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ABSTRACT

Composites reinforced with braided textiles exhibit high structural stability and excellent damage tolerance,
making them very attractive for defence, aerospace, automotive and energy industries. Considering the real-life
service environment, it is crucial to study a dynamic response of a composite structure and its energy-dissipation
ability, especially under repeated low-velocity impacts. So, a series of drop-weight tests were carried out fol-
lowed by X-ray computed micro-tomography to characterize damage morphology of braided composite speci-
mens. Meanwhile, a multi-scale computational approach was explored and implemented as a user-defined-
material subroutine (VUMAT) for ABAQUS/Explicit to capture main damage modes of a braided textile com-
posite, while its delamination was modelled by employing cohesive-zone elements. Load- and energy-time
curves were obtained both experimentally and numerically. The predicted levels of peak forces and absorbed
energy were found to agree with the experimental data. An extent of delamination and damage accumulation in
the braided composite was predicted numerically and analysed; it was found that material responses to repeated
impacts had two types depending on the level of normalised impact energy. The presented modelling capability

could contribute to design of braided composite structures for various applications.
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1. Introduction

Composites reinforced with braided textiles are widely used in
sports protective equipment, automotive components and aerospace
structures thanks to their high structural stability and excellent damage
tolerance [1]. For product design and optimisation purposes, dynamic
behaviour of braided composite structures and their energy-dissipation
ability should be well understood. As a consequence, studies of braided
composites under low-velocity impact loads became important. In re-
cent decades, numerous respective investigations have been carried out,
remains the topic still challenging [1-4]. The main reason is the fact
that failure associated with undulations and interlacing of the braided
structure is difficult to deal with both in experimental measurements
and finite-element modelling. Besides, typical damage modes caused by
low-velocity impacts are barely visible in braided composites [4]. These
features result in complex interactions between many stress and strain
components.

In real life, structural materials are subjected to repeated impacts
more often than single impact, during manufacturing, routine main-
tenance and daily service activities [5]. Although single impact
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generates only minor damage, these flaws can easily accumulate be-
cause of repeated impacts [6-8]. Thus, it is important to study such
accumulating effects of repeated impacts on composite structures [9].
Comparing with many studies on the single-impact response, there are a
few works concerning repeated impacts and damage accumulation
[5,10,11]. Hosur et al. [5] studied the effect of stitching on a composite
subjected to a certain number of repeated impacts with various impact
energies. Belingardi et al. [12] developed an analytical model to de-
scribe a life time of composite materials subjected to repeated impact
loadings. Atas et al. [9] presented an experimental investigation on a
response to repeated impacts of woven E-glass/ epoxy composites with
various thicknesses. Such studies about the behaviour of textile-re-
inforced composites after repeated impacts mainly focused on experi-
ments. Additionally, there is a strong need to develop a FE approach
capable of predicting dynamic behaviour of braided composites, con-
sidering different damage mechanisms, since experiments can be time-
consuming and expensive. Although a few studies employed numerical
simulations to establish the analytical model for glass/epoxy and fibre-
metal laminates (FMLs), the shear-stress influence of the neighbouring
layers on the interface delamination was not considered [2,3,10,13]. To
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the authors’ knowledge, no FE model has been developed for braided
composites to study their response to repeated impacts so far [14].

This work aims at investigating a response of a braided composite to
multiple low-velocity impacts both experimentally and through FE si-
mulations. A multi-scale computational approach was explored and
implemented as a user-defined-material subroutine (VUMAT) for
ABAQUS/Explicit to capture the main damage modes of braided textile
composite. The results obtained with the developed computational
model were compared to original experimental data for drop-weight
tests. The resulting damage accumulation in braided composites is
discussed. The presented modelling capability could contribute to de-
sign of braided composite structures for various applications.

2. Experimental procedure

A braided preform of the studied composite contained carbon-fibre
tows (AKSAca A-42-12Kk); a matrix material was Bakelite® EPR-L20
epoxy resin mixed with EPH-960 hardener at a weight ratio of 100:35,
and the mixture was then degassed for approximately 30 min. The
epoxy resin was injected into the preform employing a vacuum-assisted
resin-infusion (VARI) method before curing for 24 h at room tempera-
ture followed by 15h at 60 °C. The braiding angle in the laminates was
25° and a fibre volume fraction was about 55%. The plates were cut into
pieces with dimensions of 55mm X 55mm X 1.6 mm; each plate con-
sisted of two layers of the braided textile.

