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1. Introduction

Composites reinforced with braided textiles exhibit high structural
stability and excellent damage tolerance thanks mostly to yarn
interlacing. With their high stiffness-to-weight and strength-to-
weight ratios, braided composites are attractive materials for aerospace
and automotive components as well as sports protective equipment
[1–2]. Sports activities always have a potential risk of injury from im-
pacts and collisions. In order to reduce this risk, protective equipment
is designed, usually with a rigid outer shell and a soft liner (e.g. helmets
and shin guards). Braided textiles composites were considered for the
outer shell to improve its protective performance under low-velocity
impacts. To enhance material design for such applications, a study of
braided composites under impact loads becomes crucial [2]. Specifically
for the components in sports-protection applications, energy-
absorption capability is of a greater importance in contrast to structural
integrity as in other structural applications.

Although extensive experimental and analytical studies demonstrated
the materials response, damage morphologies and residual strength of
composites subjected to a variety of low-velocity impact conditions
[3–7], limited studies have been aimed at elucidating energy-absorption
mechanisms of braided composites. In addition, barely visible internal
damage (BVID) caused by low-velocity impact condition is difficult to
detect experimentally and may often be overlooked with disastrous con-
sequences. Therefore, there is a strong need to develop robust finite-
element (FE) models capable of predicting dynamic behaviour of braided
composites, considering multiple damage mechanisms [2–8]. Once suc-
cessfully developed, the models can then be used to study and design
structures under various impact conditions in sports scenarios that are ei-
ther difficult or time-consuming to reproduce by experimental studies.

Recently, several numerical studies were focused on prediction of an
impact response and, in particular, delamination induced in composites
during impacts. For this, a virtual crack closure technique (VCCT) and
cohesive zone models (CZM) were used widely to model processes at
the composite interface. However, the VCCT is known to be sensitive
to time increments in simulations and requires an assumption of a
pre-existing crack (which may not be physically relevant). In contrast,
the CZM combines strength-based criteria used to predict damage initi-
ation with fracture energy criteria to simulate damage propagation,
yielding acceptable results with fewer limitations [9]. Generally, the
CZMuses surface- and element-based approaches. In the former, the in-
terface is regarded as interaction between two adjoining surfaces, and
thickness of the interface is neglected. Long et al. [10] and Qiu et al.
[11] successfully developed a cohesive interaction scheme for predic-
tion of initiation and propagation of delamination during impact.
Zhang et al. [12] reduced the computation time by using a quasi-static
load with a surface-based cohesive contact model available in the
ABAQUS FE software package. In the element-based method, COH3D8
cohesive elements (available inABAQUS)were inserted at the interfaces
between composite layers. Using this approach, Feng et al. [13] investi-
gated the influence of simulated intra-laminar damage modes on pre-
diction of interface delamination. Kim et al. [14] studied the effect of
delamination damage on performance of a whole structure. Although
both approaches are acceptable, there is a lack of systematic studies to
compare their advantages and shortcomings.

Modelling schemes based on continuum damage mechanics (CDM)
models were adopted in the past few years to represent intra-laminar
damage (such as matrix cracking and fibre fracture) developing in
laminates under impact loading [15]. Planar CDM degradation models
controlled by energy-dissipation constants were implemented in the
ABAQUS/Explicit and DYNA3D FE codes for predicting the impact
damage resistance of woven composite laminates [13,16]. The approach
is popular because of its relative simplicity and acceptable results;
however, some studies claimed that the normal stress in the through-
thickness direction was neglected, therefore 3D stress and strain states
with the use of a user-defined subroutine were adopted [17].
Continuum 3D stress elements were applied in these studies instead
of shell elements tomodel composite plies. In summary, a large number
of factors affect the impact behaviour of composites, making its numer-
ical modelling a challenge [9–17]. As a result, a universal numerical ap-
proach, accounting for the impact load, energy and damage evolution
during impact, is currently lacking.

This work aims at investigating a response of braided composite to
low-velocity impacts both experimentally and through FE simulation.
Capabilities for evaluation and prediction of energy absorptionwere de-
veloped to estimate better protection performance of the material.
Macro-scale models of braided textile reinforced composites are pre-
sented as a part of multi-scale approach. It is used to study composite
fracture and delamination under impact using ABAQUS/Explicit. Specif-
ically, both surface- and element-based cohesive-zone models were
analysed. The effect of out-of-plane stress component on the global
response of the studied composite during impact was investigated by
adopting plane and 3D CDM formulations. The damaged samples were
characterizedwith X-raymicro-topography scanning. The experimental
data were compared to results from analytical models and FE simula-
tions, and themain energy dissipationmechanisms of the braided com-
posite were discussed. Finally, as a case study for numerical evaluation
of a sports product, the developed FE model was applied to predict the
impact-attenuation performance of a shin-guard structure made of a
braided-composite shell.

