviours, such as fibre local buckling, fibre pulling out,
matrix local cracking, etc., cannot totally be conveyed by the reduction of damage variables.
Another reason for the difference may be caused by slight variations in material properties.
Even though the material properties defined in the numerical model are the same as those
reported in the references, the manufacturing conditions for specimens might be varied,
which may cause slight differences in material properties, consequently resulting in a slight
variation between the numerical and experimental results.
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Figure 5. Failure morphologies of GFRP composite tubes by both experiments and FEM during transverse
impact at 50 J (A, B, C and D denote the impact displacement at 0, 5, 15 and 25 mm, respectively).

Figure 6 shows the corresponding intralaminar failure mechanisms (where 0 denotes
undamaged and 1 denotes damaged material) of the GFPR tube at an initial transverse
impact energy of 50 J with respect to Point D of Figure 5. The shear damage is not predomi-
nant, which agrees with the conclusions from other literature [24], so the shear damage is
not presented. By comparison, the transverse traction and transverse compression damages
are more severe than the longitudinal traction and longitudinal compression damages
(where “transverse” means the circumferential direction while “longitudinal” means the
direction parallel to the Z direction).

Figure 6. Failure mechanisms of the GFRP tube at Point D.
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4.2. Effect of Material Type

Further, the effect of material type, i.e., GFRP, CFRP-U and CFRP-W tubes, on the
failure mechanisms when subjected to low velocity transverse impact with the same impact
energy of 50 J was investigated, using the FEM models described in Section 3.

Figure 7 compares the force–displacement curves obtained from the experimental
tests and numerical simulations for these three FRP tubes. Basically, the FEM results well
match the experiments, showing that the force of CFRP-U tubes increases rapidly at the
very beginning; after that it begins to oscillate and the tubes become damaged. When the
force continually increases and reaches a peak at ~2000 N by experiment and ~1400 N by
FEM, it then decreases abruptly, with reduced energy absorption. For the CFRP-W tubes,
by both experimental and FEM results, the force quickly increases until the displacement
reaches ~10 mm. Following this, the force drops significantly. Obviously, the GFRP tubes
show the lowest stiffness when compared to the other two types of CFRP tubes.

Figure 7. Force–displacement curves of (a) GFRP (b) CFRP-U and (c) CFRP-W composite tubes when
subjected to transverse impact with an initial energy of 50 J.

Furthermore, Figure 8 depicts the SEA and PF for three FRP tubes by both experiment
and FEM. By experimental analysis, the PF of the GFRP tube is 31% that of the CFRP-U
but the SEA value of the GFRP is 62% that of the CFRP-U. On the other hand, the PF of the
CFRP-U tube is 12% greater than that of the CFRP-W tube, while the SEA of the CFRP-U
is 32% greater than that of the CFRP-W specimen. This indicates that GFRP tubes have
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a potential or excellence in crashworthiness applications with respect to the low velocity
transverse impact.

Figure 8. SEA and PF of GFRP, CFRP-U and CFRP-W composite tubes when subjected to transverse
impact with an initial energy of 50 J.

The failure process and mechanisms of GFRP tubes when subjected to transverse
impact with an initial energy of 50 J have already been discussed in Figures 5 and 6,
respectively, then we can have a further investigation of the other two categories of CFRP
tubes. Figure 9 depicts the failure morphologies of the CFRP-U composite tubes. From
Points A to B, a distinct but slight deformation with materials failure can be captured in
both experiments and FEM. Subsequently, significant fracture occurs with large fronds
observed in experimental and numerical results at Point C, indicating the accuracy of the
FEM models. Finally, at Point D, severe deformations with fractures of the CFRP-U tubes
were seen.

Figure 9. Failure morphologies of CFRP-U composite tubes by both experiments and FEM during
transverse impact at 50 J (A, B, C and D denote the impact displacement at 0, 5, 15 and 25 mm, respectively).

Figure 10 shows the damage mechanisms of the CFRP-U tube at Point D. The 1st,
4th, 6th and 11th layers (i.e., 0◦, 45◦, 90◦, 0◦ plies) were selected to analyse the damage
mechanisms of CFRP-U tubes. It is evident that transverse traction damage (matrix tensile
damage) is the primary failure mode. This is because, when under such a global bending
situation, the hoop tension of the tube directly results in matrix cracking in the outermost
three layers of the 0◦ ply sequence (parallel to the Z axis).
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Figure 10. Failure mechanisms of CFRP-U tube at Point D.

Figure 11 depicts failure morphologies of CFRP-W composite tubes by both experiment
and FEM when subjected to transverse impact with an initial energy of 50 J. As compared
to the GFRP and CFRP-U tubes, the failure morphologies of the CFRP-W tubes are different.
The impactor directly penetrates the CFRP-W tubes, as captured in both experimental and
numerical results, which is also the reason for the rapid force decrease depicted in Figure 7c.
Unlike the CFRP-U tubes, there is no fracture line in the upper area of the CFRP-W tubes.
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Figure 11. Failure morphologies of CFRP-W composite tubes by both experiments and FEM during
transverse impact at 50 J (A, B, C and D denote the impact displacement at 0, 5, 15 and 25 mm, respectively).

The failure mechanisms of the CFRP-W tube at Point D of Figure 11 are illustrated in
Figure 12. Note that the 1st, 4th, 6th and 9th layers (i.e., 0◦, 90◦, 0◦, 0◦/90◦ plies) were se-
lected to demonstrate the damage mechanisms of CFRP-W tubes. Apparently, aggravatedly
damaged elements appear at the area near the penetration hole, while transverse traction
(i.e., matrix damage) of the innermost layer leads to an extended strip at the bottom area of
CFRP-U tube, due to severe contact between the tube and fixture plate. Furthermore, it is
evident that severe transverse compression damage mode occurs at the contact location
between the impactor and upper area of CFRP-W tube, especially at the 0◦/90◦ layer.