The drop-weight test programme was carried out with a 9250HV
Instron Dynatup test system, as shown in Fig. 1. A spike-shape impactor
was chosen considering real-life conditions of sports impact collisions
between football shoes and shin-guards. The impactor had a flat bottom
with a radius of approximately 5mm (Fig. 1(b)) and a weight of
6.164 kg. The testing machine was equipped with an anti-rebound
system to prevent multiple impacts on the tested specimen. The speci-
mens were supported on a pair of pneumatically clamped rings with a
40 mm internal diameter. The low-velocity impact tests were carried
out according to ASTM Standard D 7136. Before testing with repeated
impacts, the perforation threshold of the braided composite plates (E,)
was evaluated, which was around 12 J in average. Then, repeated low-
velocity impact tests were carried out with different impact energies

Fig. 1. (a) Drop-weight impact test setup with (b) spike-shape impactor and (c)
plate braided composite specimen.

(2J, 3J, 4J and 6 J); this was achieved by varying the initial height of
the impactor with a constant mass. For each specimen, the impacts
were repeated at least 20 times and stopped if perforation occurred.
Five specimens were tested for accuracy at each impact energy level.

All the specimens were inspected post-test with X-ray micro-com-
puted tomography (Micro-CT) measurements using a Metris 160H-XT
XCT system to investigate the extent of the internal damage and dela-
mination. Each scan was conducted at 60kV and 150 pA using a
tungsten target, with 2650 radiography projections taken over the 360°
rotation for each specimen at an exposure of 500 ms.

3. Experimental results and discussion
3.1. Behaviour of braided composites under repeated impacts

The experimentally obtained load and internal energy responses of a
braided specimen up to 20 repeated impacts with the impact energy of
2J are shown in Fig. 2. For each impact, a roughly similar response was
observed, and the impact duration time was identical. Under the first
impact, oscillations of the load-time curve suggest the initiation of
progressive failures in the material. After that, impact force has a re-
latively smooth curve with an increasing peak-load value. The energy-
dissipation processes were also stable as shown in Fig. 2(b). The ab-
sorbed energies vary in a narrow range, indicating a slow damage-ac-
cumulation rate. Hence, braided composites performed robustly under
repeated impacts with such a low impact-energy level.

In contrast, load- and energy-time curves of the braided composites
under repeated 6J impacts until final perforation exhibited another
type of response: the peak load increased slightly after the first impact,
then dropped down afterwards (Fig. 3). The sharp reduction of the
impact force at the third strike is attributed to the occurrence of the
fibre damage in yarns. The specimen dissipated more energy during
successive impacts, leading to shrinkage of rebound energy. Once per-
foration occurs, there is no kinetic energy for rebound of the impactor.
Hence, all of the impact energy is absorbed because of composite da-
mage. It was also noticed that the engagement time between the
composite and the impactor, governed by the friction forces and de-
flection, was longer with an increasing number of impacts.

In order to further investigate the effects of impact energy on
braided composites under repeated impacts, the peak-force evolution
was studied (Fig. 4). It can be observed that this peak increased during a
few initial impacts as a result of a compaction process. The impactor
contacted with a relatively softer matrix at the first few impacts and
with the stiffer fibre-reinforced phase subsequently. The compaction
process provides a stiffer surface with higher local fibre concentration
for subsequent impacts, resulting in a higher peak load [15]. After the
compaction, the peak force maintained a plateau for the impact energy
of 2 and 3J, indicating that at least 20 impacts were insufficient for
fibre breakage and perforation. For impact energy higher than 3J, a
sharp reduction of peak force can be seen with an increasing number of
impacts. Owing to propagation of damage and the stiffness loss, the
maximum number of allowable impacts dropped down.

