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Abstract

Carbon fibre-reinforced polymer (CFRP) composite laminates are increasingly being used in
aerospace structures (e.g., fuselage panels) at risk of blast actions. This study aims to numerically
investigate the influence of the curvature and stiffeners’ geometry on the mitigation of the effects of a
shock wave loading in single-curved CFRP panels. Initially, a numerical model of a flat CFRP panel was
developed and validated. Then, the dynamic response and blast resistance of curved panels (without and
with reinforcements) was studied, capturing the deformation patterns and failure modes, as well as the
influence of strain rate on the material properties. The results showed that the blast resistance of the pan-
els is sensitive to the geometry of the incident surface: the convex configuration shows higher resistance
to blast loading than its concave counterpart. For blast conditions below a loading threshold, the increase
of the curvature resulted in a higher dissipation of the loading from the shock wave due to the higher
angle of incidence. Additionally, the deformations also decreased due to an increase of the geometric
stiffness of the panels. Finally, the addition of structural reinforcements was proven to reduce both maxi-
mum deformation of the panels and damage of the laminates, with the Ω-shaped stringers outperforming
the remaining ones studied.
Keywords: Blast loading, CFRP curved stiffened panels, numerical model, dynamic response, failure
mechanisms

1. Introduction
Civil aviation has been a target for acts of aggres-
sion and terrorism since the beginning of the 20th

century. A series of attacks throughout the years
has shown the vulnerability of civilian aircraft to the
blasts caused by in-cabin explosions. Aerospace
structures, and more specifically aircraft fuselages,
are subjected to a complex combination of loads
and their design must follow conflicting require-
ments of strength, stiffness and weight. In this
context, composite materials have become popu-
lar over the years, increasingly being used in a
wide range of structural applications due to their
advantages over conventional metal alloys [1]. The
main drawback that the use of composite materi-
als present is their brittle response specially under
high strain-rate loading events. In the case of a
shock wave generated by an explosion, compos-
ites exhibit poor matrix dominated properties in the
transverse direction and weak through thickness
properties. Moreover, while conventional metals
(i.e., steel and aluminium alloys) have the ability to
absorb a large amount of energy as they plastically
deform, fibre-reinforced polymer (FRP) laminates

experience a series of complex brittle-like damage
processes under explosive blast loading such as
matrix cracking, delamination and fibre fracture at
much lower strains.

A large body of work into the blast re-
sponse of panels has been published, focusing
mainly on the response of metal-based compos-
ite materials [2–5]. While there are finite element
models capable of assessing the deformation blast
loading in these surfaces, the lack of literature
regarding the field of composite materials, es-
pecially concerning the strain-rate sensitivity of
FRP composites at high strain-rates induced by
blast loading, presents a challenge to numerical
modelling. In recent years, experimental and nu-
merical investigations into the deformation and
failure process of FRP composites in air blasts
have been published, almost entirely restricted
to flat configurations [6–8], with few studies ad-
dressing the dynamic response of fibre-reinforced
curved panels [9]. Recently, however, the inter-
est in curved panels for blast mitigation purposes
has increased due to the additional stiffness un-
der explosive blast loads by virtue of their spatial
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curvatures [2]. At the time of writing this work,
no research into the blast response of structurally-
reinforced CFRP curved panels is available in the
literature.

This work aims to contribute to a better under-
standing of the effects of the complex nature of
blast actions on carbon fibre-reinforced polymer
(CFRP) laminate single-curved panels represen-
tative of a fuselage section, through a numeri-
cal investigation. Abaqus/Explicit (version 6.14) is
used to assess the deformation patterns and failure
modes of the panels and the influence of geomet-
ric parameters (i.e., curvature and reinforcement’s
shape) on the mitigation of the effects of a shock
wave loading during a bombing event. In this work,
an overview of the underlying theory regarding the
response of FRP panels to explosive blast load-
ing is presented (Section 2). A detailed descrip-
tion of the numerical models developed is covered
(Section 3). Lastly, the results are reported and
discussed (Section 4) and the conclusions are pre-
sented (Section 5).

2. Background

2.1. Explosive blast loading
The blast caused by the detonation of conventional
explosives originates a localized release of energy
in which the highly compressed and hot gases ex-
pand, resulting in a shock wave. The shock wave
expands rapidly, propagating at a speed faster than
the speed of sound, causing an almost instan-
taneous change in overpressure, followed by an
exponential decay modeled by the Friedlander’s
equation [10],

Ps(t) = Pso

(
1 − t

td

)
e
−b t

td , (1)

where Ps is the overpressure at a time instant t,
Pso is the peak overpressure, td is the duration time
(until the overpressure reaches ambient pressure,
after the wave front) and b is the decay coefficient.

The time period between the time of arrival of the
shock wave (tA) and td, makes the positive pres-
sure phase. After this point, the overpressure de-
creases further until it stabilizes. The later phase,
know as negative pressure phase, is longer in du-
ration, but much lower in amplitude than the posi-
tive phase and can often be neglected [11].

The main parameters that define a blast load-
ing are the relative distance between the detona-
tion point and the structure of interest, know as
stand-off distance (SOD), the mass and type of ex-
plosive and the geometry of the target structure.
For conditions under which the target structure is
located within the fireball resulting from the deto-
nation of an explosive charge, the expanding gas
products dominate the loading and the shock wave

can be neglected. Under this condition, the explo-
sion is deemed as near-field. When the target is
outside the fireball (typically at a distance within
10 to 20 times the radius of a spherical charge),
the effects of the fireball can be disregarded and
the explosive event is considered far-field [6]. Dif-
ferent types of blasts can be considered, depend-
ing on the relative position of the explosive source
and structure and the distance above ground. In
free-air blasts, considered in this work, the shock
wave propagates spherically outwards and inter-
acts directly with the structure, with no influence of
second-order reflections due to the surroundings.