Figure 12. Failure mechanisms of CFRP-W tube at Point D.
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The von Mises stresses of FRP tubes at Point D (i.e., 25 mm) are shown in Figure 13a.
In order to inspect the interlaminar failure mechanisms of FRP composite tubes, several
representative layers were used, as shown in Figure 13b. Apparently, the interlaminar
damage behaviours can be observed as indicated by marks 1, 2, 3 and 4. Generally, the
interlaminar damage response is insignificant. It is evident that these three types of FRP
tubes have different deformation behaviours. Overall, the GFRP tubes and the CFRP tubes
with totally unidirectional plies present global bending deformation behaviours, while the
CFRP tubes with hybrid woven and unidirectional layers exhibit local penetration, which
can be similarly seen in situations of CFRP panels with woven layers when subjected to
in-plane localised crushing [31].

Figure 13. (a) Von Mises stresses and (b) interlaminar damage and deformation behaviours of GFRP,
CFRP-U and CFRP-W composite tubes at Point D.
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5. Conclusions

In this study, we have applied both experimental and numerical methods to analyse
the crashworthiness performance and failure behaviours of FRP composite tubes under
low velocity transverse impact. The key remarks are as follows:

(1) The experiments on FRP composite tubes subjected to low velocity transverse impact
at 10 J, 30 J and 50 J were performed, and specific numerical models based on CDM
were built taking into account the complex ply sequence of both unidirectional and
woven fibre layers. The numerical results agree well with the experimental ones,
indicating the effectiveness of the FEM models.

(2) The results show that the initial impact energy does not have a significant effect on
the PF and SEA (i.e., the difference in SEA and PF of GFRP tubes under 10 J and 50 J
by experiments is only 4% and 3%, respectively). In addition, the effect of material
type was investigated. It is found that the PF of GFRP tube is 31% that of the CFRP-U
tube, but the SEA value of GFRP is 62% that of CFRP-U, indicating that the GFRP
tubes have a potential for excellence in crashworthiness applications.

(3) Failure mechanisms of three FRP tubes show that intralaminar damage predominates
while interlaminar failure is insignificant. Basically, the failure topographies of the GFRP
and CFRP-U tubes are global bending, with significant matrix damage areas, while those
of CFRP-W tubes exhibit local penetration with severe fibre and matrix failure.
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Appendix A

In this study, the initial failure criteria and damage evolution have been given in
Table A1 [28].

Table A1. Intralaminar failure criteria for FRP composites in the numerical model.

Description Initial Failure Criteria Damage Evolution

Longitudinal traction ϕ1+ = σ̃1+
X1+

d1+ = 1− 1
r1+

exp[− 2g1+
0 LC

G1+
f −g1+

0 LC
(r1+ − 1)]

Transverse traction ϕ2+ = σ̃2+
X2+

d2+ = 1− 1
r2+

exp[− 2g2+
0 LC

G2+
f −g2+

0 LC
(r2+ − 1)]

Longitudinal
compression ϕ1− = σ̃1−

X1− d1− = 1− 1
r1−

exp[− 2g1−
0 LC

G1−
f −g1−

0 LC
(r1− − 1)]

Transverse compression ϕ2− = σ̃2−
X2− d2− = 1− 1

r2−
exp[− 2g2−

0 LC

G2−
f −g2−

0 LC
(r2− − 1)]

Shear ϕ12 = σ̃12
X12

d12 = min(α12In(r12), dmax
12 )

*rα(α = 1+, 1−, 2+, 2−) are the tensile and compression damage thresholds along fibre
directions 1 and 2, r12 is the shear damage threshold; those thresholds being abided by
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Kuhn-Tucker complementary and consistency conditions and defined as 1 initially [28,36].
gα

0(α = 1+, 1−, 2+, 2−) are the elastic energy densities at the point of damage initiation
along fibre directions 1 and 2; LC is the element characteristic length. Gα

f (α = 1+, 1−, 2+,
2−), are the tensile and compressive fracture energies, Xα(α = 1+, 1−, 2+, 2−) are the tensile
and compressive strengths along fibre directions 1 or 2, X12is shear strength. dα(α = 1+,
1−, 2+, 2−) are the tensile and compressive damage variables along fibre directions 1 (i.e.,
longitudinal traction and compression) and 2 (i.e., transverse traction and compression),
d12 is the shear damage variable. σ̃α(α = 1+, 1−, 2+, 2−) are the effective stresses that can
be formulated by:

σ̃1+ = 〈σ11〉
1−d1+

, σ̃1− = 〈−σ11〉
1−d1−

σ̃2+ = 〈σ22〉
1−d2+

, σ̃2− = 〈−σ22〉
1−d2−

(A1)

Then, the tensile and compressive damage variables can be integrated as:

d1 = d1+
〈σ11〉
|σ11|

+ d1−
〈−σ11〉
|σ11|

d2 = d2+
〈σ22〉
|σ22|

+ d2−
〈−σ22〉
|σ22|

(A2)

where d1 and d2 are the damage variables along fibre directions 1 and 2, where they
can be introduced in stress–strain constitutive modelling to reflect the material modulus-
degradation as follows.

S =


1

(1−d1)E1

−ν12
E1

0
−ν21

E2
1

(1−d2)E2
0

0 0 1
(1−d12)2G12

 (A3)

where ν12 and ν21 are the Poisson ratios, E1 and E2 are the Young’s moduli along the fibre
longitudinal and transverse directions, respectively, and G12 is shear modulus.
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