In addition, trends for impact-bending stiffness and maximum de-
flection during repeated impacts are presented in Fig. 5. The former was
defined by the slope of the ascending section of the load-displacement
curves; it represents the stiffness of composites under impact-induced
bending in the beginning of the impact process. The maximum deflec-
tion means the maximum displacement of the impactor during each
impact, reflecting the deformation of the composite specimen in the
drop-weight test. For the impact energies of 2 and 3J, it is obvious
(Fig. 5) that the tested braided-composite plates have good impact re-
sistances without a significant loss of bending stiffness. The maximum
defection in these cases increased slightly with a similar rate. However,
under impacts with energy larger than 3J, the bending stiffness de-
creased dramatically, and the maximum deflection increased as a result
of the bending-stiffness loss. The results also indicate that damage
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Fig. 2. (a) Load-time and (b) energy-time responses of braided composite plate under repeated 2 J impacts.

accumulation accelerated as the impact number increased.

According to Blingardli et al. [12], the normalised impact energy
can be defined as the ratio of impact energy and perforation threshold
(Ei/E,) for a given material. Depending on the normalised impact en-
ergy, responses of the braided composite to repeated impacts can be
classified into two groups based on the obtained results. In the first
group, a low damage accumulation rate was observed when
Ej/E, < 0.25 (cases with impact energies of 2J (E/E, = 0.17) and 3J
(Ei/E, = 0.25)). For another group, damage grew rapidly if E;/E, > 0.3
in this study (4J (E/E, = 0.33) and 6 J (E;/E, = 0.5)).

Differences of these two groups can also be reflected in terms of
energy absorption. In a low-velocity impact, a part of the impact energy
converts into the kinetic energy of the impactor’s rebound, while an-
other part is dissipated by a composite specimen. The fraction of ab-
sorbed energy is illustrated in Fig. 6. When E;/E, < 0.25, the absorbed
energy decreased initially, then remaining nearly constant [15]. At the
initial few impacts, the absorbed energy fraction decreased due to the
compaction process with the specimen becoming tougher, less energy
was able to dissipate at the ensuing impacts [16]. After the compaction
process, the absorbed energy kept at a constant level, meaning that
approximately the identical amount of energy was absorbed because of
material damage for each impact. According to Fig. 6, more energy was
absorbed after the second impact when E;/E, > 0.3. This was due to
catastrophic damages taking place after a certain number of impacts.
For instance, a quick damage accumulation might lead the fabric yarns
on the back surface to fail in tension. A high damage-accumulation rate
also corresponds to increased duration, lower peak load, and reduced
stiffness. The perforation took place when the absorbed energy fraction
was close to 1.

The term “damage accumulation” refers to evolution of damage in
composites, specifically related to initiation, propagation or increase in
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density of cracks. It may also refer amount of energy that the system can
dissipate. It is important to access the localization of impact-induced
damage and design lay-ups and geometries of composites in order to
optimise their structural behaviours. Two parameters were used to
quantify damage accumulation by other authors. The one is the damage
accumulation (DA) parameter introduced by Berlingardi [12,17], an-
other is the damage index (DI) proposed by Amaro [18]. DA, mon-
itoring a range of the penetration process in thick laminates, is also
applied in case of repeated impact tests to get information on the rate of
damage accumulation and on the onset of severe damage modes; It is
defined as
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Fig. 3. (a) Load-time and (b) energy-time responses of braided composite plate under repeated 6 J impacts.
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DA = AEFam—ax,

% M
where 6,4, is the maximum deflection for each impact (as shown in
Fig. 5(b)) and g, is the critical deflection value at perforation (obtained
from experiments) is the absorbed energy fraction (as presented in
Fig. 6). DI estimates a degradation level of the composite laminates
subjected to repeated impacts, which is proposed as
DI = 1_%.

Eips (2)

In Eq. (2), Ej}; and Ej are the current and initial (for an undamaged
specimen) impact bending stiffness. Therefore, DA and DI are both non-
dimensional quantities, with values between 0 (for undamaged mate-
rial) and 1 (for failed material, at perforation).

The DA and DI values calculated for four impact energies are pre-
sented in Fig. 7. Trends for both DA andDI prove that the damage ac-
cumulation has two different patterns for the mentioned two groups. At
impact energies of 2 and 3 J, the damage of tested composite cumulated
slowly with an identical pace. For impact energy above 3J, damage
inside the composites increased considerably after each impact. The
initiation of fibre failure is reflected in Fig. 7 through an upsurge of
both DA and DI values. A larger impact energy resulted in the higher
damage-accumulation rate.

