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a b s t r a c t

This work examines the energy-absorption process in thin woven laminates made from carbon fibres,
with the aim of analysing the energy employed in the formation of a shear plug. This study was con-
ducted with a simplified model which considered five energy-absorption mechanisms. The model was
validated with experimental tests and numerical simulations, with regard to the residual velocity of
the projectile and perforation velocity. The model makes it possible to evaluate the influence of the shear
plugging in laminates of different thickness. It has been demonstrated that this energy-absorption mech-
anism needs to be considered in the analysis. The main energy-absorption mechanisms for impact at low
velocity (i.e. below the perforation velocity) are related to the elastic deformation of fibres and shear
plugging, whereas when a higher impact velocity is considered (i.e. above the perforation velocity) such
mechanisms are related to the acceleration field of the laminate and the shear plugging.
1. Introduction

Despite that the response of composite laminates subjected to
high-velocity impact has been extensively studied (see e.g. reviews
[1–4]), knowledge of the phenomenon of perforation of a laminate
struck by a low-mass projectile remains incomplete.

A detailed modelling of the response of a laminate subjected to
high-velocity impact is very difficult due to the complexity of the
perforation process. Analytical models can be useful to study this
process by providing a sufficiently accurate solution with a lower
computational cost than numerical methods and by describing
the physical behaviour of the laminate. There are countless simpli-
fied analytical models for ballistic impacts (e.g. see [3] for a review
of these models). Many of these models have focused only on esti-
mating the perforation velocity [5,6] whereas less information is
available related to the energy absorbed by the different failure
mechanisms.

The energy of the projectile is absorbed by the laminate through
several mechanisms, including the energy converted into the ki-
netic energy of a moving portion of the laminate (laminate acceler-
ation), damage generation (fibre and matrix failure, delamination,
etc.), formation of a shear plug, friction, heating, etc. [7,8]. The rel-
ative importance of each mechanism depends on the material,
plate thickness, and laminate configuration, as well as on the pro-
).
jectile geometry and size [9,10]. Also the relevance of each mech-
anism could change with impact velocity. Usually, for thin
laminates, friction and heating are negligible [7]. Shear-plug for-
mation is not observed for thin glass-reinforced composites [8].
Such mechanisms as matrix or delamination failure are less rele-
vant than fibre failure, especially in thin glass-reinforced laminates
[7,8,11], for which the energy absorbed by fibre deformation and
failure, and laminate acceleration, are the main mechanisms
[7,8,11]. In thick glass-reinforced laminates, delamination and ma-
trix-crushing mechanisms could be a relevant energy-absorption
mechanism. Wen et al. [12] found that in woven glass-reinforced
plates 3.25 mm thick impacted by hemispherical- or conical-ended
projectiles the main mechanisms are delamination, matrix crush-
ing, and fibre failure, whereas in flat-ended projectiles, fibre shear-
ing is also notable. Mines et al. [13] also found that shear stress can
appear in glass laminates over 4 mm in thicknesses even with
hemispherical projectiles.

The brittle nature of carbon-reinforced laminates implies that the
energy-absorption mechanisms differ with respect to glass-
reinforced laminates. The formation of a shear plug is reported in
CFRP woven laminates, even in relatively thin plates [14]. Lee and
Sun [15] showed that the main energy-absorption mechanisms are
delamination and shear plugging in CFRP tape laminates for thick-
nesses of 2 and 4 mm and impact velocities up to 91 m/s, considering
flat-ended projectiles. Tape composites undergo extensive damage
by delamination after impact, this mechanism being less relevant
in woven laminates [8,14,16]. Nevertheless, some authors affirm
that there are no differences in energy-absorption capabilities
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between cross-ply tape and woven laminates, especially for higher-
impact velocities [17,18]. According to Hazell and Appleby-Thomas
[18], tape laminates at lower impact energies behave better than
woven laminates under ballistic impact. Several authors have stud-
ied the impact behaviour of CFRP woven laminates [9,14,19–22], but
much less information is available in relation to the importance of
each energy-absorption mechanism and the influence of the impact
energy in each mechanism. Naik and Shrirao [20] showed that for a
CFRP woven laminate impacted by flat-ended projectile slightly over
perforation velocity the main mechanism is the energy of the mov-
ing portion of the laminate, the energy absorbed by shear plugging
being less relevant. Goldsmith et al. [19] affirmed that in a 2.5 mm
CFRP woven laminate the main energy-absorption mechanism at
perforation velocity is the failure of fibres and friction. As can be
seen, contradictory results appear in the literature for the relevance
of shear plugging in the perforation process of very thin (below
2 mm) CFRP woven laminates subjected to the impact of spherical
projectiles.

