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Summary

The tidal current turbine is the most efficient way to extract energy from the

sea. This system can be prone to critical loads such as impact accidental in

the installation and maintenance phase. Indeed, several complex modes of

damage susceptible to harming the stability of the structure are studied to con-

ceive hybrid composite nozzles with better resistance to damage. For this rea-

son, two scenarios of low-velocity impact of a hybrid composite nozzle (glass/

carbon) were investigated. In both cases, the impact was realized in the region

of the trailing edge of the nozzle, and the results obtained were compared

between three different laminated. On the other hand, damage modeling was

formulated using the finite element method based on the Hashin criteria.

Energy conservation of the nozzle was verified to validate the numerical model.

Also, the effects of the impact velocity and the panel's flexibility on the initia-

tion and propagation of damage have been studied. Depending on the results,

the stacking sequence significantly influences the formation of damage. How-

ever, the results show that the hybrid nozzle with CGG (carbon/glass/glass)

stacking has a higher impact resistance compared to other laminates.

KEYWORD S

contact/impact, damage mechanics, finite element method (FEM), hybrid fibers composites,
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1 | INTRODUCTION

In recent years, renewable marine energy (RME) plays an
important role in satisfying the increasing energy demand
and to reduce the emission of greenhouse gases; it is
becoming more and more appreciated, mainly due to its
predictability.1 Indeed, the application of tidal turbines to
exploit tidal currents can only be efficient if the hydrody-
namic performance is predicted. Currently, this technology
is under development as devices capable of converting the
kinetic energy contained in flowing water into electrical
power. In a recent study, some researchers2-4 cited compa-
nies that have started to establish tidal current turbine

parks, such as Sabella in France, Andritz Hydro Hammer-
fest (AHH) in Anglesey (Wales, UK), MeyGen in Scotland,
GE & Alstom Energy (France), and DCNS, that will
start work in the coming years. These projects represent a
veritable response adapted to the needs of the industry.
For example, the MeyGen project is currently the biggest
tidal current development project in the world, and the
largest group of multiturbine companies to start the devel-
opment of this energy system.5 On the other hand,
there is the FloTEC project, which was created in 2016
with funding from the European Union, which seeks to
prove the potential of floating tidal systems to produce
predictable, low-cost, reliable, and low-risk energy for the
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European electricity grid. To achieve these objectives, the
SR200 turbine, regarded as the most powerful tidal turbine
in the world, has been installed.6

Several types of turbines have been conceived, but the
most commonly used are horizontal-axis turbines with
two- or three-blade rotors able to extract a great quantity
of energy from marine currents.7 Even though research
on tidal turbines treats many different fields of interest,
the most frequently studied subject is certainly power
performance.8

The ducted tidal turbine is subject to particular con-
straints because of the aggressive conditions that reign in
the marine environment and maintenance and installa-
tion phase. In this context, composite materials occupy a
crucial place in developing systems to convert marine
renewable energy under severe environmental condi-
tions. Due to their interesting properties, especially high
stiffness, their lightness, and excellent corrosion resis-
tance, they represent the perfect solution for structure
developers. These conditions require the recourse to lam-
inated composite materials like glass or carbon fiber-
reinforced polymer. Several studies have been conducted
to evaluate the behavior of composites material exposed
to impact. For example, Velasco et al indicate9 that dam-
age inflicted on fiber-reinforced composite materials is
characterized by progressive degradation of resistance
and rigidity due to the formation of micrdamages in
fiber and matrix. The damage is generally manifested as
matrix cracking, the debonding between the fibers and
matrix, and fiber breakage. Several researchers have per-
formed different models of failure criteria to predict dam-
age in composite laminates.10 For instance, Xi Li et al11

investigated the applicability of failure criteria and dam-
age evolution methods in finite element analysis of com-
posite laminates subjected to low-velocity impact. On the
other hand, modeling methods for damage using prop-
erty degradation and residual strength models have been
established by various authors.12-14

Recently, the control of the behavior of composite tur-
bines has progressed enormously. Nachtane et al7 studied
the effect of environmental impacts on the mechanical
properties of a tidal turbine made of glass fiber-reinforced
polymer composite. The results showed that damage was
observed in different zones of the structure. Ullah et al15

analyzed the damage caused by impacts on tidal turbine
blades. The composite materials used are composed of
glass fiber-reinforced polymers. Furthermore, Tual et al16

analyzed the effects of seawater aging on composite
materials for tidal turbine blades. The composite material
employed in this study was carbon/epoxy.