Several approaches can be used when mod-
elling the detonation of an explosive charge.
Kingery and Bulmash [12] developed charts based
on experimental studies to obtain the blast pa-
rameters from explosive tests using charges of
TNT for both free-air and surface blasts. Using this
data, high-order polynomial equations can be fit-
ted to describe the overpressure-time profile of a
blast wave. CONWEP (Conventional Weapons Ef-
fects Programme) is the most recognised empirical
model implemented in finite elements commercial
codes such as Abaqus/Explicit and allows to realis-
tically simulate overpressure amplitudes (including
positive and negative phases) and does not require
a fluid medium to account for shock wave propaga-
tion, resulting in an accurate and computationally
efficient approach to model an explosive blast [11].
However, it is unable to account for the phenomena
associated to near-field and semi-confined blasts,
which include the effects of reflective waves and
fireballs during an explosion.

2.2. FRP composite laminates
Classical Laminate Theory is used in the analysis
of fibre-reinforced composites and defines the re-
sponse of a laminate. Constitutive equations al-
low to predict strains and stresses by defining the
engineering constants associated to an orthogonal
local coordinate system with the 1-axis in the fi-
bre direction, the 2-axis perpendicular to the fibres
on the plane of the lamina and the 3-axis perpen-
dicular to the plane of the lamina. For composite
laminate panels, the thickness of each single uni-
directional ply is small when compared to the panel
dimensions and a plane stress condition can be ap-
plied [1].

Hashin failure criteria, which is based on the
work of Hashin and Rotem [13] and Hashin [14],
is implemented in Abaqus [15] to model four intra-
laminar damage initiation mechanisms that include
fibre rupture in tension (F tf ), fibre kinking in com-
pression (F cf ), matrix cracking in tension (F tm) and
matrix crushing in compression (F cm), defined for
plane stress conditions as follows,
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F tf =

(
σ̂11
XT

)2

+ α

(
σ̂12
SL

)2

if σ̂11 ≥ 0, (2)

F cf =

(
σ̂11
XC

)2

if σ̂11 < 0, (3)

F tm =

(
σ̂22
YT

)2

+

(
σ̂12
SL

)2

if σ̂22 ≥ 0, (4)

F cm =
(
σ̂22

2ST

)2

+

[(
YC

2ST

)2

− 1

]
σ̂22

YC

+
(
σ̂12

SL

)2

if σ̂22 < 0.

(5)

In equations (2) to (5), XT , YT , XC and YC de-
note the allowable tensile (T ) and compressive (C)
strengths in the material directions (X - direction of
fibres and Y - direction perpendicular to the fibres),
SL and ST are the allowable longitudinal and trans-
verse shear strengths, respectively, and the coef-
ficient α determines the contribution of the shear
stress to the fibre tension damage criteria. The ini-
tiation criteria presented can be used to obtain the
model proposed in Hashin and Rotem [13] by set-
ting α = 0.0 and ST = Y C/2 or the model proposed
by Hashin [14] by setting α = 1.0. When any of the
failure indices (F tf , F cf , F tm and F cm) reaches unity,
the damage initiation criterion is met and the evo-
lution of damage follows a damage evolution law,
defined by specifying the fracture energies for fibre
tension, fibre compression, matrix tension and ma-
trix compression failure modes (Gcrft, G

cr
fc, G

cr
mt, and

Gcrmc, respectively).
The behaviour of cohesive zones used to model

bonded interfaces is defined by an elastic con-
stitutive matrix that relates the normal and shear
stresses to the normal and shear displacements in
terms of traction-separation laws that assume a lin-
early elastic behaviour followed by the initiation and
evolution of damage. A maximum nominal stress
criterion (MAXS) is used in the scope of this work
to define the initiation of cohesive damage, which
is given by

max
{
tn
ton
,
ts
tos
,
tt
tot

}
= 1, (6)

where tn, ts and tt are the three components
of the nominal traction stress vector and the sub-
scripts n, s and t denote the normal and two shear
tractions, respectively. The stress values ton, tos and
tot represent the maximum values of the nominal
stress when the deformation is applied normal to
the interface or in the first and second shear direc-
tions, respectively.

Damage growth is defined by the rate of stiffness
degradation which is expressed in the form of a

damage evolution law. In this work, the damage
evolution law given by the Benzeggagh-Kenane
(BK) criterion is considered, which is based on the
dependence of the fracture energy on the damage
made and takes the the following form,

Gcrn + (Gcrs −Gcrn )

{
GS
GT

}η
= GC , (7)

where GS = Gs +Gt and GT = Gn +GS .
Gcrn , Gcrs and Gcrt are the critical fracture en-

ergies values in modes I, II and III, respectively,
which are predicted by the fracture mechanics the-
ory with respect to the three modes of failure to
propagate in a material due to tensile and shear
stresses. Gn, Gs and Gt refer to the work done by
the traction and its conjugate relative displacement
in the normal, first and second shear directions, re-
spectively. η is a material parameter and GC is the
mixed-mode fracture energy.

3. Numerical model
3.1. Geometry and finite element mesh
The panels studied in this research consist of vari-
ations of a reference panel which incorporates
five evenly-spaced T-shaped longitudinal stringers
bonded to a cylindrical skin by an adhesive layer,
shown in Figure 1 [16–18].

L

Lf

a

h

T stringer

b

r

skin

web

flange

Figure 1: Geometry and mesh of the reference panel.

The panel has a total length L = 780 mm and
a free length Lf = 660 mm. The arc length
is a = 560 mm and the radius of the panel is
r = 1000 mm. The flange of the T-shaped stringers
has a width of b = 32 mm and the web a height of
h = 14 mm. The skin and stringers are made of
the same unidirectional (UD) fibre-reinforced lami-
nae with thickness t = 0.125 mm, giving the skin,
the stringers’ flange and web a total thickness of
1, 1.5 and 3 mm, respectively. The stacking se-
quences of the skin, stringer flanges and stringer
webs are [90,+45,-45,0]s, [(+45,-45)3,06] (from top
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to bottom) and [(+45,-45)3,06]s, respectively. In the
stacking labeling, the subscript s means that the
stacking sequence is symmetric with respect to the
mid-plane of the referred laminate and the numer-
ical subscript gives an indication on the number of
times a given orientation or sequence of orienta-
tions is repeated.