The objective of the present work is to evaluate the influence of
shear-plugging mechanism on the absorption of the energy of the
projectile, in a thin CFRP woven laminate subjected to high-veloc-
ity impact. Concomitantly, the influence of impact energy in the
energy-absorption mechanisms was analysed. An analytical model,
based on energy consideration was applied to study this problem.
This model is based on the one proposed by García-Castillo et al.
[7,23], initially developed for GFRP woven laminates. The model
applied in this work incorporates an energy-absorption mecha-
nism due to shear plugging.
2. Analytical model

The model, initially developed for GFRP woven laminates, is
based on energy-conservation laws. As in the proposals of Morye
et al. [11] and Naik et al. [8,20,24], the model considers several
energy-absorption mechanisms: energy absorbed by fibres (EFB),
energy absorbed in terms of acceleration field within the laminate
(EKL); energy absorbed by delamination (EDL), and matrix cracking
(EMC).

In the development of the model, the energy absorbed by fric-
tion between the laminate and the projectile, and the heating gen-
erated were not included because the laminate is considered very
thin.

In this work, the model was modified by adding a new mecha-
nism, the energy absorbed by the formation of a plug due to shear
stress (ESP), and thus the total absorbed energy can be calculated
by:

EABðtÞ ¼ EFBðtÞ þ EKLðtÞ þ EDLðtÞ þ EMCðtÞ þ ESPðtÞ ð1Þ

In this paper, the energy-absorption mechanisms included in
the model of Garcia-Castillo et al. are briefly described. A detailed
description of the expressions for each mechanism can be found in
García-Castillo et al. [7,25]. Here, only the mechanism of energy-
absorption due to shear plugging is explained in depth.

2.1.1. Energy absorbed by fibres

When a laminate is subjected to high-velocity impact, it is pos-
sible to identify two zones affected by the impact. The first zone is
located below of projectile, and this portion of laminate offers
resistive force against penetration of the projectile. This model as-
sumes that in this region the fibres will fail. Meanwhile, the second
one is the region located between the projectile diameter and the
distance covered by the transversal waves. This model assumes
that in this zone no failure occurs and the fibres are elastically
deformed.
In woven laminates, the fibres are grouped in assemblies called
yarns, composed of several individual filaments. In this model, the
failure is assumed to occur only in the yarns directly below the
projectile, which offer resistive force against the penetration of
the projectile. The maximum-strain criterion is assumed for fibre
failure.

The energy absorbed by fibre failure is calculated by assuming
that the projectile diameter is smaller than the width of the yarn,
so that the impact occurs only on one yarn.

The fibres deformed elastically during impact lie within the re-
gion affected by the transversal stress wave generated by the im-
pact. This region is localized between the projectile diameter and
the distance covered by the transversal waves. The strain is as-
sumed to be a linear function of the radial position, from the im-
pact point to the distance covered by the transversal wave, so
that the fibres close to the impact point are subject to a deforma-
tion equal to the failure strain, whereas the fibres farther away
from the impact point show a strain equal to zero.

2.1.2. Energy absorbed by laminate acceleration

Due to the impact a portion of the laminate is accelerated. The
zone accelerated is equal to the region covered by the transversal
wave. The model assumes that the velocity of this region is the
same as that of the projectile. Since the laminate is considered thin,
this model assumes a constant velocity through the laminate
thickness.

2.1.3. Energy absorbed by delamination

In this model, the energy absorbed due to damage by delamina-
tion is assumed to be a function of the distance covered by trans-
versal wave on the laminate. In experimental tests, the area
contributing this mechanism was approximately circular. The
damage due to delamination is related to the critical dynamic-
strain energy-release rate in mode II.

2.1.4. Energy absorbed by matrix cracking

This energy is modelled in a way similar to the energy absorbed
due to delamination. Also the area that contributes to this mecha-
nism is approximately equal to a circle. The damage due to matrix
cracking is related to the energy absorbed by matrix cracking per
unit volume, this being a material property.

2.1.5. Energy absorbed by shear plugging

When a CFRP woven laminate is subjected to high-velocity im-
pact, the shear stress through the thickness in the laminate near
projectile periphery rises. If this stress exceeds shear-plugging
strength, then failure occurs and a shear plug is formed.