2. Experimental work

A braided preform of the studied composite contained carbon fibre
tows (AKSAca A-42-12k); 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
temperature followed by 15 h at 60 °C. The braiding angle in the
laminates was 25° and a fibre volume fraction was about 55%. In sports
applications, thickness of an outer shell in protective equipment is usu-
ally below 2 mm to reduce the weight. Hence, in the current work, the
plates were prepared with dimensions of 55 mm × 55 mm × 1.6 mm.
Each plate consists of two layers of the braided textile.

The drop-weight test programme was carried out with a 9250 HV
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 has a flat bottom
with a radius of approximately 5 mm (Fig. 1(b)) and a weight of
6.164 kg. The testing machine was equipped with an anti-rebound sys-
tem to prevent multiple impacts on the tested specimen. The low-
velocity impact tests were carried out according to ASTM Standard D
7136, with different impact energies (3 J, 6 J and 9 J); this was achieved
by varying the initial height of the impactor with a constant mass. The
specimens were supported on a pneumatically clamped ring with a
40 mm internal diameter. The ratio of a diameter of an area of the
clamped sample exposed to the impact to the diameter of impactor's
bottom was 4. Magnitudes of time, energy, force, deflection, and velocity
were recorded automatically by the system.

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

A shin-guard structure consists of a composite shell and an elastic-
foam liner. In this study, a flat-shaped specimen was prepared, as illus-
trated in Fig. 2. The shell wasmade of the studied±25° bi-axial braided
composite. The backing layer (PORON® XRD™ Extreme Impact Protec-
tion) was a type of commercial foam with the thickness of 2 mm. As
shown in Fig. 2, the supporting material was made of silicone rubber



Fig. 1.Drop-weight impact test setup (a)with spike-shape impactor (b) and plate braided
composite specimen (c).
(GLOBAL RTV 66, Singapore) with the hardness of 60 durometer (Shore
A) to imitate a human body. An impact-attenuation test was carried out
using a twin-wire guided vertical impactor (Cadex Inc., Quebec,
Canada). The impactor setup included a supporting anvil, a flying arm
and a measurement system. The test was designed according to ASTM
F355-16 and F1631-95 standards. A hemispheric impactor with the di-
ameter of 15 mm was used. The total mass of the moving assembly
(theflying armand the impactor)was 5.468kg. The test systemwas cal-
ibrated with a 12.7 mm thick hard rubber Modular Elastomer Pad
(MEP). TheMEPwas then replaced with thementioned silicone rubber,
with the same hardness, as supporting material on a steel anvil, as
shown in Fig. 2. Upon impact, an instantaneous accelerationwas record-
ed and an impact velocity was measured; two impact energy levels (4 J
and 6 J)were tested. Each experimentwas repeated three times. The ac-
celeration and load-cell data were recorded every 20ms. In this test, the
normalised acceleration (deceleration) G was defined as a ratio of the
magnitude of missile's deceleration during the impact a to the accelera-
tion of gravity g [18,19]; hence,G is dimensionless.Gmax is themaximum
value of G, and the impact attenuation factor η was calculated with

η ¼ Gsample
max

GMEP
max

; ð1Þ

where Gmax
sample and Gmax

MEP are the Gmax values of the specimen and of the
MEP or equivalent silicone material [18,19].
Fig. 2. Illustration of a shin-guard structure specimen in the impact attenuation test.
modelling approach, with information being passed across length-
scales [20]. Our previous work [21,22], involving a microscopic model,
consisting of hexagonally arranged carbon fibre filaments and polymer-
ic matrix, provided the necessary material constants of 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 of braided textile-reinforced
composites, is presented.

3.1. Progressive damage failure analysis

The Hashin's damage criteria [23,24] are used to model the damage
appeared within composites. After damage initiation, the response of
the material was computed according to damage evolution law based
on stress-displacement behaviours in six failure modes. The values of
initiation damage criteria∅I for each type of failuremode I are as follow:

Fibre tensile failure in longitudinal direction ∅L
t: (σ1≥0)

∅t
L ¼

σ1

XT

� �2

þ α
τ212
S12ð Þ2

þ α
τ213
S13ð Þ2

¼ 1 ð2Þ

Fibre compressive failure in longitudinal direction ∅L
c: (σ1b0)

∅c
L ¼

σ1

XC

� �2

¼ 1 ð3Þ

Matrix tensile failure in transverse direction ∅Y
t : (σ2≥0)

∅t
Y ¼ σ2 þ ασ3

YT

� �2

þ α
τ223−σ2σ3

S23ð Þ2
þ τ212

S12ð Þ2
þ α

τ213
S13ð Þ2

¼ 1 ð4Þ

Matrix compressive failure in transverse direction ∅Y
c: (σ2b0)

∅c
Y ¼ YC

2S23

� �2

−1

" #
σ2 þ ασ3

YC
þ σ2 þ ασ3

2S23

� �2

þ α
τ223−σ2σ3

S23ð Þ2

þ τ212
S12ð Þ2

þ α
τ213
S13ð Þ2

¼ 1

ð5Þ

Matrix tensile failure in thickness direction ∅Z
t : (σ3≥0)