In order to study the influence of the curvature
on the blast response of the CFRP panel, three
models were considered, which consisted of an
unreinforced skin with varying radius of curvature
(500, 750 and 1000 mm). The remaining param-
eters followed the geometric data of the reference
panel. To take into account the influence of rein-
forcements, stringers with four other cross-section
geometries (I-, C-, J- and Ω-shaped) were added
into the model. The geometry and mesh data of
the stringers’ cross-section is depicted in Figure 2.

The skin and stringers of the panels were dis-
cretized with 4-node shell elements (named S4 in
Abaqus nomenclature [15]). Each node of the S4
elements has six degrees of freedom (DOF), con-
sisting of a displacement and a rotation for each
one of the three directions of the global coordi-
nate system. The mesh density was chosen upon
a convergence analysis and four different meshes
for the skin have been considered (ranging from 70
up to 4368 elements). The skin was subjected to
the blast loading from an explosive charge of 100g
of TNT, located at 1m normally from the panel’s
centre point. The degree of accuracy of the mesh
was analysed in terms of the normal displacement
in the centre point of the panel for a given (always
the same) time instant. The converged element
size was estimated to be 20mm, which resulted in
1092 elements and 1160 nodes in the skin of the
panel as shown in Figure 1.

The mesh of the stringers was chosen based
on the contact modeling approach used on the
interface between the skin and stringers. Contact
pairs defined under the general contact option in
Abaqus/Explicit use a master/slave contact algo-
rithm in which the nodes on the slave surface can-
not penetrate the segments that make the master
surface. For that reason, the slave surface should
be the more refined surface [15]. In the models,

the surface of the stringers was selected as the
slave surface and therefore presents a finer mesh.
For the reference panel, the mesh of the T-shaped
stringers was set to have 2 elements along the
height of the web and 4 elements along the width
of flange, making a total of 234 elements and 280
nodes for each stringer (Figure 1). The remain-
ing configurations followed the same criteria, with
the mesh densities for each design being shown in
Figure 2. The mesh of the surfaces of the flanges
and webs comprise a total of 40 nodes along the
longitudinal direction, the same as the mesh of the
skin.

3.2. Materials
The unidirectional (UD) CFRP IM7/8552 (Car-
bon/Epoxy) adopted in the modelling of the panel’s
skin and stringers and the adhesive Redux 312
used in the bonded surfaces were chosen in
virtue of their usage in the COCOMAT project [16]
and following works [17–19]. The material param-
eters necessary to define the lamina-type material
model in Abaqus are shown in Table 1. Intralam-
inar damage to the fibers and matrix was mod-
elled using the Hashin failure initiation criterion for
fibre-reinforced materials and the evolution of dam-
age was implemented through a damage evolution
law, described in Section 2. In this work, α was
set to 1 in order to take into account the effect
of shear on the fibre damage initiation. The pa-
rameters of the damage model shown in Table 1
include the Young’s modulus (Ei), Poisson’s ratio
(νij), shear modulus (Gij), the tensile and com-
pressive strengths (denoted by the subscript T and
C, respectively) in the fibre and matrix directions
(X and Y, respectively) and the fracture energies
for each one of the failure modes, i.e., fibre tensile,
fibre compressive, matrix tensile and matrix com-
pressive (Gcrft, G

cr
fc, G

cr
mt and Gcrmc, respectively).

The material properties are specified according
to the material directions (i, j = 1, 2 or 3), which
are defined by the reference orientation in the layup
(1 ≡ Z, 2 ≡ X and 3 ≡ Y for the skin and stringer’s
flanges and 1 ≡ Z, 2 ≡ Y and 3 ≡ X for the
stringer’s webs (with the global coordinate system
(X, Y and Z) represented in Figure 1)) and the rel-
ative rotation of the fibres.
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Figure 2: Geometry and mesh of the I-, C-, J- and Ω-shaped stringers (dimensions in mm).
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Table 1: Material parameters for the CFRP IM7/8552 UD
lamina [16,20,21].

Elastic properties Strength parameters

E1 [MPa] 147000 XT [MPa] 2715
E2 [MPa] 11800 XC [MPa] 1400
ν12 [-] 0.34 YT [MPa] 56

G12 [MPa] 6000 YC [MPa] 25
G13 [MPa] 6000 SL [MPa] 101
G23 [MPa] 4000 ST [MPa] 131

Fracture energies

Gcr
ft [N/m] 81500

Gcr
fc [N/m] 106300

Gcr
mt [N/m] 277

Gcr
mc [N/m] 788

The adhesive Redux 321 was modelled using
a cohesive contact behaviour which follows the
formulae and laws that govern cohesive constitu-
tive behavior, including the linear elastic traction-
separation model, damage initiation criteria and
damage evolution laws described in Section 2. The
cohesive interface is defined as part of the surface
interaction property in Abaqus. The elastic prop-
erties were defined by the stiffness coefficients
of the adhesive layer (Knn = 15000 MPa/mm,
Kss = 5355 MPa/mm and Ktt = 5355 MPa/mm),
obtained by dividing the material stiffness [16, 17]
by the thickness of the adhesive ta = 0.2 mm [15].
The maximum nominal stress criterion was used
to predict the initiation of cohesive damage in the
adhesive, which is defined by the maximum values
of the normal and shear stresses in the cohesive
interface (t0n, t0s and t0t ). The Benzeggagh-Kenane
(BK) criterion was used as a damage evolution law
with a power coefficient of 4.5 [22] and the nor-
mal and shear modes fracture energies of 200 and
1000 N/m [16], respectively.

