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Abstract. Based on numerical modelling, this study investigates asymmetric semicylindrical composite laminate shells' damage
characteristics under low-velocity impact loads. For this purpose, several asymmetric stacking sequences were subjected to low-
velocity impact and the results were analysed in terms of force, displacement, contact time, and absorbed energy. It is concluded
that the maximum impact force decreases with an increase in the number of layers oriented at 0°, particularly in the upper half of
the laminate. The laminates with a 45° orientation in the upper layers present the lowest displacement values, whereas the
laminates with the upper layers oriented at 0° exhibit longer contact times. It is also observed that intralaminar damage is
responsible for almost half of the total impact energy, followed by delaminations and friction. Stacking sequences with upper layers
at 45° exhibit slightly higher energy dissipation due to intralaminar damage (fibre failure) and interlaminar damage (delamination).

Keywords: Asymmetric composites; Damage characterization; Numerical modelling; Impact response.

1. Introduction

Nowadays, composite materials are increasingly replacing traditional metallic materials due to the enormous benefits that can
be obtained from their application. This is the result of their exceptional performance in terms of fast manufacturing, competitive
cost, superior static and dynamic characteristics, high specific strength and stiffness, and good corrosion resistance [1-4]. In
addition, their low weight allows for significant reductions in fuel consumption, which makes them particularly attractive from an
energic point of view.

Despite all the advantages reported, its application is still compromised in many applications due to the low resistance
throughout the thickness. In fact, they prove to be particularly sensitive to low-velocity impacts, events that commonly occur in
service or maintenance activities and promote damages that are difficult to detect visually [5, 6]. Apart from matrix cracking, fibre
fracture and fibre-matrix debonding, delamination is one of the most important failure mechanisms because they drastically affect
the residual properties of composite materials. For example, in terms of tensile strength, the literature reports reductions of
between 16% and 25% due to the degradation of the fibre/matrix interface and stress concentration promoted by the delaminations
[7-10]. Regarding the bending properties, reductions of between 34% and 78% can be found, depending on the position of the
delamination along thickness and the layup sequence (symmetrical or anti-symmetrical layups) [11-13]. Finally, compressive
strength can be reduced by around 60% due to the multiple delaminations that interact during compression and grow rapidly under
buckling loads [14-18]. Amaro et al. [19], for example, developed a detailed study on the residual impact strength of carbon/epoxy
laminates after bending and concluded that the magnitude of the initial damage has a determinant influence on the impact
response of the laminates.

However, most of the studies available in the literature do not address asymmetrical laminates due to the decrease in
performance caused by in-plane and out-of-plane interactions. Due to these interactions, distortion can occur during the curing
process, which increases the stress levels and decreases the load-carrying capacity. However, these negative aspects of performance
are rarely assessed accurately or included in the design process, which is why most of the studies available in the literature focus
essentially on symmetrical laminates.
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The studies performed by Sasikumar et al. [20-22] are an exception, in which the authors demonstrate that asymmetrical
laminates can be a good solution, compared to symmetrical ones, for structural applications in the aeronautical field. In their first
study [20], the authors proposed an asymmetrical laminate with ply clustering on the impact face of the laminate, which was
compared with a laminate with a similar configuration, but, in this case, the ply clustering is on the non-impacted side. With this
clustered ply block, the authors intend to induce high interlaminar shear stresses, which cause delamination at the interface at the
corresponding ply interface and, consequently, promote delaminations at pre-determined regions. Based on experimental and
numerical analyses, the authors concluded that, when the ply clustering is located on the impact face of the laminate, better
resistance to damage is obtained. Compared to the laminate with ply clustering on the non-impacted side, benefits of around 30%
were obtained in terms of threshold load for delamination and the projected delamination area was 20% lower for low-impact
energies. The reason for this improvement was due to intralaminar damage, which is the most significant damage mechanism for
laminates with clusters at the non-impacted side, causing a larger energy dissipation than delamination. Therefore, stacking
sequences can be adapted according to the stress states expected in given load cases. Subsequently, the authors combined the
concepts of asymmetry and ply hybridization into a laminate design, in which thick plies can be mixed with thin plies to form a
hybrid laminate [21]. Moreover, the thicker plies can be positioned where desired without raising concerns about positioning similar
thick plies over the laminate's midplane symmetry line. With this methodology, authors obtained about 50% and 30% reduction in
terms of damage area and dissipated energy, respectively, over the thin-ply laminates. In addition to greater impact strength, the
compressive strength after impact was also improved by around 30% compared to that observed for thin-ply laminates. This study
allowed the authors to demonstrate that it is possible to mitigate the weakness of thin plies against impact and post-impact loads
in an economical way. Finally, the authors studied three asymmetrical laminates, in which the local ply clusters were placed on the
impact side, in the middle of the laminate and on the non-impacted side and compared the results with those obtained for a
symmetric laminate (with no ply clusters) [22]. With this study, the authors proved that damage can be imposed at the desired
locations through the design of the laminate. Furthermore, the asymmetric laminate with middle ply clusters increased the
compressive strength after impact by 10% compared to the other configurations with ply clusters and buckled less, although having
less impact resistance than the symmetric laminate. Therefore, this strategy can be an optimal solution for application to aircraft
skins.