According to the literature, several researchers have
demonstrated that the fabrication of composites from
a single reinforcing fiber is generally not adapted to par-
ticularly complex loading situations.17 For example, the

carbon fibers have high tensile strength but are brittle to
shear forces and thus have a low resistance due to low-
speed impact damage.18 According to Santhanam et al,19

composite materials made from a single reinforcing
fiber tend to absorb moisture in a marine environment,
which results in a weakening of the composite. To solve
these problems, several studies have been conducted on
hybrid fiber composites, adding ductile fibers like glass
fibers, basalt, and aramid to carbon fiber-reinforced com-
posite materials to increase their resistance to damage.
Mahmoud20 reported that higher impact performance
could be observed by applying the same materials with
different structures to form a hybrid laminate type. Sun
et al21 have analyzed experimentally and by finite ele-
ment method the mechanical properties of carbon/basalt
composite materials; the results showed that the hybrid
effect was positive for tensile and flexural strength.
On the other hand, the current studies on hybrid com-
posites are principally based on fiber alignment and ply
stacking sequence.18 Only a few researchers have carried
out studies on the effect of the stacking sequence on the
tensile and flexural strength of hybrid composites.22,23

In these studies, it was found that placing a relatively
stronger fiber on the outside of the composite increases
the flexural strength. It was also reported that the tensile
strength increased with increasing fiber volume in the
hybrid composite. In this context, recourse to hybridiza-
tion is an excellent method to improve the fracture resis-
tance of composite materials, while keeping adequate
mechanical performance for structural application.

The review of the literature indicates that no studies
have been conducted in the past on the application of
hybrid composites in ducted tidal turbines. In this context,
this work aims to investigate the dynamic behavior and
the mechanical response of a hybrid composite nozzle
under accidental impact during maintenance and installa-
tion operations. The prediction of the induced damage on
the structure during the impact has been studied by the
finite element method by using the Abaqus software. Two
different impact scenarios were considered, the impact was
realized on the trailing edge zone of the nozzle and the
simulated damage was analyzed for different materials.

2 | STRUCTURAL ANALYSIS AND
MATERIALS

2.1 | Structure

The hydrodynamic profile of the ducted tidal turbine was
determined using Heliciel software, Figure 1A. To ana-
lyze the mechanical behavior of the nozzle during a
maintenance and installation operation, the numerical
model is developed in Abaqus software using the finite
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element method (FEM). The total diameter of the nozzle
is 20 m, and its mass is about 16.99 tons. Figure 1B illus-
trates the 3D nozzle of the tidal current turbine.

2.2 | Materials

Tidal current turbines are generally exposed to accidental
impacts during maintenance and installation operations.
To respond to industrial needs, usually related to a mass
gain problem, hybridization offers an excellent method for
improving the fracture resistance of composite materials,

while maintaining the adequate mechanical performance
for marine renewable energy applications. The composite
used in this study is a hybrid laminate submerged in epoxy
resin with a thickness of 0.64 mm per layer.24 The configu-
rations of the stacking sequence have been established in
the following manner: glass/glass/carbon (GGC), carbon/
glass/glass (CGG), and glass/carbon/glass (GCG) extending
from the internal surface to the external surface. The total
thickness of the laminate is 9.6 mm, and the composite
structure layup is (0/45/90/45/0), with n = 15, Figure 2.
Tables 1 and 2 present the mechanical properties of the
composites.