∅t
Z ¼ σ2 þ σ3

ZT

� �2

þ τ223−σ2σ3

S23ð Þ2
þ τ212

S12ð Þ2
þ τ213

S13ð Þ2
¼ 1 ð6Þ

Matrix compressive failure in thickness direction ∅Z
c: (σ3b0)

∅c
Z ¼ ZC

2S23

� �2

−1

" #
σ2 þ σ3

ZC
þ σ2 þ σ3

2S23

� �2

þ τ223−σ2σ3

S23ð Þ2
þ τ212

S12ð Þ2

þ τ213
S13ð Þ2

¼ 1

ð7Þ

In Eqs. (2)–(7), XT, YT and ZT denote tensile strengths in the longitu-
dinal (X), transverse (Y) and through-thickness (Z) direction of braided
composite, respectively. XC, YC and ZC are compressive strengths in the X,
Y and Z direction 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, S12, S13 and S23 signify in-plane and two out-of-
plane shear strengths, respectively. The effective normal and shear
stress component are denoted by σi and τij (i, j=1,2,3; i≠ j), respective-
ly. A plane-stress factor in each mode is represented with α. When the

3. Finite-element modelling

The braided composites were modelled employing a multi-scale



Table 1
Equivalent displacements and stresses corresponding to different failure modes.

Failure mode I Equivalent displacement Equivalent stress

Lt, σ1 ≥ 0
XLt
eq ¼ l

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε112 þ ε212 þ αε231

q l(〈σ11〉〈ε11〉+σ12ε12+ασ13ε13)/Xeq
Lt

Lc, σ1 b 0 Xeq
Lc= l〈−ε11〉 l(〈−σ11〉〈−ε11〉)/Xeq

Lc

Yt, σ2 ≥ 0
XYt
eq ¼ l

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε222 þ ε212 þ αε223

q l(〈σ22〉〈ε22〉+σ12ε12+ασ23ε23)/Xeq
Yt

Yc, σ2 b 0 Xeq
Yc= l〈−ε22〉 l(〈−σ22〉〈−ε22〉)/Xeq

Yc

Zt, σ3 ≥ 0
XZt
eq ¼ l

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε332 þ ε223 þ ε231

q l(〈σ33〉〈ε33〉+σ23ε23+σ13ε13)/Xeq
Zt

Zc, σ3 b 0 Xeq
Zc= l〈−ε33〉 l(〈−σ33〉〈−ε33〉)/Xeq

Zc

〈x〉 = (x + |x|) / 2.
through-thickness stress component is ignored, α=0, otherwise, in a
three-dimensional case, α=1.

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

σ11
σ22
σ33
τ12
τ23
τ13

8>>>>><
>>>>>:

9>>>>>=
>>>>>;

¼

C11 C12 C13
C21 C22 C23
C31 C32 C33

0 0 0
0 0 0
0 0 0

sym
C44 0 0

C55 0
C66

2
666664

3
777775

ε11
ε22
ε33
γ12
γ23
γ13

8>>>>><
>>>>>:

9>>>>>=
>>>>>;
; ð8Þ

where σij and τij are normal and shear stresses, εij and γij are normal and
shear strains, Cij are stiffness coefficients. According to continuum dam-
agemechanics (CDM) in a finite-element (FE) method, the damagewas
considered continuously distributed over finite element, and the ply
damage models assumed that when the values in the initiation damage
criteria∅Iwas equal to unity, the local stiffness of material Cij 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 [24,26], a characteristic element length was introduced to
the expression to solve a mesh-dependence problem. The equivalent
displacement at failure point Xeqf is defined as follows:

X f
eq ¼ εIf l; ð9Þ

where l is the characteristic length of element and εIf is the failure equiv-
alent strain of failure mode I. Thus, the degradation of stiffness tensors
was characterized by a damage matrix, C(D), defined by internal dam-
age variables dI associated to different failure modes I [25]. The damage
variable of each failure mode is expressed by the following equivalent
Fig. 3. Drop-weight impact FE model with spike-shape
displacement:

dI ¼
XIf
eq XI

eq−XIi
eq

� �
XI
eq XIf

eq−XIi
eq

� � I ¼ Lt; Lc; Yt;Yc; Zt; Zcð Þ: ð10Þ

In Eq. (10), XIi
eq and XIf

eq are the initiation and full damage equiva-
lent displacement of failure mode I, respectively. XIi

eq and XIf
eq can be

calculated with the following equations [27]:

XIi
eq ¼

XI
eqffiffiffiffiffiffi
∅I

p ; ð11Þ

XIf
eq ¼

2GI

σ Ii
eq
: ð12Þ

Here, ∅I is the value of initiation damage criteria. GI and σeq
Ii denote

the fracture energy density and the initiation damage equivalent stress
of failuremode I, respectively. The initiation equivalent stress σeq

Ii can be
calculated from the following equation:

σ Ii
eq ¼

σ I
eqffiffiffiffiffiffi
∅I

p : ð13Þ

In Eqs. (10)–(13), the equivalent stress σeq
I and the equivalent dis-

placement XeqI 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. (9).