3.3. Strain rate
An important consideration in blast modelling is the
strain rate (ε̇) sensitivity of the composite material.
Studies have found changes in the material prop-
erties of composite laminates by up to 50% under
the range of strains induced by blast loading, typ-
ically in the range of 100-1000 s−1 [7]. The exclu-
sion of rate dependency is a shortcome of the de-
fault lamina-type material model of Abaqus used in
the present work. As such, the following approach
was used to qualitatively capture the influence of
strain rate in the models [19].

First, the material property values at a quasi-
static strain rate were used to model the panels.
When subjected to a blast loading, the in-plane
components of the strain-rate ERij tensor were
used to obtained a unified value. Then, an average
value of strain-rate was calculated, considering a
time domain from the time of arrival of the shock
wave up to the initiation of damage of the first fail-

ure mode according to Hashin’s criteria (the null
values were disregarded). The matrix-dominated
properties of the IM7/8552 at the average strain-
rate were given by the relations of the strain-rate-
dependent behaviour of the material given in the
work of Schaefer et al. [23]. Finally, a new model
was created with the strain-dependent values of
the material properties and subjected to the same
blast conditions.

3.4. Blast loading and boundary conditions
The CONWEP model implemented in the
Abaqus/Explicit software was adopted to sim-
ulate the blast loading in virtue of its accuracy
and computational efficiency, especially for free-air
(i.e., when there is no interference from reflec-
tive surfaces or shadowing objects) and far-field
(i.e., when the effects of the dynamic pressure
and explosive fireball can be disregarded) blast
conditions [11]. The pressure-time profile of the
shock wave is obtained based on the user-defined
parameters (equivalent mass of TNT, spatial
coordinates of the reference point and type of blast
(set as free-air detonation in the current work))
and angle of incidence, and applied as a pressure
load directly onto the surface.

The boundary conditions were set to approxi-
mate the constraints used in the previous studies
involving these panels [17–20] and do not reflect
the structural response of the panel when incorpo-
rated on the fuselage of an aircraft. Hence, the
curved edges of the panels were clamped (with all
6 DOF restrained). Two sets of nodes comprising
the first 60 mm (along the Z axis) from each end
and across all the width (X axis) were only allowed
to displace axially and transversely (in the Z and
X-direction, respectively), with the remaining dis-
placement and all rotations restricted. The edges
within the free length, Lf , were set free.

3.5. Validation of the numerical model
The experimental and numerical investigations into
the blast response of FRP laminates performed by
Gargano et al. [7, 8] were used to validate the nu-
merical model, as it follows similar modelling op-
tions as those used in this work in terms of blast
conditions and material properties.

The CONWEP model was capable of obtaining,
with good accuracy, the overpressure-time pro-
files of the shock wave for far-field conditions, with
the peak overpressure presenting differences be-
tween 1.43% and 4.80% (Figure 3). However, it
becomes less accurate with reduced stand-off dis-
tances, particularly for near-field conditions.

The maximum center-point displacement history
shows a good agreement for the initial deflection
of the plate. After a certain instant, the agree-
ment is poor, being increasingly less accurate for
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higher impulse levels, mainly due to the omission of
material damping and simplifications in the bound-
ary conditions of the model. For low blast impulses
(i.e., in far field conditions), the FEM accurately
predicts the impulses (with a maximum difference
of 10%) for the same test conditions. The dis-
placement follows a linear variation, with the max-
imum centre-point displacement presenting a vari-
ation within 11%. In near-field conditions, however,
CONWEP over-predicts the impulses generated by
the shock wave which leads to higher maximum
out-of-plane displacements, as seen in Figure 4.

1.43% and 4.8%. It is expected that, as the stand-off distance decreases, the overpressure values

obtained using CONWEP become less accurate, given that it does not take into account the effects of

the explosive fireball. For near-field conditions, the experimental measurement of the pressure decay

was not possible due to the effect of the fireball on the readings of the pressure transducers [13].
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Figure 3.6: Far-field measured (dashed lines) and numerical (solid lines) overpressure-time profiles.

The model predicted with reasonable accuracy the deflection of the plate. When subjected to the

explosive blast, the plate deflected in the same direction of the shock wave and then deflected in the

opposite direction, depending on the blast impulse. Due to the symmetry regarding the boundary con-

ditions and geometry of the target, the displacement was maximum at the centre point of the plate.

The maximum center-point displacement history shows a good agreement for the initial deflection of the

plate. After a certain instant, the agreement is poor, being increasingly less accurate for higher impulse

levels. The omission of damping in the material properties of the system as well as the simplifications in

the boundary conditions of the support structure (used to replicate the boundary conditions due to the

steel window frame lined with soft rubber) causes a quicker response of the finite element model and a

mismatch of the peak deflection.

The effect of the impulse on the maximum out-of-plane displacement of the plate is shown in Figure

3.7. As expected, for increasingly higher blast impulses, the displacement values also increase. The

agreement between experimentally measured and numerical values of the maximum deflection are very

good. For low blast impulses (i.e., in far field conditions), the FEM accurately predicts the impulses

(with a maximum difference of 10%) for the same test conditions and the displacement follows a linear

variation, with the maximum centre-point displacement presenting a variation within 11%. In near-field

conditions, however, CONWEP over-predicts the impulses generated by the shock wave, for the reasons

stated previously, which leads to higher maximum out-of-plane displacements. Despite this, it is possible

to observe that the displacements obtained by the FEM follow the trend that was expected regarding the

displacement and therefore are in good agreement with experimental data.

35

Figure 3: Far-field measured (dashed lines) and numerical
(solid lines) overpressure-time profiles.