FIGURE 1 Nozzle of the

marine current turbine [Colour

figure can be viewed at

wileyonlinelibrary.com]

FIGURE 2 The stacking

sequence configurations [Colour

figure can be viewed at

wileyonlinelibrary.com]

TABLE 1 Properties of glass-epoxy24

Properties Value

ρ (kg/m3) 1659

E1 (MPa) 26 705

E2 (MPa) 7495

Nu12 0.28

G12 = G13=G23 (MPa) 2833

Xt (MPa) 1006

Xc (MPa) 487

Yt (MPa) 46

Yc (MPa) 132

SL (MPa) = ST (MPa) 42

TABLE 2 Properties of carbon-epoxy24

Properties Value

ρ (kg/m3) 1238

E1 (MPa) 1928

E2 (MPa) 4598

Nu12 0.32

G12 = G13= G23 (MPa) 1729

Xt (MPa) 1429

Xc (MPa) 530

Yt (MPa) 41

Yc (MPa) 145

SL (MPa) = ST(MPa) 83.4
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3 | IMPACT SCENARIOS AND
BOUNDARY CONDITIONS

The ducted tidal turbine is exposed to accidental impacts
during installation and maintenance operations. Their
installation necessitates the use of extremely powerful
cranes or lifting systems, which are carried on service
ships. The operations are risky in the open sea if the boat
itself does not have considerable dimensions to remain
stable against the waves during transhipment operations.
In this case, two impact scenarios can occur. In the first
case, the structure may be subject to impacts related to
the components present in the vessel. In the second
case, it can be impacted by different surfaces of the ship.
In this context, two different impact scenarios were
simulated:

• Case Fixed nozzle and mobile impactor, Figure 3A.
• Case Mobile nozzle and fixed impactor, Figure 3B.

In case 1, a belt wrapped around part of the nozzle was
chosen as boundary conditions. Figure 3A shows the
encased section and the impactor geometry. In case 2, the
boundary condition of the “Encastre” type is applied in
the impactor reference point, as represented in Figure 3B.

U1=U2=U3=UR1=UR2=UR3=0

In the two cases, the length of the impactor is 30 m,
its width is 1 m, and its mass is about 1 ton.

For a better turbine conception and better analysis
of its behavior under dynamic loads, the structure was
exposed on its trailing edge to an accidental impact dur-
ing maintenance and installation operations. A mainte-
nance description of the system is depicted in Figure 4.

4 | NUMERICAL MODEL

The finite element modeling was developed in the Abaqus/
Explicit software to accurately predict and analyze the
hybrid composite nozzle behavior, which is generally sub-
jected to accidental impacts during maintenance opera-
tions. In this regard, the composite hybrid nozzle was
modeled as a deformable structure and meshed with the
shell quadrilateral S4R type element. On the other hand,
the impactor is modeled as a rigid body. As mentioned in
the previous section, two impact scenarios were modeled
(Case 1 and Case 2). In case 1, the projectile weighs 1 ton,
and its velocity was applied as an initial condition in its ref-
erence point which is equal to 4 m/s, while in case 2, the

FIGURE 3 Impact

scenarios [Colour figure can be

viewed at

wileyonlinelibrary.com]
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nozzle displaces at a speed of 4 m/s, and the impactor is
fixed.

4.1 | Mesh convergence

A modeling strategy was conducted to reduce computation
time and optimize the mesh model without affecting the
accuracy of the simulation results. This strategy is based on
identifying an optimal mesh by studying the convergence
of the numerical model, as shown in Figure 5A.

The variation of maximum deflection and maximum
stress vs the number of elements is illustrated in Figure 5A.
The results of successive calculations seem to converge
starting from 129 490 elements with a mesh size of
100 mm length. The value of convergence is calculated
from a ratio “mesh size/total size of the structure” of 0.005.
It can be seen from Figure 5A that the more the mesh is

refined, the maximum stress increases and the maximum
displacement decreases. Indeed, it is not suitable to apply
quadratic elements in nonlinear structural analyses to such
modeling as it takes a lot of calculation time. For this par-
ticular reason, the choice in our study consists of using a
four-node quadrilateral element with linear interpolation
and reduced integration (S4R). This is known for its robust-
ness suitable for large applications and allows better accu-
racy at a reduced cost by using a fine mesh instead of a
coarse mesh. Figure 5B depicts the final mesh size of
100 mm used for the nozzle.