Therefore, the damage evolution equation is associated with the
characteristic element length, local strain and fracture energy of the
braided-composite constituents. The damaged stiffness matrix C(D)
can be expressed in a matrix form by using the components of
impactor: from meso-scale to macro-scale model.



Fig. 4. Three modelling strategies: (a) Surface-based Cohesive Zone (SCZ) with shell
elements; (b) Element-based Cohesive Zone (ECZ) with shell elements; (c) ECZ with 3D
stress elements (ECZ3D).
undamaged stiffnessmatrix and the principal values of the damage ten-
sor DI according to the Murakami-Ohno damage model [28]. It can be
presented more explicitly as follows:

C Dð Þ ¼

b2LC11 bLbTC12 bLbZC13

b2TC22 bTbZC23

b2ZC33

0 0 0
0 0 0
0 0 0

sym bLTC44 0 0
bTZC55 0

bZLC66

2
66666664

3
77777775
; ð14Þ

where bL=1−DL, bT=1−DT, bZ=1−DZ,

bLT ¼ ð2ð1−DLÞð1−DT Þ
2−DL−DT

Þ2, bTZ ¼ ð2ð1−DT Þð1−DZ Þ
2−DT−DZ

Þ2, bZL ¼ ð2ð1−DZ Þð1−DLÞ
2−DZ−DL

Þ2,
Cij (i, j=1,2,3) is the component of the undamaged stiffness matrix,

DL=max(dLt,dLc), DT=max(dTt,dTc), and DZ=max(dZt,dZc).

3.2. Cohesive-zone model

Delamination between layers 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
that simulate progressive de-cohesion of the interface with increasing
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 [15]. Complete fracture of the
interface is assumed to occur when 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 undam-
aged interface to the value of 1 implying complete de-cohesion of the
interface. The crackwas initiatedwhen a stress-based quadratic interac-
tion criterion was satisfied:

tn
N

� �2

þ ts
S

� �2

þ tt
S

� �2

¼ 1; ð15Þ

where tn, ts, and tt represent the interface stresses andN, S, and T are the
interface 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 the comparison of experimental re-
sults and simulations of interfacial study [14,29].

Damage evolution was defined based on fracture energy, and a line-
ar softening behaviour was utilised. The dependency of fracture energy
on mixed fracture modes is expressed by the widely used Benzeggagh-
Kenane formulation [30]:

GC ¼ GC
n þ GC

s −GC
n

� � GC
s þ GC

t

GC
n þ GC

s þ GC
t

( )η

; ð16Þ

where Gn, Gs and Gt are the work done by tractions and their conjugate
relative displacements corresponding to mode I, II and III, respectively.
The power, η, is a material parameter, selected as 1.45 for a carbon-
fibre composite [31].
Table 2
Material properties used in FE model.

Layer properties
[21,22](A-42/L20)

E11 = 36.37 GPa; E22 = 7.4 GPa, E33 = 7.07 GPa; ν12 =
1.19; ν13 = 0.026; ν23 = 0.29; G12 = 16.31 GPa; G13 =
2.72 GPa; G23 = 2.31 GPa; Xt = 591.57 MPa; Xc = 400
MPa; Yt = 200 MPa; Yc = 275 MPa; Zt = 190 MPa, Zc =
270 MPa; Gft = 81.5 kJ/m2; Gfc = 100 kJ/m2; Gmt = 33
kJ/m2; Gmc = 33 kJ/m2

Layer interface
properties [31,32]

kN = 289 GPa/mm; kS = kT = 200 GPa/mm; N = 58.3
MPa; S = T = 62.3 MPa; GIc = 350 J/m2; GIIc = GIIIc =
1000 J/m2
3.3. Drop-weight test model

The braided composite plate was modelled as a homogeneous
material in a macroscopic sense. The circular pneumatic clamps
used in the testing machine, shown in Fig. 3, 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 experi-
mental process, where the composite plate was pneumatically
clamped. The dimensions of the model were the same as of the
employed experimental setup. The spike-shaped impactor was
modelled as a rigid body with a lumped mass equal to the mass
used in the experimental 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 3, 6
and 9 J. The material properties used in this study are listed in
Table 2.

In this study, three numerical modelling techniques were
adopted. To explore the appropriate method to model the interface,
both surface- and element-based cohesive zone models were ap-
plied. In the surface-based cohesive zone (SCZ) model, a cohesive
contact algorithm was defined with traction-separation behaviour.
In the element-based cohesive zone (ECZ)model, cohesive elements
(COH3D8) with thickness of 0.01 mm were inserted between two
plies of the composite. These cohesive zone elements shared the
nodes of the adjacent composite layers to moderate the compatibil-
ity issue. In SCZ and ECZ models, continuum shell elements (SC8R)
were used to model the composite plies so that only plane-stress
components were considered in damage mechanics (α=0, in
Eqs. (2)–(11)). Hashin's 2D failure criteria are available as an in-
built option in ABAQUS/Explicit. To consider out-of-plane stress
components, 3D stress elements (C3D8R) were incorporated in
composite layers instead of shell elements in the ECZ model. This
model is henceforth referred to as ECZ3D model. Here, the impact-
induced damage was modelled by implementing a user-defined 3D
damage model (α=1, in Eqs. (2)–(11)) in a VUMAT subroutine of
ABAQUS/Explicit. Fig. 4 provides schematics for these three
approaches. The interface properties of the cohesive zone model
are listed in Table 2.