In this model the energy absorbed by the formation of a shear
plug of a diameter equal to the projectile diameter and a differen-
tial length is calculated. It is assumed that this length is equal to
the distance covered by the projectile in a differential time (dw).
Also the shear-plugging strength and the area over which the shear
stress is applied are included in the expression. Thus, the energy
absorbed during a differential increment of time can be estimated
by the equation:

dESP ¼ dw � SSP � p �u � e ð2Þ

where dESP is the energy absorbed by the formation of shear plug
during an increment of time (dt), SSP is the out-of-plane shear
strength, e is the laminate thickness and, u is the projectile
diameter.
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If Eq. (2) is divided by the time increment (dt) and is integrated,
given the energy absorbed by the formation of the shear plug at
each instant in time, then:

ESP ¼
Z t

0
vðtÞ � SSP � p �u � e � dt ð3Þ

where v(t) is the projectile velocity.

2.2. Model resolution

According to the energy-conservation principle over the time
interval (t0, t):

E0 ¼
1
2
�mp � v2

0 ¼ ETðtÞ ¼
1
2
�mp � v2ðtÞ þ EABðtÞ ð4Þ

where E0 is the impact energy, v0 is the impact velocity, mp the mass
of projectile, and ET(t) is the total energy at time instant t.

From Eqs. (1), (3), and (4) and the expressions for the absorp-
tion-energy mechanisms of fibre failure, fibre deformation, lami-
nate acceleration, matrix cracking, and delamination described in
Ref. [21], the following differential equation can be derived:

vðtÞ � mp þ p � q � e � v2
T � t2� �

� dvðtÞ
dt
þ p � q � e � v2

T � t � v2ðtÞ

þ hðtÞ � vðtÞ ¼ gðtÞ ð5Þ

where q is the laminate density, vT the velocity of the transversal
wave generated by the impact on the laminate and, h(t) and g(t)
are known functions, defined as:

hðtÞ ¼ e2
r � B

2 � E
2 � ln b

� 1� 9
10

� �ð4�vL �t=BÞ
" #

þ SSP � p �u � e ð6Þ

gðtÞ ¼ �
"

E � e � e2
r

48
� 88 � v3

T � t3 � 44 �u � v2
T � t2 � 22 �u2 � vT � t þ 5 �u3

ðu� 2 � vT � tÞ2

 !

þ2 � ðGIICD þ EMT � eÞ � vT � t
#
� p � vT ð7Þ

where B is the yarn width, E is the Young’s modulus, vL is the veloc-
ity of the longitudinal wave generated by the impact on the lami-
nate, EMT is the energy absorbed by matrix cracking per unit
volume, GIICD is the critical dynamic-strain energy-release rate in
mode II and, er is the failure strain.

The integration of Eq. (5) was finished either when there was
perforation or when the projectile stopped. The condition for per-
foration is defined as:

t = tc, w(tc) = e, v(tc) = vR then the absorbed energy is equal to
E0 � 1

2 �mp � v2
R.

And the condition for projectile detention is:
t = tc, v(tc) = 0, so that the absorbed energy is equal to E0:
where vR is the residual velocity of projectile, tc is the contact

time between the projectile and laminate, and w(tc) is the projec-
tile displacement at tc.
3. Model validation

To validate the model, the numerical simulations as well as the
experimental tests were performed. The residual velocity of the
projectile after perforation was used as the parameter for the mod-
el validation. A broad range of impact velocities were analysed,
from velocities below the perforation velocity, to velocities much
higher than the perforation velocity. Also, the perforation velocity
estimated by the model was compared with those calculated by
the numerical simulation and with the experimental results.
3.1. Experimental test

Experimental high-velocity-impact tests were conducted to val-
idate the analytical model. Made of carbon fibre/epoxy AS4/8552
woven laminate 2 mm in thickness, the specimens used were
square, measuring 120 � 120 mm2. The specimens were impacted
by spherical steel projectiles 7.5 mm in diameter, and 1.725 g, at
impact velocities from 45 m/s up to 560 m/s by a stage gas gun.
The properties of the laminate were taken from the literature [14].