4.2 | Damaged material response

The impact at low speed reflects a case of quasistatic
loading and represents a crucial industrial case for dam-
age tolerance. These impacts can considerably decrease

FIGURE 4 Context description [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 5 The final mesh

of the numerical simulation

[Colour figure can be viewed at

wileyonlinelibrary.com]
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the residual strength of composite structures without nec-
essarily make visible marks on the outer surface. Studies
have shown that damage caused by this type of loading
is similar to those resulting from a static indentation
test.25-27 Thus, indentation tests are currently commonly
used for experimental studies of impacts on low-speed
impacts.

In this part, the modeling of progressive damage is
examined by introducing the formula of different failure
modes. In composites materials, damage can be defined
in two distinct phases in terms of damage initiation and
damage progression. In this model, the constitutive equa-
tions for damaged composite materials28 are expressed in
the form of:

σ̂=Mσ ð1Þ

where, σ is the real stress. M is the damage operator, hav-
ing the diagonal form as shown in Table 3.

The shear damage is a way of identifying in the stack
the plies in which the rupture of matrix and fibers occurs.
Indeed, the damage variables df, dm, and ds may have dis-
tinct compression and tension values, referenced by dtf ,
dcf , d

t
m, d

c
m corresponding to four following modes:

df =
dtf if σ̂11≥0
dcf if σ̂11 < 0

(
ð7Þ

dm =
dtm if σ̂22≥0
dcm if σ̂22 < 0

(
ð8Þ

The corresponding stiffness matrix is determined
from the equation below:

c=
1
D

1−df
� �

E1 1−df
� �

1−dmð Þϑ21E1 0

1−df
� �

1−dmð Þϑ12E2
1

1−dmð ÞE2
0

0 0 D 1−dsð ÞG12

2
6664

3
7775

ð9Þ

with

D=1− 1−df
� �

1−dmð Þϑ12ϑ21 ð10Þ

where, D, E1, E2, and G12 are undamaged material mod-
uli. ϑ12, ϑ21 are undamaged material Poisson's ratios.

4.3 | Damage initiation criteria

The approach to detect the failure by damage mechanics
is complex and requires knowledge of specific failure
parameters. An alternative to facilitate the analysis of the
rupture consists of adopting rupture criteria. Fiber deteri-
oration in compression and tension and matrix failure in
compression and tension were defined by Hashin's as four
failure criteria for composite materials. This criterion is
implemented in the Abaqus Code. Thus, in our study, this
criterion is adopted to treat the problem related to the
reduction of the elastic properties of laminates and to
evaluate their degradation.

TABLE 3 The constitutive

equations of damaged composite

laminates
Designation of formulas Formulas

Equations
no.

The damage operator

M =

1
1−df

0 0

0
1

1−dm
0

0 0
1

1−ds

2
6666664

3
7777775

(2)

The fiber damage df =1− 1−dtf
� �

1−dcf
� �

(3)

The matrix damage dm =1− 1−dtm
� �

1−dcm
� �

(4)

The shear damage ds =1− 1−dtf
� �

1−dcf
� �

1−dtm
� �

1−dcm
� � (5)

The damaged compliance matrix

H =

1

1−df
� �

E1

−ϑ12
E2

0

−ϑ12
E1

1
1−dmð ÞE2

0

0 0
1

1−dsð ÞG12

2
66666664

3
77777775

(6)
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The initiation criteria are described as follows29:
• Fiber tensile failure σ̂11≥0ð Þ

Ft
f =

σ̂11
XT

� �2

+ α
τ̂12
SL

� �2

ð11Þ

• Fiber compressive failure σ̂11 < 0ð Þ

Fc
f =

σ̂11
XC

� �2

+ α
τ̂12
SL

� �2

ð12Þ

• Matrix tensile failure σ̂22≥0ð Þ

Ft
m =

σ̂22
YT

� �2

+
τ̂12
SL

� �2

ð13Þ

• Matrix compressive failure σ̂22 < 0ð Þ

Fc
m =

σ̂22
2ST

� �2

+
YC

2ST

� �2

−1

" #
σ̂22
YC +

τ̂12
SL

� �2

ð14Þ

Ft
f , F

c
f , F

t
m, and Fc

m are the four modes of failure iden-
tified in Hashin criteria, the coefficient αrepresents the
contribution of shear stress on fiber tensile, and σ̂11 , σ̂22 ,
τ̂12, the stress tensor.