Damage initiation was modelled using Hashin’s
damage initiation criteria. The model predicted
with accuracy the initiation and progression se-
quence of the damage modes identified by
Gargano et al. [7], namely matrix crushing and
cracking and fibre kinking and rupture, at several
discrete regions in the plate edges, which rapidly
propagated towards the centre.
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Figure 3.7: Effect of blast impulse on the maximum out-of-plane displacement.

Damage initiation was also modelled using Hashin’s damage initiation criteria, as described defore.

The FEM cannot predict delamination and no further discussion of delamination as a failure mode is thus

carried in this work. The numerical model predicted the initiation of fibre kinking and matrix crushing at

an impulse level of about 170 Pa.s. At around 240 Pa.s, the fibre rupture and matrix cracking initiate.

The model predicted with accuracy the initiation of damage at several discrete regions in the plate

edges, which rapidly propagated towards the centre. In the experimental and numerical investigations

conducted by Gargano et al. [13, 14], rupture in the plies was observed for the highest blast impulses. In

the models developed in this work, these cracks match with the elements in which the damage variables

for all four failure modes (described in Section 2.2.3) reach unity and therefore the elements offer no

resistance to further deformation and the output variable STATUS is set to zero, as seen in Figure 3.8.
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Figure 3.7: Effect of blast impulse on the maximum out-of-plane displacement.

Damage initiation was also modelled using Hashin’s damage initiation criteria, as described defore.

The FEM cannot predict delamination and no further discussion of delamination as a failure mode is thus

carried in this work. The numerical model predicted the initiation of fibre kinking and matrix crushing at

an impulse level of about 170 Pa.s. At around 240 Pa.s, the fibre rupture and matrix cracking initiate.

The model predicted with accuracy the initiation of damage at several discrete regions in the plate

edges, which rapidly propagated towards the centre. In the experimental and numerical investigations

conducted by Gargano et al. [13, 14], rupture in the plies was observed for the highest blast impulses. In

the models developed in this work, these cracks match with the elements in which the damage variables

for all four failure modes (described in Section 2.2.3) reach unity and therefore the elements offer no

resistance to deformation and the output variable STATUS is set to zero, as seen in Figure 3.8.
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another common-type of blast damage to laminates [1–17]. An example 
of delamination cracking is shown in Fig. 10. The percentage area of the 
laminate plates which contained delamination damage was measured 
using through-transmission ultrasonics and calculated using the FE 
model. The comparison of the experimental and FE results is presented 
in Table 5. At the low blast impulses, no delamination damage was 
detected using ultrasonics and likewise was not predicted using the FE 
model. Experimental testing revealed that the amount of delamination 
damage increased with the shock wave impulse, which is expected. The 
FE model predicted this with good accuracy (within ~10%). The model 
also accurately predicted that the carbon-polyester laminate would 
experience more delamination damage compared to that sustained by 
the carbon-vinyl ester laminate, which occurs due to its lower me-
chanical properties, as reported in Ref. [9]. 

The FE model can also predict the locations and distribution of 
delamination damage in the laminates plates. For example, Fig. 11 
compares the ultrasound images and FE-generated images of the surface 
of the two laminates when subjected to the same blast impulse 
(353 Pa s). The blue regions in both types of image indicate the location 

and shape of delamination damage, whereas the other regions are free 
from significant delamination (although may contain other types of 
damage including fibre-matrix debonding and matrix cracking). The 
delamination cracks initiated at the plate edges and propagated towards 
the centre as discrete damage zones where they coalesced. This was 
predicted using the FE model, although the calculated shapes of the 
delaminated regions differed from the experiments. This is attributed to 
several factors, including the shock wave predicted using ConWep under 
near-field conditions being different to the actual shock loading of non- 
planer waves on the laminate plates. 

Another type of blast-induced damage was through-thickness 
cracking due to rupture/tearing of the plies. Fig. 12 shows an example 
of a through-thickness crack caused by all the carbon fabric plies 
rupturing along a well-defined fracture plane. The cracks initiated at the 
plate edges at blast impulses higher than those needed to initiate 
delamination cracking, and then propagated rapidly towards the centre- 
point. Examples of these cracks observed from the top surface of the 
carbon-polyester laminate after testing at the two highest blast impulses 
(353 and 472 Pa s) are shown in Fig. 13. As expected, the number and 
length of these cracks increased with the blast impulse. Fig. 13 also 
presents the FE predictions of the cracks, and they closely match the 
locations and lengths observed experimentally. This reveals that the FE 
model can accurately predict the initiation and growth of through- 
thickness cracks in the carbon fibre laminates. 
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A FE modelling methodology has been developed and validated to 
analyse the deformation and damage to carbon fibre laminates subjected 

Fig. 11. Delamination damage to the (a) carbon-polyester and (b) carbon-vinyl 
ester laminate plates (top-view) subjected to 353 Pa s blast impulse (Left - 
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Fig. 12. Cross-section X-ray CT image of ply rupture causing laminate fracture 
under blast loading. 

Fig. 13. Ply rupture to the carbon-polyester laminate plates (top view) sub-
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presents the FE predictions of the cracks, and they closely match the 
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Fig. 12. Cross-section X-ray CT image of ply rupture causing laminate fracture 
under blast loading. 

Fig. 13. Ply rupture to the carbon-polyester laminate plates (top view) sub-
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Figure 3.8: Ply rupture regions: (a) experimental [13], (b) numerical [14] and (c) numerically replicated.

Overall, the proposed numerical model successfully incorporates most of the key aspects of the

deformation and failure mechanisms during the blast loading of a CFRP laminate under certain blast

conditions, hence supporting the use of the methodology proposed in the study of composite structures

subjected to explosive blast events.
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Figure 4: Effect of blast impulse on the maximum out-of-plane
displacement.

In the experimental and numerical investigations
[7,8], rupture in the plies was observed for the high-
est blast impulses. In the models developed in this

work, the regions where rupture in the plies was
observed matched with the elements in which the
damage variables for all four failure modes reached
unity (i.e., the elements offered no resistance to
further deformation). As the FEM cannot predict
delamination, no further discussion of delamination
as a failure mode is thus carried in this work.