Based on the above benefits and because research into cylindrical shells is extremely important due to the increasing use of
complex structures, this study aims to characterise the damage in asymmetrical semicylindrical composite laminate shells
subjected to low-velocity impact loads. In fact, most of the works available in the literature report studies of flat plates subjected to
low-velocity impacts and, in the case of semicylindrical composite laminates, although they are scarce, they focus on the influence
of geometric parameters, boundary conditions and different materials/layup configurations [23-26]. More specifically, determining
the energy dissipation mechanisms that occur during low-velocity impact events, as well as predicting and analysing the types of
intralaminar and interlaminar damage, are the main objectives of this work. The intention is to continue the studies of Sasikumar
et al. [20-22] but for semicylindrical composite laminated shells using, for this purpose, a numerical approach already validated in
previous work developed by the authors [13, 27-29]. For this purpose, and maintaining the overall number of layers, authors used
the following stacking sequences [04,454], [06,452], [07,451], [454,04], [456,02] and [457,01] to group layers with different numbers of
constituents located on the impact and non-impact faces, with the aim of imposing delaminations at different specific locations
throughout the thickness. The results will be discussed with each other and compared with the same symmetric configuration.

2. Numerical Model

This section provides an overview of the constitutive models used in the Finite Element (FE) simulations to evaluate the damage
obtained in asymmetric curved composite laminates subjected to low-velocity impacts. These models were integrated into the
study using ABAQUS/Explicit FE software [30]. They were defined based on previous numerical models developed for composite
laminate shells reinforced with E-glass plain-weaved fabrics [23, 27-29]. It should be noted that the experimental evidence
presented in [25] served as the basis for this study. In this way, the composite semicylindrical shells were manufactured through
resin transfer moulding, with an internal radius of 50 mm, a length of 100 mm, and an average thickness of 2.53 mm. These shells
comprise of eight layers of woven carbon fibre fabric (160 g/cm?, plain-weave), sourced from Composite Materials Italy (CIT), with
SR1500 epoxy resin and SD2503 hardener, both provided by Sicomin (Chateauneuf-les-Martigues, France). Figure 1 presents the
experimental setup employed, including the testing equipment and specimen support device, nevertheless, more details about the
experimental procedure can be obtained in [25].
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Fig. 1. Experimental setup and generated FE model of a semicylindrical composite shell.
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Table 1. Intralaminar stiffness and strength properties of the composite layers.

Description Symbol Units  Value

Density p kg/m* 1600
Young’s modulus E, =E, GPa 69
Poisson’s ratio iy - 0.04
In-plane shear modulus Gy GPa 7.1
Tensile strength X, =X,, MPa 640
Compressive strength X_=X, MPa 540
Shear strength S MPa 180

Table 2. Damage evolution parameters and shear plasticity coefficients.