Where, XT, XC: denote the tensile and the compres-
sive strengths in the direction of the fibers. YT, YC: denote
the tensile and the compressive strengths in the trans-
verse direction. SL, ST: denote the longitudinal and the
transverse shear strengths of the composite.

4.4 | Damage evolution

The material stiffness progressively deteriorates
according to a variable d, when the damage initiation cri-
terion has been achieved. The values of this variable vary
from zero when the damage begins to one (d = 1) when
complete failure has happened in the fiber or matrix ele-
ment.30 The failure criterion is defined in terms of the
energy release rates associated with the damage variables
corresponding to the four failure modes. In the case of a
linear softening process, the variable reflecting the evolu-
tion of damage for each mode (i) is defined as follows31:

d=
δfi,eq δi,eq−δ0i,eq

� �
δi,eq δfi,eq−δ0i,eq

� � ð15Þ

In the softening part, the equivalent displacement of
each mode (i) satisfies:

δ0i,eq ≤ δi,eq ≤ δfi,eq ð16Þ

The zone area controlling softening is given by:

δfi,eq−δ0i,eq =
2Gi

δ0i,eq
ð17Þ

where Gi represents the energy dissipated during the
propagation of the damage, δ0i,eq denotes the equivalent
displacement, σ0i,eq indicates the equivalent initial stress,
and δfi,eq refers to the equivalent displacement inducing
the deletion of the element.

5 | RESULTS AND DISCUSSION

The damage resulting from an accidental impact is capable
of affecting the ability to perform the intended function,
even when the area of apparent damage is very small.32-36

Indeed, taking into consideration the low manoeuvring
speed during maintenance and installation operations, the
impact behavior during a low-energy impact must be stud-
ied. Hybrid composite structures possess greater rigidity
than metallic materials. Nevertheless, due to the stratifica-
tion of their layers and the weakness of the interfaces, this
makes them extremely sensitive to shocks. This damage to
laminate is not easy to identify. The absence of comprehen-
sion of impact tolerance of tidal current turbine systems is
a major issue that prevents further use. It is essential to
assess and predict the damage resulting from an accidental
low-velocity impact to enhance the integrity and safety of
hybrid composite structures in the maritime environment.

As mentioned in the preceding sections, two impact
scenarios were investigated in the trailing edge zone of
the nozzle during the maintenance operation, Figure 3.
In this part, the results of the finite element simulation of
both cases are presented by examining the mechanical
behavior of the structure under low-velocity impact load-
ings. Indeed, the impact energy of the two scenarios stud-
ied is given in Table 4.

5.1 | Case 1

The damage that appeared during the impact study in the
first scenario is analyzed in this section. The impact was
realized with low velocity (V = 4 m/s) on the trailing
edge area of the nozzle. The Hashin criterion for fiber

LAAOUIDI ET AL. 7



and matrix damage was adopted.32 The progression and
formation of damage seen in materials are presented.

5.1.1 | Energy conservation

This section describes the energy variation of the CGG,
GCG, and GGC configurations, Figure 6. The same
trends are observed in all curves. The energy variation
confirms the energy conservation theory of the system
under investigation. Indeed, it appears that global energy
remains constant during the whole duration of the calcu-
lation and is the expected energy impact. To validate the
theory of energy conservation, the internal energy of the

structure is equal to the energy of damage plus to the
energy of deformation.

It is noted that: ALLAE, artificial energy; ALLDMD,
damaging energy; ALLSE, strain energy; ALLKE, kinetic
energy; ALLIE, internal energy; and ETOTAL, total
energy.