The proposed numerical model successfully in-
corporates most of the key aspects of the deforma-
tion and failure mechanisms during the blast load-
ing of a CFRP laminate under certain blast condi-
tions, hence supporting the use of the methodol-
ogy proposed in the study of composite structures
subjected to explosive blast events.

4. Results and discussion
4.1. Dynamic response analysis
In this section, the dynamic response of the curved
CFRP panel with the reference geometry and with-
out reinforcements is presented. The blast condi-
tions (mass of TNT of 100 g and stand-off distance,
SOD, of 1 m, normal to the centre-point of the
panel) were chosen in virtue of the accuracy of the
CONWEP model in simulating the overpressure-
time profiles of blast waves in far-field conditions.
The shock wave loading was applied on both the
concave and convex surfaces.

For both (concave and convex) cases, the spher-
ical propagation of the shock wave front and ge-
ometry of the incident surface result in distinct dis-
tributions of loads and, consequently, deformation
patterns on the panel. In the convex specimen,
two regions of response were identified. First,
the localised nature of the blast load results in a
bounded deformation pattern in the form of inden-
tation, leading to an increase of the deformation in
the centre region of the panel, which gives rise to
high strains in the very first part of the blast event
(when the pressure loading is the highest). The de-
formation progressively increases from the centre
to the edges, along the circumferential (X) and lon-
gitudinal (Z) axis, and the indentation mode is re-
placed by a global response which comprises two
deformation regimes in the form of bending and
stretching. For the concave case, the shock front
firstly acts on a ”strip” along the curvature of the
panel, propagating along the longitudinal axis. In
this case, the indentation regime previously men-
tion is not observed. This results in the highest
values of out-of-plane displacements to be found
in the free edges of the panel and a more unidirec-
tional distribution of the stresses along the surface.

As the structures deform, there is a rapid degra-
dation of the strength and reduction of the resis-
tance to deformation of the panels due to the ini-
tiation of damage. The regions of response within
the panel surface during the blast event result in
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different damage patterns depending on the geo-
metric configuration and ply orientation. For both
cases, the extent of damage associated with ma-
trix failure is higher than that observed for fibre fail-
ure, as the strength parameters associated with
matrix failure are lower when compared to the fi-
bre strengths. The distribution of damage in the
surfaces followed the deformation patterns previ-
ously observed and is influenced by the degrada-
tion of element strength due to the contributions
of bending and membrane stresses in the local
and global regions of the response of the panel.
The panels were found to go from a bending domi-
nated to a coupled bending-stretching regime, as
the reaction forces in the fixed boundaries alter-
nated from a compressive to a tensile force dur-
ing the blast event. Matrix damage initiated in the
fixed boundaries of the panel for both configura-
tions and progressed along the areas with higher
deformation. The diffusion of the effects from the
shock wave loading accomplished by the convex
surface, however, effectively delayed the initiation
of fibre damage and reduced the extent of fibre-
damaged elements, which are found in the cen-
tre region at the end of the blast loading, at an
instant in which the panel is at its maximum de-
flection. The concave surface favours the initiation
and propagation of fibre damage along the fixed
edges of the panel, leading to a rapid degrada-
tion of the structural integrity and consequently col-
lapse of the panel, shortly after the shock wave
loading.

An energy analysis allowed to assess the dy-
namic response and accuracy of the numerical
model. The elastic strain energy (ESE) gives an
indication of the deformation of the panels dur-
ing the elastic regime (Figure 5). The deforma-
tion is built up until a point of maximum deflec-
tion is reached, in which the value of ESE is maxi-
mum and the panel is almost entirely at rest, caus-
ing the kinetic energy (EKE) to be at a minimum.
Although this relation is observed in the convex
case, the concave specimen shows a local maxi-
mum value of ESE earlier in the blast event (prior
to the first local minimum of EKE). The concave
model shows higher values of energy dissipated
by damage (EDMD), mainly attributed to the higher
extent of fibre-damaged elements, when compared
to the convex case. As the blast-induced damage
increases, the loss of strength in the damaged el-
ements reduces the ability of the panels to with-
stand further deformations, reducing the capability
of decreasing EKE and ultimately leading to col-
lapse. As the CFRP panels are mainly able to dis-
sipate energy via damage and damping due to vis-
cous effects, the elastic brittle behaviour observed
shows a conflict when using composites at risk of

explosive blast, as the inability to dissipate energy
due to plastic deformation restricts the capability
to limit the penetration and damage whilst maxi-
mizing energy absorption. The energy conserva-
tion of the model was investigated and the total en-
ergy was found to be approximately constant, as it
should [15]. Moreover, the ratio of artificial strain
energy (EAE) to the internal energy was found to
be below the threshold of 5% used to evaluate the
accuracy of numerical models [15].

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
0

50

100

150

200

250

300

350

400
matrix damage

initiation

fibre damage
initiation

Time (ms)

E
D

M
D

(J
)

EDMD

0

100

200

300

400

500

600

700

E
S

E
(J

)

ESE

0

5

10

15

20

E
A

E
(J

)

EAE

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
0

50

100

150

200

250

300

350

400
matrix damage

initiation

fibre damage
initiation

Time (ms)

E
D

M
D

(J
)

EDMD

0

100

200

300

400

500

600

700

E
S

E
(J

)

ESE

0

1

2

3

4

E
A

E
(J

)

EAE

30

(a)

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
0

50

100

150

200

250

300

350

400
matrix damage

initiation

fibre damage
initiation

Time (ms)

E
D

M
D

(J
)

EDMD

0

100

200

300

400

500

600

700

E
S

E
(J

)

ESE

0

5

10

15

20
E

A
E

(J
)

EAE

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
0

50

100

150

200

250

300

350

400
matrix damage

initiation

fibre damage
initiation

Time (ms)

E
D

M
D

(J
)

EDMD

0

100

200

300

400

500

600

700

E
S

E
(J

)

ESE

0

1

2

3

4

E
A

E
(J

)

EAE

30

(b)

Figure 4.7: Time history of the components of the internal energy for the (a) convex and
(b) concave configuration.