Description Symbol Units  Value
Maximum shear damage dyse - 1
Shear damage parameter ay, - 0.3221
Initial effective shear yield stress Gy MPa 80
Coefficient in hardening equation e} - 788
Power term in hardening equation P - 0.552

2.1. Finite Element Discretization

The woven fabric layers were modelled using continuum shell elements (SC8R) that incorporate reduced integration and a
stiffness hourglass formulation. For the impactor, discrete rigid elements (R3D4) were employed, while the supports were modelled
as analytical rigid bodies. To strike a balance between computational efficiency and numerical prediction accuracy, it was crucial to
optimize the FE mesh discretization, especially in the vicinity of the impact region. For this purpose, a seeding strategy was applied
along both the curved and straight edges of the semicylindrical shell, increasing the FE mesh density precisely in the impact region.
Simultaneously, the mesh density was reduced progressively beyond this critical area. The FE mesh discretization used in this study
is shown in Fig. 1.

The 8-layer FE model generated for this study consists of 48,000 linear hexahedral elements of type SC8R and 949 linear
quadrilateral elements of type R3D4. A seeding strategy was implemented, leading to a variation in element size across the laminas.
Within the impact region, elements with an approximate global size of 0.3 mm were applied, progressively expanding to 2 mm in
regions farther from the impact zone. Irrespective of the stacking sequence under examination, a consistent FE mesh discretization
was adopted, featuring identical characteristic length and aspect ratio in all simulations. This method guarantees the comparability
of predictions across diverse stacking sequences. To expedite solution computations a semi-automated uniform mass scaling
strategy was implemented. To prevent any influence of mass scaling on the results, it is essential to keep the kinetic energies
resulting from the mass scaling effect below 5 to 10% of the total internal energy [30]. Therefore, in this study, the kinetic energies
account for less than 3% of the total internal energy.

2.2. Boundary Conditions

The FE model considers the geometrical characteristics of the specimens examined in [25]. These specimens present a semi-
circular cross-sectional shape with an internal radius of 50 mm and a length of 100 mm, as shown in Fig. 1. They consist of 8
composite fabric layers, resulting in a composite thickness of 2.53 mm. To accurately simulate the experimental setup, two fixed
rigid body supports were added: a lateral support and a bottom support. Moreover, to optimize computational efficiency, the FE
model exploited geometric symmetries, focusing on one-quarter of the composite shell. Symmetry boundary conditions were
imposed on the plane parallel to the yz-plane and one of the surfaces parallel to the xy-plane, as depicted in Fig. 1. The impactor
used in the simulations had a lumped mass of 2.826 kg with a hemispherical head of 10 mm diameter. An impact velocity of 1.88
m/s was chosen to match the 5 J impact energy used in the experimental campaign [25]. Additionally, all rotational degrees of
freedom of the impactor were constrained, allowing only displacements along the y-axis.

2.3. Intralaminar Properties

A Continuum Damage Model (CDM) was used to model the intralaminar damage within the ABAQUS/Explicit [30]. This model
was implemented using the integrated VUMAT subroutine ABQ_PLY_FABRIC, developed by Johnson et al. [31], which is based on the
Ladeveze and LeDantec damage model [32]. This subroutine is designed for compatibility with plane-stress elements and treats
each woven fabric-reinforced lamina as an orthotropic elastic material. The material's structural integrity degrades due to factors
such as fibre failure, matrix cracking, and plastic deformation under shear-loading conditions. It utilizes the maximum stress failure
criterion to identify the onset of damage within the fibres and incorporates a damage evolution model based on fracture energies
to govern the subsequent reduction in stiffness. Detailed information about this constitutive model is available in [27-29]. The
constitutive material model implemented requires the definition of the laminae stiffness and strength properties, in both the
longitudinal and transverse directions of the fibres. The intralaminar material properties values were approximated from the results
presented by Hou and Ruiz in [33], and are shown in Table 1.