Depending on the energy level, most studies on the
impact of drop weight indicate three different modes of
interaction between the impactor and the material. In
the case of a very small quantity of energy absorbed by the
composite, the projectile rebounds. Furthermore, if the
majority of the energy is absorbed by different modes of
damage, no rebound will be achieved. In the case of
a high energy level, a perforation can be identified.37

TABLE 4 The impact energy of

the two scenarios studied

Configurations
Mass
(tons)

Case 1 Case 2

Velocity
(m/s)

Impact
energy
(kJ)

Velocity
(m/s)

Impact
energy
(kJ)

CGG 16.99 4 8 4 135.99

GCG 16.99 4 8 4 135.99

GGC 16.99 4 8 4 135.99

FIGURE 6 Impact energy evolution during the study (m = 1 ton,V = 4 m/s) [Colour figure can be viewed at wileyonlinelibrary.com]
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Figure 7 shows energy curves for a drop-weight impact
study for three materials where impactor rebound
occurred. Throughout the impact study carried out, the
rebound occurred for each hybrid composite examined. As

shown in Table 5, the hybrid composite GGC absorbs
1.67 kJ of energy, which is significantly higher than other
types of configurations. The following section showed that
a large quantity of damage has accumulated in this mate-
rial. So, it is clear that this laminate will absorb more
energy. On the other hand, CGG composite absorbs less
energy due to its high rigidity.

5.1.2 | Damaged structures

Figure 8 shows the force and velocity-time graphs for dif-
ferent configurations of the stacking sequence of material.

FIGURE 7 Energy-time history of the three laminates at

impact velocity 4 m/s [Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE 8 Force- and velocity-time curves of different laminates [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 5 Results of the low-speed impact study for the three

materials

Materials

Impact
energy
(kJ)

Absorbed
energy
(kJ)

Rebound
energy
(kJ)

CGG 8 1.54197 6.45803

GCG 8 1.61999 6.38001

GGC 8 1.67922 6.32078

LAAOUIDI ET AL. 9
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As illustrated in this figure, the force-time curves of the
three configurations are quite similar. Indeed, the impactor
force grows with the structure contact and attains its peak
value, and then the contact force diminishes. During the
impact, the trailing edge area sustained a vibration, which
appeared as a fluctuation at the level of the force-time
curve. The first peak occurs when the damage starts to
form. The fluctuations that follow also reveal the formation
of damage in the structure, which can be cracks in the
matrix or fiber breakage.

The curves in Figure 8 also represent the variation of
velocity during impact for the three configurations stud-
ied. This figure shows a progressive decrease in impactor
speed until reaching zero, which corresponds to the ini-
tial phase of the elastic return. In this case, the impactor
is probably hindered by the hybrid nozzle and thus loses
a large part of its kinetic energy into deformation energy.
As illustrated in Figure 8, the total duration of the impact
is approximately 0.6 seconds. At this time, the contact
force becomes nil, and the velocity begins to stabilize. So,
there was a loss of contact between the impactor and the
nozzle at that moment. On the other hand, the configura-
tion GGC stabilizes rapidly compared to others. The prin-
cipal cause behind this behavior is that the response to
the impact of the nozzle changes as a function of the stac-
king sequence. Thus, it is evident that the force evolution
after the first peak varies differently for the three mate-
rials under investigation.

As presented in Table 6, the greatest maximum
contact force is 27.88 kN and corresponds to the GCG

configuration, while the CGG configuration receives the
lowest maximum contact force, which is 21.95 kN.
Figure 9A compares the impact study responses in terms
of impactor displacement for the three configurations.
From an overall point of view, the simulation results
show similar trends. In addition, the results presented in
Table 6 indicate that the highest maximum displacement
values are observed in the GGC configuration, while the
lowest is found in the GCG and CGG configurations. In
terms of damage energy, we can see from Figure 9B that
the GGC configuration is the most damaged and CGG
laminate is the last to be damaged. As Table 6 also shows,
the CGG configuration obtains the lowest maximum
damage energy. From the results, it is clear that this con-
figuration has a higher stiffness response and therefore
provides less impactor displacement. These results dem-
onstrate that the material acts elastically when the car-
bon layer is situated on the internal surface, and two
fibers layers of glass are situated on the external surface.
So, the glass fibers protect the carbon layers.