It was not possible to measure the ballistic limit directly from
the experimental tests because there is an impact-velocity interval
in which the structure may or may not be entirely perforated; in
addition, the impact velocity of the projectile from the gas gun can-
not be totally controlled. Therefore, this velocity is often defined in
terms of probability as v50, meaning that there is a 50% of probabil-
ity of perforation [26]. This approach requires a great number of
tests around this velocity. In the present work the experimental
perforation velocity was estimated, using a least-square method,
by fitting the expression shown in the following equation proposed
by Lambert and Jonas [27].

v r ¼
0; 0 � v i � vp

A � ðvB
0 � vB

pÞ
1=B
; v i > vp

(
ð8Þ

where vp the perforation velocity, and A, B are fitting parameters. In
this work the estimated values for A and B are 1 and 2, with a R2

equal to 0.98309. With this result, Eq. (8) has a physical meaning;
it is equivalent to that found assuming the conservation of momen-
tum and energy during the perforation process with zero fragment
ejected from the laminate [28].

3.2. Numerical simulation

The numerical model reproduces the geometry of the speci-
mens and the impact conditions tested experimentally. A quarter
model was applied due to the symmetry of both the projectile
and laminate. The model was implemented in Abaqus/Explicit,
and 4-node shell elements with reduced integration (S4R in ABA-
QUS), were used to mesh the laminate, plus three-dimensional
8-node hexahedral elements (C3D8R in ABAQUS) to mesh the pro-
jectile. The projectile was meshed using 3800 elements and the
laminate with 5439 elements. Clamped boundary conditions were
imposed to the external boundary of the laminates, and an initial
velocity was imposed on the projectile in order to reproduce the
experimental tests.

As no plastic deformation was found experimentally in the pro-
jectile, linear elastic behaviour was used for the steel projectile.
The laminate was modelled as linear elastic up to failure. A failure
criterion and a procedure to degrade mechanical properties after
failure were used to define the anisotropic mechanical behaviour.
The model applied for damage initiation and evolution imple-
mented in Abaqus/Explicit was based on the Hashin failure criteria
[29] for the initiation and fracture energies for damage evolution.

Fig. 1 shows the perforation process of the laminate. As can be
seen, the damage was located in a small area around the impact
point.

Also, the stress did not reach the edges of the laminate during
the perforation process, validating the design of the geometry of
the specimens used in the experimental tests.

3.3. Residual-velocity comparison

A good correlation between the residual velocities estimated
from the analytical model and the results from experimental tests
and from the numerical model was found, as can be seen in Fig. 2.
The numerical model slightly underestimates the residual velocity
3



Fig. 1. Time course of the impact process at an impact velocity of 178 m/s.

Fig. 2. Residual velocity vs. impact velocity for AS4/8552 woven laminate.

Fig. 3. Difference between the energy absorbed with and without the mechanism
of shear plugging for AS4/8552 woven laminate.
with regard to the experimental test, while the analytical model
slightly overestimates the residual velocity. For example, for an im-
pact velocity of 281 m/s the proposed model predicts a residual
velocity of 263 m/s while the numerical model predicts a residual
velocity of 230 m/s. From the experimental tests the residual
velocity measured was 244 m/s, 7% lower than estimated by the
analytical model, and 6% higher than estimated by the numerical
model. Therefore, the differences between the numerical model
and the experimental test were similar to those found between
the analytical model and the experimental results.

Also, a good result was found in the perforation velocity esti-
mated by the proposed model. The perforation velocity calculated
experimentally was equal to 100.2 ± 3 m/s, whereas the analytical
one was 109 m/s (9% higher) and the numerical one 103.8 m/s (4%
higher).

Therefore, the analytical model enables an accurate estimate of
the residual velocity and the ballistic limit for thin CFRP woven
laminate. Also, the formulation of the model enables the absorbed
energy for each energy-absorption mechanism, and hence the total
energy absorbed by the laminate.
4. Results

4.1. Effect of the energy absorbed by shear plugging

For an evaluation the relevance of shear plugging as an
energy-absorption mechanism in CFRP woven laminates subjected
to high-velocity impacts, the model was applied twice, i.e. with
and without this mechanism. Two thicknesses were considered,
i.e. 1 and 2 mm, because the proposed model was validated for
2 mm of thickness.

Fig. 3 shows the difference in percentage between the total en-
ergy absorbed for the two thicknesses studied as a function of the
impact energy.

The vertical line corresponds to the perforation-threshold en-
ergy, which is the minimum impact energy at which the laminate
is perforated.

For both thicknesses, the difference in the absorbed energy cal-
culated with an analytical model that considers the shear plugging
and those with the same model, but not considering this mecha-
nism, was more and less 30% for any impact energy. Therefore, it
is necessary to consider the energy-absorption mechanism of shear
plugging to analyse the behaviour of woven CFRP subjected to
high-velocity impacts.