For the concave configuration, however, ESE presents a first local maximum earlier in the blast event,

and the same relation is not observed. In this case, the extent of damage associated to the four failure

modes of the composite laminate is more noticeable, as seen in the curve of EDMD in Figure 4.7 (b). This

results in a meaningful loss of strength of the panel which reduces the capability to decrease the kinetic

energy during the blast event.

This further demonstrates the previous observations made regarding the effects of damage initiation

and distribution for each surface. The blast mitigation capabilities of the convex configuration result in

the delay of the initiation of damage on the fibres and the panel is able to extend the deformation in an

(almost-) elastic regime, whereas in the concave specimen, the concentration of stress along the fixed

46

Figure 5: Time history of the components of the internal
energy for the (a) convex and (b) concave configuration.

4.2. Influence of panel curvature on the blast
response

For the purpose of analysing the effect of the cur-
vature on the resistance of CFRP panels to blast
loading, a group of panels with different radii of cur-
vature (500, 750 and 1000 mm) but with the same
mass and section area was investigated. The pan-
els were subjected to the shock waves resulting
from the explosive blast of two distinct charges,

7



60 g and 100 g of TNT, located at the same det-
onation point as previously.

The work of the external loads, EWK , for each
panel gives an insight on the influence of curva-
ture on the blast response of the panels, as seen in
Figure 6. The curvature of the panels changes the
reflective angle of the shock wave, used by CON-
WEP to calculate the pressure loading. Bigger radii
of curvature (i.e., flatter surfaces) result in a smaller
reflective angle and, therefore, higher values of
pressure loading applied on the surfaces. More-
over, by increasing the curvature of the panels, the
stiffness (which is function of the area moment of
inertia) also increases, resulting in lower average
displacements with increasing curvatures. Another
observation is that the blast mitigation properties
in virtue of the increased curvature on the pan-
els will be more significant with increasing blast
loads, as the trend lines for each mass of explosive
charge show that the slope of the linear regression
for 100 g of TNT is higher (by about 43%) than for
60 g.
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Figure 6: Maximum value of EWK vs. radius of curvature, r,
for charge masses of 60g and 100g of TNT.

The previous observations translate into the
panel with highest radius of curvature (R1000)
showing the highest values of EKE and the R500
panel showing the lowest (for both blast condi-
tions). Moreover, the fact that, under both blast
conditions, the panels show a first local maximum
value of ESE at a very early stage in the blast event
is indicative of a significant contribution of the dam-
age in the dynamic response of the panels, irre-
spective of the radius of curvature.

The initiation of damage depends on the dy-
namic response of the panels, as stresses will con-
centrate in the areas where higher deformations
are found. The curvature is seen to originate dif-
ferent deformation patterns, with higher displace-
ments found on the free edges with increasing cur-
vatures and similar deformed shapes on the longi-
tudinal direction. Moreover, the geometric stiffness
induced by the curvature favours higher stresses

on the surface of the panels as further bending is
limited by the increased stiffness of the structures.

All four failure modes were identified and it was
observed that the curvature influences the initia-
tion of a particular failure mode whilst maintain-
ing the same sequence (damage due to matrix
tension, matrix compression, fibre tension and fi-
bre compression). In all panels it is observed that
the damage progressed from the boundary of the
laminates to the centre, with the damage asso-
ciated with the two matrix failure modes being
dominant. As the curvature increases, a predispo-
sition towards more damage on the free edges be-
comes more evident. By decreasing the curvature,
however, the damage spreads towards the centre
of the panel, complementing the higher displace-
ments found in this area. The extent of the dam-
aged areas in the panels under the same blast
loading condition is very similar, irrespective of ra-
dius of curvature. For a charge mass of 100 g, the
panels were found to collapse at sensibly the same
time. The decrease in the extent of damage with
regards to both the matrix and fibre damage modes
for the lowest mass charge (60 g) resulted in the
preservation of the structural integrity of the pan-
els.

Thus, it is possible to ensure that, for certain
blast conditions below a loading threshold, the
panel with higher curvature outperforms the re-
maining geometries, as it shows a higher capabil-
ity to mitigate the loading under an explosive blast
event, while showing an increased geometric stiff-
ness that reduces the deformations. For higher val-
ues of load, however, in conditions under which the
panels collapse, the increase in curvature does not
offer an additional benefit for blast mitigation pur-
poses.

4.3. Influence of structural reinforcements
In order to study the influence of stringer cross-
section geometry on the blast performance of
the reference panel, four additional cross-sectional
shapes were considered (T-, I-, C-, J- and Ω-
shaped) and subjected to the same far-field con-
ditions as previously (We = 100 g, SOD = 1 m).

The introduction of longitudinal stringers in the
panels resulted in an increased flexural stiffness
which resulted in lower values of deformation
throughout the blast event. Despite the deforma-
tion pattern of the panels being qualitatively iden-
tical, stringer geometry alters the projected area
of the panel which will be under the influence of
the blast loading and the deformation modes ob-
served. As such, at the same post-detonation time
instant prior to damage initiation, the panel with Ω-
shaped stringers displays the lowest values of out-
of-plane displacement in the skin, and the panel
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with C-shaped stringers the highest. In the latter
case, a coupled bending-torsion mode is observed
in virtue of the cross-section’s asymmetry (in which
the shear centre and centroid of the stringers are
not aligned).