The results of the different types of energy of the
three materials studied indicate that the majority of the
impact energy dissipates in the form of rigid and flexible
movements of impact region (trailing edge), while a small
part of the impact energy is absorbed in the nozzle as
damage.

The low-impact energies lead to a sharp drop in resis-
tance to implosion pressure. This decrease corresponds to
the appearance of intralaminar cracks rather than delam-
inations. Impact damage favors a local implosion failure
mechanism. Figure 10 shows the damaged areas of the
tension matrix on the plies of CGG, GCG, and GGC lami-
nates. The absence of the damaged zones was observed in
the tension fibers, which is the reason that only illustra-
tive cartography of the damaged areas of the tension
matrix has been presented. Indeed, on the CGG laminate,
the damage is little, while on the GGC laminate, a slight
increase was observed because the external surface of the
GGC stratified is covered with the carbon fiber layer that
is exposed to high contact load and very easily damaged
on contact. Indeed, the constraints occurring in these

TABLE 6 Maximum contact forces, displacement, and

damage energy

Materials
Fmax

(kN)
Umax

(mm)

Max
damage
energy
(J)

CGG 219 545 665 634 107 053

GCG 278 878 654 571 246 906

GGC 238 035 682 429 256 482

FIGURE 9 The damage

energy and displacement curves

of the three configurations

[Colour figure can be viewed at

wileyonlinelibrary.com]

10 LAAOUIDI ET AL.

http://wileyonlinelibrary.com


regions could generate the creation of a zone where adja-
cent plies are delaminated. The mechanical performance
of the nozzle is susceptible to be affected by the appear-
ance of this mode of damage and its development.

5.2 | Case 2

5.2.1 | Effect of the staking sequence

In this impact scenario, the nozzle with its trailing edge
impacts a plane surface during the maintenance operation,
so the impact energy is expected to be high given that the

mass of the nozzle is of the order of several tons. In the pre-
vious case, the damage that appeared at the nozzle was not
very large. In this second case, the results of the damage
assessment are presented for V = 4 m/s and m = 16.99
tons, which results in the impact energy of more than
135 kJ. Figure 11 shows a comparative curve of the contact
forces with the damage energy generated in the nozzle for
the three laminates studied. It can be observed in the three
laminates that the damage energy tracks the contact force
history curve, with maximum damage energy accumulated
where there is the highest contact force. Indeed, at the
point where ALLDMD appears, the contact force curve
(at the first peak) displays an oscillating nature with a

FIGURE 10 Representation of laminate damage zones (DAMAGEMT) [Colour figure can be viewed at wileyonlinelibrary.com]
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varying slope. This demonstrates a change in material rigid-
ity and damage growth in the nozzle. However, at this
energy level of 135 kJ, the smallest values of maximum
contact force are found in the GGC configuration, while
the highest value is observed in the GCG configuration, as
shown in Table 7.

Regarding damage energy, the most damaged mate-
rial is the one with a GCG configuration, while the CGG
material is the most resistant, Table 7. As already seen in
the first case, the material becomes more resistant to
damage formation, especially when the carbon layer is
situated on the internal surface and two fiber layers of
glass are situated on the external surface.

These changes in the curve of contact force and dam-
age energy correspond to a physical phenomenon. In fact,
when the incident energy is greater than 8 kJ, the dam-
age mechanism changes, and there is a growth of intra-
layer cracks and delamination. However, this rise in the
density of the intralaminar cracks occurs after all the
interfaces have separated.

A considerable difference in nozzle movement
after impact for the three materials can also be observed
from Figure 12. For the GCG and GGC configuration,
velocity is dominant at the midpoints of the nozzle
(Figures 12B,C), and thus a large deformation of the
structure after impact is detected. However, for the
impact of the nozzle in the CGG laminate, the velocity
and motion of the nozzle are not sufficiently dominant as
compared to the other laminates.