The coefficients governing the evolution of damage are determined based on the fracture energies associated with tensile and
compressive loading in both the longitudinal and transverse directions of the fibres (denoted as G}, G}, G7"and G}7). Additionally,

these coefficients depend on parameters d73*® and «;,. As for the coefficients governing shear plasticity, they encompass the initial
effective shear yield stress 5,, and the values of C and p. These parameters and coefficients are determined through the
experimental procedure detailed in [34]. However, considering the intricacy of the experimental procedure, these coefficients were
estimated from [27-29] and a preliminary parametric study was performed to adjust them to the experimental evidence. It should
be noted that given the structural characteristics of the woven fabric reinforcement (plain weave), the fracture energies associated
with both the longitudinal and transverse directions were assumed to be equivalent. In this way, a value of 2000 J/m? was defined
for the fracture energies. A similar procedure was implemented for the damage evolution parameters d73** and «,,, and the shear

plasticity coefficients, &,,, C and p. The values employed are presented in Table 2.
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Table 3. Interlaminar properties.

Description Symbol Units  Value
Cohesive stiffness K, =K, =K, Nmm’ 10°
Maximum nominal stress =10=7 MPa 73
Fracture energy G: =Ge=Gs J/m? 300
Interaction parameter n - 1.45

2.4. Interlaminar Properties

In the context of the current study, a stress-based criterion was employed for the traction-separation response. In this way, the
elastic behaviour of the cohesive surfaces can be expressed as:
STL
{=} 8
€

T, [Knn 0 0 '|
T—K5<:>{Tg}— 0 K, 0

Ty I_ 0 0 K“J
where T denotes the nominal stress tensor, e represents the nominal elastic strain tensor, and K corresponds to the elasticity matrix.
The subscripts n, s, and ¢ are used to specifically designate the normal and shear directions, respectively. It should be noted that
the off-diagonal elements in the elasticity matrix are zero, as there is no coupling behaviour between the normal and shear
components. The initial linear response, effective until damage initiation occurs, is controlled by the prescribed values of cohesive
stiffness: K,,,, for the normal direction, and K, and K,, for the shear directions. In the present study, the cohesive stiffness is set to
10° N/mm?, following the recommendation of Camanho et al. [35]. Additionally, it is assumed that this value remains consistent
across all directions, i.e, K,,, = K,, = K,, , a simplification that has been validated in several previous studies yielding satisfactory
results [27-29, 36-38]. The quadratic failure criterion based on stress, as represented in Eq. (2), is utilized to anticipate the initiation
of damage. In this equation, 7,,, 7,, and , stand for the normal and shear contact stresses at the interface, while 7¢, 70, and 7

represent the peak values of the nominal stress. It's worth noting that the Macaulay brackets ( ) signify that compressive stress

does not initiate damage:
(%) (%) +(5) =1 @

Once the damage initiation is reached, characterized by the quadratic interaction function reaching a value of 1, the cohesive
stiffness experiences degradation. Equation (3) delineates the progressive weakening of the cohesive surface. The variable D denotes
the scalar damage coefficient that represents the overall damage in the material. Furthermore, 7,7, and 7, represent the stress
components predicted by the elastic traction-separation behaviour without damage:

2

7, =(1— D)7, , with 7, >0
m.=(1-D)7, 3)
7, =(1- D)7

The fracture energies define the evolution of the damage coefficients from the initiation of damage to ultimate failure. The
calculation of fracture energy G° adheres to the Benzeggagh and Kenane (B-K) criterion under mixed-mode loading [39], as
expressed in Eq. (4), and assuming that the critical fracture energies during deformation along shear directions ¢ and n, are identical:

G n

G° = GS + (GE— G (G—) L with Gg=G.+G, and Gp=G, +Gsg @)
T

In this equation, G,, and G, signify the work done by the traction in the normal and shear directions, while G¢ and G¢ represent

the critical strain energy release rates required to cause failure in the normal and shear directions. The parameter 7 is an interaction

parameter within this context. The interlaminar properties utilized in this study are detailed in Table 3. The values for the maximum

nominal stress 70 = 70 = 70 and fracture energy G¢ = G¢ = G¢ were obtained from [40, 41]. Furthermore, the interaction parameter n

was the one adopted in [27, 28].