The addition of stringers into the panels results
in a significant reduction of EKE . The stringers in-
crease the mass of the panels in about 1.8 times.
The reduction in EKE , however, does not follow
the same proportion, with the ratio of the first lo-
cal maximum of EKE for both cases ranging from
2.1 up to 2.6, depending on stringer geometry.
This observation indicates the presence of non-
linearities in the simulations in virtue of the influ-
ence of damage on the constitutive equations that
govern the response of the panels. Moreover, the
influence of stringer geometry on the distribution
of loads on the surface of the panels may affect the
vibration modes of the panels.

The initial stiffness of the panels (prior to dam-
age initiation) is the same, as every panel presents
the same cross-sectional area. However, as dam-
age initiates, the dynamic response of the panels
depends on the extent and distribution of damage
on the laminate. The reinforced panels shown a re-
duction of EDMD from 27.7% (panel J) up to 50.9%
(panel Ω), when compared to the maximum value
of EDMD of the panel without stringers at the in-
stant of collapse. In general, for the panels in which
the stringers withstand more damage, mainly as-
sociated with matrix crushing and cracking (T-, J-
and Ω-shaped), less damage is found in the skin,
with the exception of the J-shaped stringers, which
show the highest values of damage on both skin
and stringers (Figure 7).

Regarding the total value of EDMD on the panels, it is possible to observe that the reinforced panels

show a reduction of the energy associated to damage of 27.7% (panel J) up to 50.9% (panel Ω), when

compared to the maximum value of EDMD at the time that the panel without stringers collapsed. As can

be seen in Figure 4.17, the shape of the stringer highly influences the distribution of damage on the

structure. As the shock wave impacts on the projected area of panels, the stringers with larger area of

impact (J-, Ω- and T-shaped) will withstand more damage (mainly associated with matrix crushing and

cracking), whereas the remaining (I- and C-shaped) show the least. The damage in the skin follows

an analogous relation, where the damage associated with the skin will be lower for the first case and

higher for the latter, with the exception of the J-shaped stringers. For this configuration, the shock wave

impinges both the top and bottom flanges, which will result in (i) higher deformations on the stringer and

(ii) more energy passed to the skin. As it may be observed in the deformed shapes shown in Figure

4.15, the J- and T-shaped stringers show more deformation on the lower flange in comparison to the

remaining configurations, which contributes, to a lesser extent, to the deformation and damage initiation

on the skin.

T I C J Ω

40

60

80

100

120

140

160

87.9

101.2

124.6

134.9

74.7

59.3 58.7
51.7

78.8

63.663.7

42.7 39.8

52.1

42.1

Geometry of the stringer cross-section

E
D

M
D

(J
)

skin stringers adhesive

Figure 4.17: Energy dissipated by damage in the skin, stringers and adhesive interface
for each configuration.

Debonding on the adhesive interface starts as soon as the shock wave arrives at the panel. For every

panel, separation between the skin and stringers generally starts and progresses from the edges of the

stringers into the centre, along the longitudinal direction. The stringers near the free edges of the panels

are the first to show debonding in the entire contact surface, with the central stringer being the last. In

Figure 4.18 the contour plot of the damage variable for cohesive surfaces (CSDMG) in the surface and

in the deformed shape of the cross-section of the panel Ω is shown.

The initiation and progression of damage in the adhesive will be strongly influenced by two main

factors, being (i) the area of the surface of contact and (ii) the deformation modes of the stringers. This

results in different levels of debonding for each configuration throughout the deformation process of the

panels.

57

Figure 7: Energy dissipated by damage in the skin, stringers
and adhesive interface for each configuration.

Additionally to the laminate damage model used,
governed by Hashin’s criteria, the damage on the
adhesive interface in the form of debonding was
modelled. Debonding started at sensibly the same
time on the adhesive layer for every panel and was
found to progress at different rates, depending on
stringer configuration (which determines the sur-

face contact areas and deformation modes). The
values of EDMD regarding the adhesive failure are
proportional to the areas of contact of the stringer-
skin interface (Figure 7). However, as the pres-
sure loading from the shock wave exponentially
decreases with time, the influence of full stringer-
skin separation at latter stages of the blast event
(Figure 8) becomes less important.

Figure 8: Failure on the adhesive interface (t = 2.0 ms).

Overall, it is shown that stringers present a vi-
able solution to mitigate the effects of an explo-
sive blast on curved CFRP panels. For the range
of designs considered, the Ω-shaped stringers out-
perform the remaining configurations, showing the
lowest global maximum out-of-plane displacement
and least amount of structural damage.

5. Conclusions
A finite element model and analysis of carbon fibre-
reinforced polymer (CFRP) laminate single-curved
panels under blast loading was accomplished us-
ing the commercial software Abaqus/Explicit (ver-
sion 6.14). The CONWEP model was used to
simulate the shock wave loading from the explo-
sive blast of a charge of TNT in free-air far-field
conditions. The numerical model considered the
in-plane mechanical properties of the composite
laminate given by the matrix and fibres, which con-
trol the deformation and damage sustained by the
panels. Damage in the laminate was modelled us-
ing the Hashin failure criteria, which assumes four
different damage modes, comprising matrix and fi-
bre failure with separate mechanisms for tension
and compression. The modelling of the adhesive
interface was accomplished through the implemen-
tation of a contact formulation based on the co-
hesive properties of the adhesive material and a
maximum nominal stress criterion. An approach
to qualitatively capture the strain-rate dependency
in the composite material model allowed to assess
the effects of blast-induced strain rates on the me-
chanical properties of the CFRP material.
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The numerical study was able to capture the de-
formation history, failure modes and energy vari-
ation of the models. Additionally, the study of the
influence of geometric parameters such as the cur-
vature and stringers cross-section shape provided
an insight on passive protective design alterna-
tives capable of mitigating the effects of the dy-
namic loads during a bombing event. The pro-
posed model can thus be used to design or eval-
uate the performance of blast resistant FRP com-
posite structures under specific blast conditions.
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