Fig. 5. FE model of impact attenuation test of shin-guard structure.
3.4. Impact-attenuation model of shin-guard structure

Finite-element models of the impact-attenuation test were devel-
oped with the same multi-scale strategy as that for the drop-weight
test. Knowing mechanical behaviours of the ±25° braided unit cells,
the composite shell could be modelled homogeneously with a bonded
foam layer. Fig. 5 presents assembling of the parts and boundary condi-
tions for the shin-guard specimen in the impact-attenuation test. The
impactor was modelled as a rigid body with a lumped mass equal to
the mass used in the experimental programme. Similar to the drop-
weight cases, the ECZ3D model was applied for the composite layer.
The composite plate was clamped so that the nodes at the composite
layer's periphery were fixed in all directions. In ABAQUS, the PORON®
XRD™ foam could be regarded as hyperfoam material with the
hyperfoam strain energy potential given by the Ogden function [33]:

U ¼
XN
i¼1

2μ i

α2
i

λαi
1 þ λαi

2 þ λαi
3 −3þ 1

βi
J−αiβi
el −1

� �� �
: ð17Þ

In the Ogden function, λi are the principal deviatoric stretches, N is
the order, Jel is the volume ratio, μi is the parameter for controlling initial
material stiffness and αi is the parameter for controlling strain harden-
ing behaviour. Parameters listed in Table 3 were chosen from the liter-
ature for PORON® cushioning foam. The MEP or equivalent supporting
silicone rubber can be regarded as isotropic material, with elastic mod-
ulus of 2.159 MPa and the Poisson ratio of 0.49, according to the RTV 66
data sheet. The bottom face of silicone rubber in the FE model was
pinned. Levels of initial velocity in the vertical directionwere prescribed
for the impactor, resulting in the corresponding impact energy of 4 and
6 J.

4. Analytical model of low-velocity impact

Analytical modelling is regarded as a simple and effective way to
predict bending and stretching deformations of composite materials
subjected to low-velocity impacts. With analytical modelling, the type
of impact behaviour can be determined [5–7]. The maximum impact
load of the composite plate can be predicted with the energy-balance
model, which assumes a quasi-static behaviour of a composite struc-
ture. According to Abrate's work [5], the energy-balance equation is
written as

1
2
MV2 ¼ Eb þ Es þ Em þ Ec; ð18Þ

where M and V are the mass and velocity of the impactor, respectively.
For the energy term E, the subscript b, s,m and c refer to bending, shear,
Table 3
Material input of PORON® XRD™ foam [33,34]

Property Density (kg·m−3) μ1 (GPa) α1 (GPa) β1 (GPa) Thickness (mm)

Value 240.28 0.620 34.46 0.04 2
membrane and contact components of overall structural deformation.
When the maximum deflection is reached, all the kinetic energy is
used to deform the composite. Hence, the maximum impact load Pmax

can be given with contact stiffness k, as

Pmax ¼ 5
4

� �3=5

M3V6k2
h i1=5

: ð19Þ

Spring-mass models were developed by Abrate [5] and Olsson [7],
consisting of one spring representing the linear stiffness of the structure
kbs and another spring for the nonlinear membrane stiffness km. There-
fore, the total load on the composite plate Pmbs, is composed of the bend-
ing and shearing load contribution Pbs and the membrane load
contribution Pm, as follows:

Pmbs ¼ Pbs þ Pm; ð20Þ

Pbs ¼ kbsw
3
p; Pm ¼ kmwp≤Pcr : ð21Þ

By defining effective plate stiffness D∗, the critical shear load for the
delamination growth can be given as

Pcr ¼ π
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
32D�GIIc= nþ 2ð Þ;

q
ð22Þ

where GIIc is mode-II interlaminate toughness and n is the number of
delaminations. Details of parameter calculation can be found in [5–7].
When calculating km, a clamped immovable boundary condition was
used, the same as in the experimental setup.

5. Results and discussion

FE predictions and experimental results were compared in terms of
global response and delamination damage due to impact. The global re-
sponses of the composite were mainly characterized with regard to the
maximum impact force, maximum strain energy and total energy
absorption.

The impact force diagrams of braided composite under impact
loading are shown in Fig. 6. Experimental and simulation results are
compared for three impact energy levels. The time to the peak force
became smaller with an increase in the impact energy (Fig. 6).