3.2. Damage morphology and delamination under repeated impacts
Together with analysis of mechanical response of the composite to

repeated impacts, it is also important to investigate the damage modes
and their effects on damage accumulations. Barely visible impact

damage (BVID), as a typical damage mode in layered composite ma-
terials, can be characterised with Micro-CT scans. Delamination was
observed clearly in the cross-section Micro-CT images as a darker zone
in Figs. 8-11 (translucency was applied to plies in order to visualize all
the damaged interfaces). In addition, surface morphology of tested
specimen was also captured and shown in Figs. 8-11 at the same scale
as cross-section images. The centre of strike location is positioned at the
centre of these figures. The border colour of each image denotes the
respective section view of the specimen: green border indicates the
plane 1-2; blue - the plane 2-3 and olive - the morphology of the
surface 1-2.

Fig. 8(a)-(c) show delamination of the specimen after repeated 2J
impacts. Apparently, no obvious delamination occurred after the first
impact; instead, micro-cracks were generated in the matrix-rich zones
within interlaced yarns situated around the contact point (Fig. 8(d)).
After the second strike, a small range of delamination was captured
(Fig. 8(b)). Therefore, the onset of micro-cracks was the first damage
mode under repeated impact. Due to a slow damage-accumulation
process, the delamination was limited even after 20 impacts. Further-
more, no macroscopic cracks and fibre failure were observed on the
surface of the tested specimen (Fig. 8(d)). It indicates that BVID was the
main failure mode of the braided composite at impact energy of 2 J.

At impact energy of 3 J, delamination, with a symmetrical dumbbell
shape, was observed after the first strike (Fig. 9(a)). Fig. 9(b) and (c)
show that this delamination area did not grow too much during the
initial four impacts. In contrast to damage caused by 2 J impacts, slight
yarn debonding and fibre rupture were observed at the specimen’s
surface after the 20th impact. Fig. 9(d) illustrates that propagation of
delamination led to the growth of inter-yarn cracks. As a consequence,
yarn debonding and macroscopic cracks formed on the surface. Al-
though only BVID occurred at such a relative low impact energy, se-
verer damage modes can be generated due to damage accumulation
with impacts; the damage modes include plastic deformation, delami-
nation and matrix cracking [17]. Damage within the composites in
various modes were regarded as important mechanisms to dissipate
energy for braided composites under impact loading. Mouritz et al. [19]
inferred that reduction of interfacial shear strength after each impact
led to accumulation of matrix cracking, debonding and delamination.

After first four strikes with energy of 4 J, the cracks propagated to
the surface of the specimen as a result of delamination and inter-yarn
debonding (Fig. 10). The shape of delamination was similar to that of
3J impacts. On the surface, macro-cracks aligned along the long-
itudinal yarn direction were also visible, as a result of initial damage
induced by bending [20]. It is noticed that fibres in the interlacing
yarns broke after 13 impacts, while the delamination and inter-yarn
cracks also accumulated. When propagation of cracks is constrained by
interlaced yarns, more energy is needed to activate the fibre-failure
mode. Hence, the damage-accumulation rate obviously accelerated at
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Fig. 9. Micro-CT images of tested braided composite plate under repeated 3 J impacts: (a)—(c) interface delamination, (d) micro-cracks; (e) surface morphology.

this impact-energy level. It is believed that the reduction of bending
stiffness is attributed to the extent of impact damage in the specimen,
such as delamination and matrix cracking [9]. Above results confirm
that the fibre breakages and additional matrix cracks resulted in the
sharp reduction in stiffness and contact force, as observed in Figs. 4 and
5(a).

If the impact energy is large enough, multiple impact-damage
modes, including matrix cracking, delamination and fibre breakage,
occur almost simultaneously after one impact. As shown in Fig. 11(a),
the delamination area clearly showed a dumbbell shape after a 6J

impact, propagating along the yarn directions. After a subsequent im-
pact, interfacial cracks start to propagate along the transverse direction
with a “W” shape pattern due to hindrance of the interlacing yarns. On
the specimen’s surface, longitudinal macroscopic cracks were easily
visible after the second impact, while the transverse cracks only oc-
curred on the surface after 6 impacts.