2.5. Contact Interactions

A penalty enforcement contact methodology was used to simulate surface-to-surface interactions between the composite shell,
impactor, supports, and interfaces between laminas. Friction coefficients were specified for different contact pairs, considering the
nature of the materials and interfaces. The friction coefficient values, denoted as y, pertinent to metal-composite contacts and fully
delaminated interfaces, were obtained from literature. Subsequently, a value of ; = 0.3 was specified for the contact between the
hemispherical head of the impactor and the upper surface of the composite laminate. Furthermore, a value of = 0.7 was employed
to describe the interaction between the support surfaces and the composite laminate surfaces. The friction coefficient at the
interface between the layers was set to u = 0.5.

3. Validation of the Numerical Model

The validation process presented in this section involves a direct comparison between the numerical predictions and the
experimental results described in [25]. The specimens used in the experimental tests had eight woven fabric layers stacked in a
single direction, with the warp or weft direction aligned parallel to the semicylindrical axis. This stacking sequence will be denoted
as [0]s. Notice that the validation of the numerical model is crucial to ensure its accuracy and reliability. To achieve this, the model's
predictions were compared with experimental data obtained from symmetric specimens, which served as a benchmark for
assessing its performance. Despite the asymmetry introduced in subsequent analyses, the key parameters maintained their
uniformity across the asymmetrical FE models. This included preserving identical geometric configurations, boundary conditions,
and material properties, ensuring a consistent basis for comparison and evaluation.

Journal of Applied and Computational Mechanics, Vol. xx, No. x, (2024), 1-12 o\
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Table 4. Asymmetric stacking sequences analysed.

Stacking Sequence Simplified notation
(0/0/0/0/45/45/45/45) [0,454]
(0/0/0/0/0/0/45/45) [06,455]
(0/0/0/0/0/0/0/45) [07,454]
(45/45/45/45/0/0/0/0) [454,04]
(45/45/45/45/45/45/0/0) [456,02]
(45/45/45/45/45/45/45/0) [457,04]

To assess the model's accuracy, the numerical and experimental force-time and energy-time curves are analysed, as shown in
Fig. 2(a). It is evident that the numerical predictions exhibit a satisfactory agreement with the experimental evidence across the
force and energy history curves. The maximum force, a parameter that is often associated with the impact's peak load-bearing
capacity, shows a satisfactory numerical-experimental correlation. Although the numerical prediction indicates a slightly lower
value, this deviation is within an acceptable error margin of around 8.5%. The elastic energy, which represents the energy absorbed
by the material up to the point of maximum impact force, exhibits good agreement with negligible error. It can be seen in Fig. 2(b)
that the total energy, as indicated by the ABAQUS/Explicit output ETOTAL, remains stable throughout the simulation, reflecting the
proper definition of time increments. Furthermore, the ratio between the artificial strain energy (ALLAE output) and internal energy
(ALLIE output) reaffirms the appropriateness of the hourglass control method that was implemented.

In summary, although small deviations are noticeable in the context of maximum force, the overall alignment between FE
model's predictions and the impact response of the semicylindrical composite shells tested is indicative of the effectiveness and
reliability of the FE model.

4. Results

In this section, numerical predictions related to the impact response of curved laminated composites involving asymmetrical
stacking sequences are presented and discussed. For this purpose, eight woven fabric layers are placed in two different directions,
specifically 0° and 45° in relation to the semicylindrical axis, and the configurations analysed are shown in Table 4. Furthermore, to
compare the impact performance of asymmetrical and symmetrical laminates, the results are juxtaposed with those obtained for
the symmetric laminate sequence [0g], validated in Section 3.