At energy levels of 3 J and 6 J, the calculated impact-force curves
have a reasonably smooth response with an increase of the overall
peak-load value. Oscillations on the curves suggest the possibility of
progressive failures in the material caused by a decrease in structural
stiffness. At an impact energy is 9 J, the contact force decreased abruptly
from ~3.5 kN to ~2.5 kN (at time of ~4 ms), as shown in Fig. 6(c). The
sudden drop of the impact force is attributed to the occurrence of the
fibre damage in yarns. At this impact-energy level, the peak load was
similar to that at impact energy of 6 J. Here, the internal delamination
critically degraded the bending stiffness of the plate, which, in turn, re-
duced the contact force [14]. In the numerical models based on shell el-
ements (SCZ and ECZ), the impact force took a longer time to degrade to
zero in the rebound phasewhen compared to experiments. The loadde-
viation during the unloading phase is probably due to an underestima-
tion of the impact-induced damage [14]. However, the ECZ3D model
provided clearly improved predictions. The first drop in the impact
force, Fd, was captured in the ECZ3D model, which was due to a large
growth of delamination in the structure. Overall, the trend of FE results
agrees well with the experimental data with the peak loads being pre-
dicted accurately.

Energy-absorption behaviour of the braided composite at different
impact energies are shown in Fig. 7. The maximum energy level is the
strain energy that equals the initial kinetic energy of the impactor. The
strain energy was partly converted back to kinetic energy due to re-
bound of the impactor. The rest energy was progressively dissipated
by the composite plate. The final constant energy values shown in the



Fig. 6. Load-time response of braided composite plate under variable impact energies: (a) 3 J; (b) 6 J; and (c) 9 J.
graphs are equal to the absorbed energy. The FE simulation results cap-
tured the total strain energy reasonably well. However, some variations
observed were in the predicted final absorbed energy after impact. Ac-
cording to Fig. 7, the responses obtained with the SCZ and ECZ models
were nearly the same; both being smaller than experimental observa-
tions. Therefore, the FE models with shell elements underestimated
the energy-dissipation capacity of the composite because of their inabil-
ity to account for the through-thickness damage. It was noted that the
absorbed energy predicted with the ECZ3D model was close to the ex-
perimental observations at all the investigated impact-energy levels.

The fraction of energy absorbed during the impact process is shown
in Fig. 8. The energy-absorption capacity is related to the extent of inter-
nal damage and energy dissipation by each damage mode. When the
impact energy increased, BVID became severe in the specimen. The frac-
tion of the final absorbed energy, therefore, increased from 50% at im-
pact energy of 3 J to 77.8% at 9 J. The error between the predicted
absorbed energy and its experimental value was within 15% when the
3D FE model was used. The energy dissipation is attributed to BVID in-
side the composite for the impact energy below 6 J. At impact energy
of 9 J, plastic deformation is expected to occur in the composite
(which should account for a small fraction of energy spent). Due to
the difficulty in obtaining accurate values for fracture energy of each
damage mode and the assumptions used in the simulations, the final
absorbed energy obtained with FE simulations was lower than that in
the experiments.

The experimentally and numerically obtained results were com-
pared with those from the analytical spring-mass model to identify
the bending and membrane effects. As shown in Fig. 9, load-deflection
curves of the impacted composite specimen were plotted starting
from its undeformed state to themaximum-deflection state. For the im-
pact energies 3 J and 6 J, the load-deflection curves agree well with the
experimental observations at the loading portion, indicating a quasi-
static behaviour of the braided-composite plate under a low-energy im-
pact. Specifically, the analytical load threshold for delamination onset
was predicted at 1776.7 N, slightly lower than in the experiments,
while the analytically calculated peak loads (2267.8 N at 3 J impact
and 3262.9 N at 6 J impact) corresponded with the experimental
measurement. After delamination initiation, the analytical solutions
Fig. 7. Energy-time response of braided composite plate un
provided upper and lower bounds: the upper bound (the dashed line
in Fig. 9) was obtained considering no interface damage, while the
lower bound (the solid line) indicates the bending stiffness gradually re-
duced due to delamination. The dashed lines in Fig. 9 present a signifi-
cant membrane effect if there is no delamination. It is obvious that the
onset of delamination caused strong oscillations around the average
value, which was similar to the analytically predicted magnitude. Addi-
tionally, the numerical results from the ECZ3D model were also fairly
consistent with those from the experiments and the analytical model.