5.2.2 | Damage in tension

Figure 13 presents significantly the effect of the impact
on the behavior of the layers stratified. The damage is
very large and concentrated at the trailing edge of the
nozzle for all three configurations. It can be deduced

FIGURE 11 Contact force with damage energy (ALLDMD) of the three laminates [Colour figure can be viewed at

wileyonlinelibrary.com]

TABLE 7 Maximum values of displacement, contact force,

and damage energy

Materials
Fmax

(kN)

Max
damage
energy
(kJ)

CGG 315.129 7.58462

GCG 315.909 12.4301

GGC 309.609 11.1076
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from this figure that a perforation of the structure has
taken place in the impact zone given that the impact
energy is very high since the mass of the nozzle is of the
order of several tons. Indeed, from a comparative point of

view, deformations and damage to the tension matrix of
the GCG and GGC configurations are more important.
On the other hand, no damaged regions on the tension
fibers were observed for all three configurations.

FIGURE 12 Velocity profile after the impact of the three structures [Colour figure can be viewed at wileyonlinelibrary.com]

LAAOUIDI ET AL. 13
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5.2.3 | Damage in compression

The results obtained in the previous sections confirmed
that the CGG configuration was resistant to shock, while
the GCG and GGC configurations were the most dam-
aged. To better visualize these results, Figures 14 and 15

show a comparative damage status of the fibers and
matrix in compression of these three configurations. The
damage status DAMAGEFC is less than 1 for the CGG
laminate, which indicates the absence of damage in this
failure mode, Figure 14A. On the other hand, the level of
damage DAMAGEFC and DAMAGEMC observed on the

FIGURE 13 Representation of the damage zones of the laminates under study (DAMAGEMT) [Colour figure can be viewed at

wileyonlinelibrary.com]
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GCG and GGC laminates is greater than 1, which sig-
nifies the existence of damage in these failure modes.
Indeed, the size of the areas that concentrate damage on

GCG and GGC laminates is larger than the size of the
CGG, Figures 14 and 15. This finding completes the
energy results discussed previously.

FIGURE 14 Failure criterion of the fiber in compression (DAMAGEFC) [Colour figure can be viewed at wileyonlinelibrary.com]
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6 | CONCLUSION

This study analyzed comprehensively the response of a
hybrid composite nozzle under impact during a mainte-
nance operation. It was indicated that operations are risky
in the open sea if the vessel itself is not large enough to
remain stable against waves during transhipment opera-
tions. This can lead to complex damage modes in the noz-
zle, capable of harming their structural integrity. In this
context, a numerical simulation of progressive damage
based on the Hashin criterion was conducted to predict
failure modes. Two impact scenarios were studied and
three types of hybrid laminates were adopted in order to
identify the best stacking sequence, allowing the forma-
tion of damage on the composite hybrid nozzle subjected
to a low-velocity impact at the trailing edge area. The
energy conservation of the nozzle was verified to validate
the numerical model. In addition, the results of the force-
time curves of the three configurations were quite close to
each other. Indeed, during the impact, the trailing edge
area was damaged, which appeared as fluctuations at the
level of the force-time curve. The results of the two impact
scenarios demonstrated that the stacking sequence signifi-
cantly influences the formation of damage. However, the
results showed that the identified damage modes were
large in GGC laminate. In contrast, the damage concen-
trated in the CGG configuration was low compared to the
other laminates. Based on these results, we concluded
that the carbon layer is perfectly protected by glass layers
and gives the most resistance for damage formation. In
the first impact scenario, most of the impact energy was
dissipated as rebound energy and only about 3.1% was dis-
sipated as damage energy. Concerning the second case,
9.25% was dissipated as damage energy, which resulted in
a perforation of the nozzle with the plane surface at the
contact region. For the designer, research on the behavior
of a tidal current turbine under shock is of great interest.
Even small damage may have a significant influence on
structure sustainability.
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