The experimental results revealed that both the impact energy and
the number of impacts were the main factors influencing damage ac-
cumulation in braided composite exposed to repeated impacts.
Depending on the normalised impact energy, material responses to
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repeated impacts had two patterns. The one is a slow damage accu-
mulation corresponding to relatively low normalised impact energies
(Ei/E, < 0.25). With an increasing number of impacts, micro-cracks
initiated within yarns first, leading to delamination. The damage ac-
cumulated so slow that fibre failure mode was only overserved at a
small range after quite a few strikes. Hence, bending stiffness decreased
at a slow rate, irrespective of impact energy. The initial increment in
the peak force is attributed to compaction of a thin and unreinforced
matrix layer on the contact surface. Afterwards, the peak load did not
change significantly with the number of impacts. On the other hand,
repeated impacts with a larger normalised impact energy (E;/E, > 0.3)
can induce severe internal damage [10]. For a rapid damage-accumu-
lation situation, matrix cracking was the first damage mode to occur,
immediately followed by fast delamination propagation. The impact
bending stiffness and peak load dropped dramatically, since fibre rup-
tures reduced the stiffness of the composites. After damage

accumulation, the macro cracks grew rapidly along the yarn direction
and propagated transversely in a “W” pattern with severer fibre rup-
ture.

4. Finite-element modelling of repeated drop-weight impact

The braided composite was modelled employing a multi-scale
modelling approach, with information being passed across length-scales
[21]. Our previous work [22-25], involving a microscopic model,
consisting of hexagonally arranged carbon fibre filaments and poly-
meric matrix, provided the necessary material constants for the fibre
tow. Subsequently, a meso-scale unit cell was used to describe the
braided architecture of the fibre bundles and to provide material
properties for the macro-scale model. Here, a crucial part of the multi-
scale strategy, a physically-based macroscopic model for braided tex-
tile-reinforced composites, is presented.



4.1. Progressive damage failure analysis

The Hashin’s damage criteria [26,27] are used to model the damage
in composites. After damage initiation, the response of the material was
computed according to a damage-evolution law based on stress-dis-
placement behaviours of six failure modes. The values of initiation
damage criteria @; for each type of failure mode I are as follows:
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In Egs. (3)-(8), Xr, ¥r and Z; denote tensile strengths in the long-
itudinal (X), transverse (Y) and through-thickness (Z) directions of the
braided composite, respectively. Xc, Yo and Z. are compressive
strengths in the X, Y and Z directions of the composite, respectively. In
indices of stress and strain components, 1, 2 and 3 directions are used to
described X, Y and Z, respectively. Hence, S;,, Si3 and Sy; signify in-
plane and two out-of-plane shear strengths, respectively. The effective
normal and shear stress components are denoted by o; and 7
G,j =1, 2, 3;i # j), respectively.

For undamaged and elastic orthotropic composite materials, the
stress-strain relationship can be written as

Table 1
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where o; and 7; are normal and shear stresses, &; and y; are normal and
shear strains, C; are the stiffness coefficients. According to continuum
damage mechanics (CDM), in a finite-element (FE) method, the damage
was considered distributed continuously in a finite element, and the
ply-damage models assumed that when the values in the initiation
damage criteria @; were equal to unity, the local stiffness of material Cj;
degraded. When the constituents of material failed in an element, it
dissipated energy equal to its elastic energy. According to Lapczyk and
Miami’s approach [21,27,28], a characteristic element length was in-
troduced into the expression to solve a mesh-dependence problem. The
equivalent displacement at failure point Xe{; was defined as follows:
Xy = el (10)
where | is the characteristic length of the element and ¢ is the
equivalent failure strain of failure mode I. Thus, degradation of stiffness
tensors was characterized by a damage matrix, C (D), defined by in-
ternal damage variables d; associated to different failure modes I [29].
The damage variable of each failure mode is expressed by the following
equivalent displacement:

XY (Xt -xe
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In Eq. (11), X, and XQ; are the initiation and full-damage equivalent
displacements of failure mode I, respectively. Xg, and XZI can be cal-
culated with the following equations [30]:

I

xh= =,
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Here, @ is the value of the initiation damage criteria. G; and af;
denote the fracture energy density and the initiation damage equivalent
stress of failure mode I, respectively. The initiation equivalent stress ae{;

can be calculated from the following equation:

I
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In Egs. (11)-(14), the equivalent stress agq and the equivalent dis-
placement Xe[q associated to the different failure modes are expressed in
Table 1. The equivalent displacements of initiation damage listed in
Table 1 have the similar forms with Eq. (10).
Therefore, the damage evolution equation is associated with the
characteristic element length, local strain and fracture energy of the
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braided-composite constituents. The damaged stiffness matrix C (D) can
be expressed in a matrix form by using the components of undamaged
stiffness matrix and the principal values of the damage tensor D; ac-
cording to the Murakami-Ohno damage model [31]. It can be presented
more explicitly as follows:

biCy bbrCry brbzCiz 0 0 0
bZCy,  brbyCy 0 0 0
cD) = b3C;; 0 0 0 ’
sym brrCays O 0
brzCss 0
bz1Ces

@15)
where bL =1-Dy, bT = 1-Dr, bz = 1-Dy,

b = (24=D0a-DNY | _ (20-DA-Dp)’
LT 2—DL—DT s UTZ 2—DT—DZ s VZL

_(20-D»(-Dy Y’
- 2-D,—Dy,

Cyj (i, j =1, 2, 3) is the component of the undamaged stiffness ma-
trix, Dp = max(dy;, di), Dr = max(dy;, dre), Dz = max(dz, dz.).

4.2. Cohesive-gzone model

Delamination between layers in the composite was simulated with
the interface cohesive-zone model, defined by a traction-separation
constitutive law. This law describes an initial linear-elastic stage until a
damage-initiation condition is satisfied, followed by a linear softening
phase simulating progressive de-cohesion of the interface with in-
creasing damage. According to the law, the area under the traction-
displacement curve represents fracture toughness (the critical energy
release rate) for a specific fracture mode [32]. Complete fracture of the
interface is assumed to occur when the cohesive traction vanishes at the
end of the degradation phase. The evolution of damage in simulations
was monitored by a damage indicator, ranging from 0 for the un-
damaged interface to the value of 1 implying complete de-cohesion of
the interface. The crack was initiated when a stress-based quadratic
interaction criterion was satisfied:

5V (Y (4
(N) *(5) +(§) =b 16)

where t,, t;, t; represent the interface stresses and N, S, T are the in-
terface strengths under mode I (opening), mode II (shear) and mode III
(tearing), respectively. The values of N and S were selected in a pre-
liminary calibration phase based on comparison of experimental data
and results of simulations of the interfacial study [33].

Damage evolution was defined based on fracture energy, and a
linear softening behaviour was utilised. The dependency of fracture
energy on mixed fracture modes was expressed by the widely used
Benzeggagh-Kenane formulation [34]:

c c 7

G =Gf + (Gf—Gf){icGS +CG‘ c} ;

G, + Gy + G a7)

where G, G; and G, are the work done by tractions and their conjugate

relative displacements corresponding to modes I, II and III, respectively.

The power, 7, is a material parameter, selected as 1.45 for a carbon-
fibre composite [35].

4.3. Drop-weight test model
The braided composite plate was modelled as a homogeneous ma-

terial in a macroscopic formulation, as shown in Fig. 12. The circular
pneumatic clamps used in the testing machine were simulated as rigid

bodies (R3D4) with their original geometry. The nodes at the model’s
periphery were fixed in all directions to mimic the experimental pro-
cess, where the composite plate was pneumatically clamped, as marked
in Fig. 12. The dimensions of the model were the same as of the em-
ployed experimental setup. The spike-shaped impactor was modelled as
a rigid body with a lumped mass equal to the mass used in the ex-
perimental programme. A general contact algorithm was defined with
appropriate contact-pair properties to represent the contact between
the impactor and the composite-plate surface. Levels of initial velocity
in the vertical direction are prescribed for the impactor, resulting in the
corresponding impact energy of 2, 3, 4 and 6 J. the impactors impacted
and rebounded successively, with the same initial velocity. For each
impact energy level, the drop-weight impact was repeated for six times.
The material properties used in this study are listed in Table 2.