Although analytical modelling is a simple and effective method to
assess global parameters such as bending stiffness, the critical shear
load and the peak load for the response of braided composite to impact
loading, the analytical results depend strongly on the used assumptions.
By contrast, FE modelling has its advantages in obtaining spatial distri-
butions of parameters (i.e. stresses and strains) in cases of complicated
geometries and varying loading conditions. It is alsowidely employed to
predict delamination, one of typical damage modes in layered compos-
ite materials. Herein, the predicted delamination area at the interface of
braided composite is shown in Fig. 10. Additionally, delamination can be
observed clearly in Micro-CT scan images at the cross-section plane and
denoted as a darker zone in Fig. 10 (translucencywas applied to plies in
order to visualize all the damaged interfaces). It is obvious that the dam-
age contours are mainly along the longitudinal direction. This is consis-
tent with the experimental observations that matrix cracks initiated
around the impact area and propagated along the braiding angle of
yarns in the longitudinal direction. The area of delamination increased
with the impact energy. According to Fig. 10, although the dumbbell
shape of the delamination area was captured with the FE simulations,
the delamination area was underestimated when the SCZ model was
applied. However, in the ECZ and ECZ3Dmodels, the predicted delami-
nation areas agreed well with the images acquired from CT-scan. The
damage contours were symmetrical, with an unseparated area in the
middle, which was the contact region between the impactor and the
specimen.

Quantitative comparisons between numerical and experimental re-
sults are presented in Fig. 11, where delamination areas, measured
based on image analysis, are plotted as a function of impact energy.
This comparison indicates that ECZ3D model can predict the
der variable impact energies: (a) 3 J; (b) 6 J; and (c) 9 J.



Fig. 8. Fraction of energy absorbedduring impact obtainedby numerical and experimental
approaches.
delamination area most accurately. On the other hand, with the SCZ
model, obviously smaller delamination areas were predicted because
of two possible reasons. First, surface-based cohesive interactions have
limitations if the cohesive connection is subjected to relative in-plane
sliding (shearMode II or III) [36]. Such interface failuremode is common
for low-velocity impacts, in which interface failure mainly results from
bending-induced shears stresses around the impact area and friction
after debonding [9,31]. Hou et al. [3] also suggested that for delamina-
tion constrained by compressive through-thickness stress, a smaller
damage was predicted. Second, in the element-based approach, the
failed elements were removed from the model. On the contrary,
surface-based cohesive interactions may re-bond when contact is
established even after interface debonding, thus reducing a visually ob-
served delamination area [35,36].

Based on the results above, both the surface- and element-based co-
hesive zone models can be applied at interfaces between composite
layers. The global responses, including load and energy histories, were
effectively obtained from these two approaches. The use of the SCZ
model is often preferred due to its simplicity and lower computational
cost. The ECZ model was able to deliver more information with regard
to the geometry and the evolution of interface damage with time. The
ECZ3D model incorporating a VUMAT subroutine provided more pre-
cise results in terms of delamination areas and energy-dissipation ca-
pacity, though with a higher computational cost.

The obtained morphology of damage in the braided composite after
the impact is presented in Fig. 12. At the impact energy of 3 J, no obvious
damage can be seen since all the energy dissipation was due to BVID.
However, from Fig. 12(b), micro-cracks parallel to fibre filaments and
Fig. 9. Comparison of load-deflection curves obtained from experimental tests w
fibre breakage were observed in yarns. When the impact energy in-
creases to 9 J,macro cracks could be found on the surface of the compos-
ite plate, indicating inter-yarn debonding and matrix failure. Therefore,
besides delamination, cracks in matrix and fibre breakage were impor-
tant damage modes absorbing impact energy.

Matrix damage may be predicted with the ECZ3D model thanks to
different failuremodes defined in the Hashin's 3D damage criteria. Con-
tours of the tensile failure (dmt) inside thematrix from both sides of the
composite plate are shown in Figs. 12(d) and (e) at the end of the dam-
age propagation period. The matrix cracks were created by flexural in-
plane stresses so that the matrix tensile failure was the most critical
mode for impact damage. Since the spike-shape impactor was used,
the damage contourwas different from those studieswith a hemispher-
ic impactor [16]. There was a flexural zone with a width of the
impactor's diameter, with matrix tensile damage occurring mainly
along the edge of this zone. Furthermore, the bottom layers of the spec-
imen were subjected to major traction strains resulting from deflection
with regard to the impact, leading to matrix cracks in the matrix-rich
area [17,35].

Moreover, permanent deformation after impact was captured with
the 3D FE model. Fig. 13 shows examples of the cross-section views of
the plate after the impact with energy of 9 J. The variables plotted corre-
spond to the residual displacement (from Micro-CT image), von-Mises
stress and transverse damage variable (from the ECZ3D model). As
shown in Fig. 13, the centre of the mentioned flexural zone has a resid-
ual displacement of 0.383mmafter the 9 J impact. The von-Mises stress
distribution shows stress concentration around the delamination re-
gion. Matrix failure in the thickness direction was also predicted by
ECZ3D model.

Based on the experimental and numerical studies, mechanisms of
cracks initiation and propagation inside the braided composite were in-
vestigated. Micro-CT images in Fig. 14 indicate that at the initial stage of
impact, the impact load caused matrix cracking and then delamination.
In the braided composite, there were some relative matrix-rich zones
because of the pattern of interlacing yarns. When the composite plate
bends, micro-voids are easily created in such zones before the onset of
cracks.With the impact energy increasing, the laminate bending caused
differences in shear stresses between the adjacent layers.