Fig. 4 shows the energy absorbed by each mechanism and the
total energy absorbed for two thicknesses: 1.0 mm and 2.0 mm.
For both cases, the energy absorbed by the elastic deformation of
fibres, the laminate acceleration, the delamination, the matrix
cracking, the shear plugging, and the total energy reached the
4



Fig. 4. Absorbed energy vs. impact energy for AS4/8552 woven laminate: (a)
thickness 1 mm and (b) thickness 2 mm.
maximum value, when the impact energy was equal to the perfo-
ration-threshold energy.

For impact energy above the perforation-threshold energy, the
main energy-absorption mechanism was laminate acceleration;
this mechanism is the most relevant one, because this energy is
proportional to the square of the impact velocity. Fig. 4 shows that
the energy absorbed by the laminate acceleration of 2 mm in thick-
ness was sixfold the energy absorbed by the laminate of 1 mm.

The energy absorbed by the shear plugging reached the maxi-
mum value around the perforation-threshold energy and after-
wards decreased asymptotically, this behaviour being observed
for the two thicknesses studied. This mechanism depends directly
on the contact time between the laminate and the projectile (Eq.
(4)), and at the perforation-threshold energy the contact time is
the highest. For impact energies slightly over the perforation-
threshold energy the shear plugging could be the main mechanism,
for the 2-mm-thick laminate. For other impact energies, this was
the second most relevant mechanism. For high-impact energies
the percentage of energy absorbed by shear plugging was around
30% of the total absorbed energy. By contrast, for these impact
energies this mechanism was almost nil for the 1-mm-thick lami-
nate. However, below the perforation-threshold energy the shear
plugging mechanism absorbed more than 20% of the total absorbed
energy for both thicknesses.

The energy absorbed by fibre failure was constant for both
thicknesses, being less than 5% of the total energy for the 2-mm-
thick laminate, and less than 20% for the other thickness.

The energy absorbed by the fibre elastic deformation dimin-
ished with impact energy above the perforation-threshold energy,
approaching a value of zero. For the lowest impact energy analysed
in this work, this mechanism absorbed around 40% of the total
energy.

The energy absorbed by delamination and matrix cracking also
diminished with the impact energy, because these mechanisms are
proportional to the distance covered by the transversal waves, and
this distance shortens as the impact energy augments. These
mechanisms are negligible at high impact energy. These results
agree with those from c-scan images of the impacted specimens
in the experimental tests, where the observed damage diminishes
as the impact energy increases, being low at high impact energies.

The behaviour described for the energy absorbed by the acceler-
ation laminate, the fibre failure, the fibre elastic deformation, the
matrix cracking, and the delamination are similar to GFRP woven
laminates. By contrast, the contribution of the shear-plugging
mechanism is completely different, due to the low out-of-plane
shear strength of the CFRP woven laminates.

4.2. Effect of laminate thickness in the energy absorbed by shear
plugging

The variation in the energy-absorption mechanism was studied
during the perforation of the laminate, by selecting impact energy
that causes the complete perforation (77 J).

Figs. 5 and 6 present the energy absorbed by each absorption
mechanism as a function of contact time for two laminate thick-
nesses: 1 and 2 mm. All mechanisms increase with the contact
time.

From the first instant in time after the impact the energy ab-
sorbed by the laminate, acceleration very quickly increased. At
the end of the perforation, some 65% of the total energy was ab-
sorbed by this mechanism in the 2-mm-thick laminate, while the
1-mm-thick laminate absorbed 81%.

Fibre failure increased more slowly with time than did the pre-
vious mechanism. At the end of the perforation process the energy
absorbed by this mechanism was equal to 4% of total absorbed en-
ergy in the 2-mm-thick laminate and 17% in the 1-mm-thick
laminate.

The energy absorbed by fibres elastic deformation, delamina-
tion, and matrix cracking can be neglected. Naik and Shrirao [15]
also affirm that, for a woven laminate of T300 carbon/epoxy im-
pacted by a flat projectile; these three mechanisms are not
relevant.

The main difference in the behaviour of both thicknesses con-
cerns the energy absorbed by shear plugging. This mechanism
was not observed for the 1 mm thick laminate, because this lami-
nate behaves somewhat like a membrane. However, for the 2-mm-
thick laminate, this mechanism contributes to reduce the kinetic
energy of the projectile. At the instant of perforation the energy ab-
sorbed by this mechanism was equal to 28% of the total absorbed
energy.