In this study, an element-based cohesive zone (ECZ) modelling
technique was adopted. In the ECZ model, cohesive elements (COH3D8)
with thickness of 0.0l mm were inserted between two plies of the
composite. These cohesive-zone elements shared the nodes of the ad-
jacent composite layers. To consider out-of-plane stress components, 3D
stress elements (C3D8R) were incorporated in the composite layers
instead of shell elements in the ECZ model. Here, the impact-induced
damage was modelled by implementing a user-defined 3D damage
model (Egs. (1)-(10)) in a VUMAT subroutine of ABAQUS/Explicit.

4.4. Simulation results and discussion

FE predictions and experimental results were compared in terms of
the global response and delamination damage for four impact energy
levels. The global responses of the composite were mainly characterised
with regard to the peak impact force, absorbed energy and damage
accumulation. Fig. 13 gives examples of the representative load- and
energy-time curves obtained by both experimental and numerical
methods when the impact energy keeps 3 J. In fact, for all the impact
energy levels studied herein, the predicted levels of peak forces and
absorbed energy were found to agree well with the experimental data,
not only for the initial impact, but also after 6 times of impacts.

Computational results for six times impacts at impact energy of 2 J
are presented in Fig. 14. The trends of global responses are well cap-
tured reasonably by the simulations. The peak load and absorbed en-
ergy keep their stable levels after repeated impacts. The predicted ab-
sorbed energy is slightly lower than that from experimental
observations, indicating that the internal damage of the composites (i.e.
matrix cracking failure) was underestimated at impact energy of 2 J. At
this impact energy level, nearly constant damage-accumulation para-
meters were obtained both experimentally and numerically, which is
consistent with the fact that no significant accumulation of damage
occurred except for initial specimen indentation. Meanwhile, a sym-
metrical dumbbell-shape delamination area was captured with the de-
veloped FE method. It is obvious that the damage contours are mainly
along the longitudinal direction. This also agreed well with the ex-
periments where matrix cracks initiated around the impact area and
propagated along the yarns direction. According to Fig. 14(d), the de-
lamination area increased slightly after repeated impact with stable
shapes.

The results predicted for impact energy of 3J are shown in Fig. 15.
Overall, the trends of FE results are reasonable, compared with the
experimentally obtained peak loads and absorbed energy. Damage ac-
cumulation from the FE simulation was higher because, in the repeated
impacts, failure elements have lower stiffness to bear impact loading.
Since the impactor was in contact with the relatively soft material, the
extent of deformation was more obvious in simulations. The delami-
nation area increased significantly after two strikes, and then grew
slightly for the subsequent impacts. This phenomenon was confirmed
by micro-CT scans as well. Wyrick et al. [37] also reported that the
main damage in carbon/epoxy composites occurred during the few
initial impacts, and subsequent impacts led to smaller damage
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Fig. 12. FE drop-weight impact model with spike-shape impactor: from meso-scale to macro-scale model.

Table 2
Material properties used in FE model.

Layer properties [22-25]
(A-42/1.20)

Ey = 36.37 GPa; Exy = 7.4 GPa, E33 = 7.07 GPa; v12 = 1.19; v13 = 0.026; v23 = 0.29; G12 = 16.31 GPa; G13 = 2.72 GPa; G23 = 2.31 GPa;
X; = 591.57 MPa; X, = 400 MPa; ¥; = 200 MPa; Y, = 275MPa; Z; = 190 MPa, Z, = 270 MPa;

Gp = 81.5kJ/m> Gp = 100kJ/m? Gpr = 33kJ/m? Gpe = 33kJ/m?

Layer interface properties [24,35,36] kn = 289 GPa/mm; ks = kr = 200 GPa/mm
N =58.3MPa; S =T = 62.3 MPa;

Gre = 350J/m% Gre = Gre = 1000 J/m?

increments. Both compression closure and highly localized damage
resulted in a saturation of delamination area. In addition, this indicates
that the energy absorbed in delamination was less significant after a
certain number of strikes. Instead, other types of damage, including
matrix cracking, fibre fracture and even perforation, were generated
[38]. Specifically for textile composites, the growth of delamination
area was also restricted by their high structural integrity [6,30].