These shear stresses caused propagation of delamination along the
yarn surface [37,38]; Fig. 14(b) shows that inter-yarn cracks were
formed after the increase in delamination. It is noted that the inter-
yarn cracks could be blocked by the interlacing of yarns, contributing
to maintenance of the structure integrity of the braided composite.
Yarn-debonding was another mechanism of energy absorption, besides
delamination and matrix damage. Under higher impact energy, normal
stress through the thickness direction resulted in server matrix damage
concentrated in the area directly under the impactor's edges. Moreover,
when inter-yarn cracks grew to the front surface,macro crackswere ob-
served on the composite specimen (Fig. 12(c)). According to discussions
ith analytical data and ECZ3D FE simulations for 3 J (a) and 6 J (b) impacts.



Fig. 10. Interface delamination of braided composite plate modelled with surface-based and element-based cohesive models together with CT scans for various impact energies.
above, a schematic of potential propagation paths of delamination and
inter-yarn cracks is showed in Fig. 14(d). In summary, the braided struc-
ture of yarns not only increases the impact resistance of composites, but
also improves energy absorption by inducing inter-yarn cracks during
impact. From this point of view, braided composites are promising can-
didates for sports protection.
Fig. 11. Evolution of delamination in braided composite plate with impact energy.
Furthermore, as a case study, the predicted responses of the shin-
guard specimens in the impact-attenuation test were compared with
the experimental data; Fig. 15 shows comparisons for evolution of the
normalised acceleration with time. The maximum acceleration, Gmax,
was around 49.79± 1.60 and 63.56± 3.57 of gravity for impact energy
of 4 J and 6 J, respectively with the respective impact attenuation factor,
η, around 2.63 and 2.7. Apparently, the numerical results agree well
with the experimental data in terms of both the peak acceleration
value and the duration time.

The impact-induced delamination area can also be evaluatedwith the
FEmethod, as shown in Fig. 16. The shapes of delamination are clearly in-
fluenced by architecture of braided patterns, specifically bradding angles.
For the braiding angle of 25°, delamination initiates symmetrically
around the impact point and propagates mainly along the longitudinal
direction due to the difference in stiffness between longitudinal and
transverse directions. Besides interface damage, the impact energy was
also dissipated by internal damage of the composite plate. The main
damage mode for composite layers was matrix failure in tension.

Hence, to achieve better energy absorption performance in sports
applications, geometrical structures, material properties and braiding
parameters should be considered and optimised. Themodelling capabil-
ity presented in this studywill be helpful to provide guidelines for prod-
uct design. For instance, a real shin-guard structure can be modelled
including directly its main components — the composite layer and the
foam liner. Then, the braiding angle and the structural shape could be
optimised employing meso- and macro-scale geometries, thanks to
the multi-scale modelling hierarchy.



Fig. 12.Micro CT-scan surface morphology of composite after impact with energy of (a) 3 J, (b) 6 J and (c) 9 J. Numerically predicted matrix-damage contours in composite plate after 9 J
impact: (d) front view; (e) back view.

Fig. 13. Cross-section view of braided composite plate with impact energy of 9 J:
(a) Micro-CT scan morphology of permanent deformation; (b) residual displacement
contours; (c) von Mises stress distribution; and (d) matrix failure in thickness direction
predicted by ECZ3D model.
6. Conclusions

The response of the braided composite to low-velocity impacts was
investigated both experimentally and with FE simulations; impact
Fig. 14. Delamination and cracks in Micro-CT scan images: cross-section of braided
composite plate after impact with (a) 3 J, (b) 6 J and (c) 9 J; (d) illustration of crack
propagation.



Fig. 16. Delamination in composite shell of shin guard with respect to impact energy: (a) 4 J; (b) 6 J.

Fig. 15. Normalised acceleration-time diagrams obtained in impact attenuation tests and numerical simulations under 4 J (a) and 6 J (b) impacts.
energy levels ranged from 3 J to 9 J. The present work offers reasonable
modelling capabilities for low-velocity impacts. The simulated results
were verifiedwith the original experimental data and analyticalmodels.
The obtained results show that both surface- and element-based cohe-
sive zonemodels can be applied as interface between composite layers.
The global responses are effectively obtained without much difference
from these two approaches.When shell elementswere used as compos-
ite plies, the absorbed energy was underestimated. The ECZmodel with
3D stress elements provided more precise results for the delamination
areas and energy dissipation capacity, at a higher computational cost.
The main energy dissipation mechanisms of braided composites under
low-velocity impact were delamination, matrix failure and, uniquely
for the braided composite, inter-yarn debonding. The modelling ap-
proach presented in this study is able to enhance product design for
sports applications by predicting energy absorption of the braided com-
posites and impact damage in products. As a case study, a shin-guard
structure was successfully modelled with the developed computational
scheme. The predicted impact-attenuation performance was compared
with testing data, demonstrating a good agreement. By changing struc-
tural and materials parameters, varying from micro- to macro-scale
models, energy absorption and the impact-attenuation factor of the
shin-guard can be obtained for further studies.
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