The previous results demonstrate the necessity of studying the
energy absorbed by shear plugging for thin laminates of different
thicknesses and different impact energies.

To analyse the variation in the energy absorbed by shear plug-
ging with the displacement of projectile, several levels of impact
energy were selected and four laminates of different thickness
were studied (0.5 mm, 1.0 mm, 1.5 mm and 2 mm). First, an impact
energy that did not result in the perforation for all thicknesses
5



Fig. 6. Variation in the absorbed energy during the perforation of an AS4/8552
woven laminate (2 mm thick) at impact energy of 77 J.

Fig. 7. Energy absorbed by shear plugging vs. displacement for AS4/8552 woven
laminate at impact energy of 0.77 J.

Fig. 8. Energy absorbed by shear plugging vs. displacement for AS4/8552 woven
laminate at the perforation-threshold energy.

Fig. 5. Variation in absorbed energy during the perforation of an AS4/8552 woven
laminate (1 mm thick) at impact energy of 77 J.
considered in this study (0.77 J), second an impact energy equal to
perforation-threshold energy of each laminate and finally an im-
pact energy that resulted in perforation of all laminates (77 J).

Figs. 7–9 show the relationship between the energy absorbed
by shear plugging divided by impact energy vs. the projectile dis-
placement, which was divided by the laminate thickness. In the
all cases, it can be seen that there is a linear relationship between
the energy absorbed by shear plugging and the displacement. The
slopes of curves become steeper with the laminate thickness, be-
cause this energy is directly proportional to thickness. This behav-
iour is related to the model used to estimate this energy, as can be
seen in Eq. (4).

For the impact energies and the thicknesses considered, the re-
sults show that the energy absorbed by shear plugging is a mech-
anism that does not appear from the beginning of the impact
phenomenon, as can be seen in Fig. 6 for impact energy (77 J). This
mechanism should appear only when the shear stress due to im-
pact exceeds shear plugging strength.

For impact energy of 0.77 J (Fig. 7), the beginning of the energy
absorption by shear plugging occurs at the same displacement,
however, in percentage of the thickness decreases with the in-
crease of thickness.

The phenomenon described above was not observed for impact
energy equal to perforation-threshold energy (Fig. 8), because this
energy differs for each thickness. Therefore, in percentage, this
mechanism begins at the same value for all thicknesses.

For higher impact energy (77 J), this was observed in behaviour
similar to the impact energy below the perforation threshold
(Fig. 9).

The main difference between this result and the previous one is
that in this case for the thinner thicknesses the plug did not form,
because these laminates behave somewhat like a membrane, as
can be seen for an impact energy (77 J) in Figs. 5 and 6.
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Fig. 9. Energy absorbed by shear plugging vs. displacement for AS4/8552 woven
laminate at impact energy of 77 J.
5. Conclusions

An analytical model was developed to analyse the impact behaviour
of thin CFRP woven laminates, with thickness up to 2 mm. The model
was validated by experimental tests on a woven AS4/8552 laminate
subjected to impact velocities of up to 560 m/s. The projectile residual
velocities were also compared with those predicted by a numerical
model. Good agreement was found in both cases. The main objective
of this work was to evaluate the influence of the formation of a shear
plug in the absorption of the energy of the projectile.

In thin CFRP woven laminates, between 1 and 2 mm thick, the
shear plugging should be considered to be an energy-absorption
mechanism. If this mechanism is not considered in the model, a dif-
ference of 30% results in the estimation of the energy absorbed by
the laminate.

For impact energies that cause perforation, the main energy-
absorption mechanism is the energy converted into laminate accel-
eration. For impact energies below the threshold energy, the main
energy absorption is the elastic deformation of fibres. For a lami-
nate with a thickness equal to 2 mm, the second main mechanism
is shear plugging. Even for impact energies slightly over the thresh-
old, this latter mechanism could be the main mechanism. The en-
ergy absorbed by shear plugging tends asymptotically to a low
value when the impact energy increases. This value rises when
thickness is greater. The importance of this latter mechanism in-
creases with thickness. Below 1.5 mm in thickness, and at high im-
pact energies, the energy absorbed due to shear plugging is
negligible. Nevertheless, for impact energies below and at the per-
foration-energy threshold, this mechanism needs to be taken into
account, even for a thickness equal to 0.5 mm.

The energy absorbed due to fibre failure is less relevant than in
glass-reinforced laminates, due to the fragility of carbon fibres. The
energy absorbed by the other mechanisms is negligible at high im-
pact energies.
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