For the impact energy of 4J, the FE model demonstrated its
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capability to capture a response of the braided composite to repeated
impacts, with a good correlation with the experimental observations. In
Fig. 16, both increasing trends for the peak force and damage accu-
mulation are captured by the developed numerical method. For six
impacts, the absorbed energies still keep its flat trend, indicating that
there is no fibre failure mode induced in the composite, and damage
accumulation is slow. Delamination is still the most important damage
mode in the composite material to dissipate energy at this impact-
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Fig. 13. Representative energy-time and load-time responses of braided composite plate under 3 J repeated impact: (a) and (b) the 1st impact; (c) and (d) the 6th

impact.
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energy level. The predicted delamination shape agreed well with the
images acquired with CT-scans, as shown in Fig. 16(d). The area of
delamination increased with the impact energy, and was close to a
saturation value after three strikes. Azouaoui et al. [38] suggested that
delamination saturation appeared when there was no new damage
developed so that the propagation of delamination stopped after a
certain number of impacts.

The predicted areas of delamination were quantified and plotted as

a function of impact energy (Fig. 17); apparently, higher impact energy
leads to a larger delamination area. Generally, the interface damage
propagated rapidly in the second impact, and continued to increase in
smaller increments under subsequent impacts. Therefore, the trend for
the delamination area can be fitted as an exponential curve, as pre-
sented in Fig. 17. This trend agreed well with other experimental works
[6,30,39,40], stating that after a certain number of impacts delamina-
tion area does not increase significantly. It is also noted in our previous
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studies [23,25] that the performance of braided composites strongly
depends on interface properties. For protective applications, interfacial
shear strength and fracture toughness of fibre/matrix interface are key
to optimize energy absorption performance, as well as structural in-
tegrity, of braided composites. With a successfully developed multi-
scale modelling capability, it is possible to link individual component
with performance of final composite products, which enhanced design
of such composite materials.

5. Conclusions

The responses of the braided composite to repeated low-velocity
impacts were investigated both experimentally and with FE simula-
tions; the impact-energy level ranged from 2 J to 6 J. The experimental
results show that material responses to repeated impacts have two types
depending on the normalised impact energy. Referring to relatively low
normalised impact energies (E;/E, < 0.25), bending stiffness decreased
with a slow rate with subsequent impacts. The peak load did not change
significantly after a slight increment at the initial few impacts, which

was the result of the compaction of the unreinforced matrix layer.
Almost the same amount of energy was dissipated for each impact. On
the other hand, a larger normalised impact energy (E;/E, > 0.3) can
induce server internal damage, with more energy absorbed. The impact
bending stiffness and the peak load diminished dramatically in this
case, since the fibre breakage decreased the local rigidity at the impact
point.

In addition, damage accumulation of braided composites associated
with different failure modes was also evaluated. These mechanisms are
micro-cracks, delamination, matrix failure, fibre breakage and, un-
iquely for the braided composite, inter-yarn debonding. When impact
energy was low, micro-cracks were initiated within yarns first, leading
to the dominant failure mode of delamination. The damage accumu-
lated so slow that the fibre-failure mode could be only observed at a
small range after quite a few strikes. In contrast, under impacts with a
higher energy, matrix cracking was the first damage mode, immediately
followed by fast delamination propagation. After swift damage accu-
mulation, the macro cracks grew rapidly along the yarn direction and
propagated transversely in a “W” pattern with severer fibre ruptures.

Furthermore, finite-element modelling capability for analysis of
repeated impacts was presented. The computed results show reasonable
agreements with the original experimental data in terms of peak load,
absorbed energy and maximum deflection of each impact. The damage-
accumulation factors with increasing trends were also predicted by the
FE method. Applying element-based cohesive-zone models, delamina-
tion areas can be predicted; the numerical results showed that dela-
mination propagated rapidly after the first impact. In successive im-
pacts, the delamination area increased at a lower rate, finally moving to
a saturate value.
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