The numerically predicted force-time and force-displacement curves for the stacking sequences presented in Table 4 are
depicted in Fig. 3. For all the configurations analysed, it is possible to observe a response that is typical of curved laminates when
subjected to low-velocity impact loads. To be more specific, the profile of the curves is characterized by an increase in force up to a
maximum value, Pmax, after which there is a more or less abrupt drop. The Pmax value, which is strongly influenced by the impact
energy, establishes the maximum load that a composite laminate can resist before being seriously damaged. The behaviour
described above is perfectly in line with that observed in other studies reported in the literature [23, 25, 42-44], where the oscillations
seen in the curves are caused by the elastic wave and the vibrations of the samples [45, 46]. Furthermore, because the impactor
constantly returns, the impact energy is insufficient to encourage full penetration and, in this context, all the laminates were
affected by a non-perforating impact. Figure 4 confirms this highlight, where the loss of contact between the striker and the sample
corresponds to the beginning of the curve's plateau [47]. This energy corresponds to the energy absorbed by the specimen, and the
elastic energy (restored energy) can be estimated as the difference between the absorbed energy and the energy at peak load [48].

Therefore, for a clearer understanding of the placement of the 0° or 45° layers in the top/bottom half of the composite shells,
Fig. 5 directly compares configurations [04,454] and [454,04], while Table 5 summarizes the results of all configurations.

In general, the overall impact responses of all laminates are quite similar, which is in line with the study developed by Sasikumar
et al. [22]. However, a more detailed analysis shows that, in terms of maximum impact force, it decreases as the number of layers
at 0° increases and when they are placed in the upper half of the curved laminate. For example, the maximum impact force
decreases by around 11.3% when comparing the values obtained between [04,454] and [07,451]. On the other hand, curved laminates
with the top layers in a 45° direction are characterized by a fluctuation in the maximum impact force around an average value of
2.03 kN, but when the [454,04] configuration is compared with the similar 0° configuration ([04,454]), the impact force is 6% higher.
Therefore, according to Sasikumar et al. [22], different delamination threshold loads are expected and, consequently, damages of
different severity.
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Fig. 2. Validation of the numerical model for a [0]s composite shell: (a) Experimental and numerical force and energy histories, (b) Total energy,
internal energy, and artificial strain energy histories.
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Fig. 5. Numerical predicted force-time and force-displacement results for the asymmetric stacking sequences [04,454] and [454,04].
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Table 5. Maximum force, maximum displacement, contact time and absorbed energy for the analysed stacking sequences.

Maximum
Stacking sequence Contact Time (ms)  Absorbed Energy (J)
Force (kN)  Displacement (mm)

[04,454] 2.03 4.33 8.15 3.37
[06,452] 1.92 4.23 8.51 3.60
[07,451] 1.80 4.27 8.73 3.76
[454,0] 2.15 4.02 7.61 3.67
[456,02] 1.89 4.17 7.61 3.52
[457,04] 2.05 4.15 7.20 3.32

[0s] 1.80 4.27 8.73 3.76

Regarding the impact displacement, both configurations fluctuate around different average values, which are about 4.28 mm
for curved laminates with a 0° orientation placed on the top layers and 4.11 mm when the top layers are at 45°. However, all
configurations with the 45° orientation at the top have lower displacement values than those with the 0° orientation. For example,
the displacement is around 7.2% lower when comparing the values obtained between [04,454] and [454,04]. Considering the estimated
contact time, it is higher for the curved laminates with the 0°direction at the top, reaching a difference of 7.1% between [04,454] and
[454,04]. On the other hand, while increasing the layers at 0° at the top of curved laminates leads to an increase in contact time, the
opposite occurs for laminates at 45°. It is observed that between [04,454] and [07,451] the increase is around 7.2%, while between
[454,04] and [457,01] the decrease is about 5.4%.

Finally, the trend observed for the absorbed energy is similar to that of the contact time, but when comparing the configurations
[04,454] and [454,04] the absorbed energy in the first case is around 8.2% lower. In this case, the increase between [04,454] and [07,451]
is around 11.6%, while between [454,04] and [457,01] the decrease is around 9.5%, with the particularity of the absorbed energy being
very similar between the configurations [04,454] and [457,01]. Therefore, because the absorbed energy is related to the severity of the
damage [47,49], and according to Sasikumar et al. [20] this type of laminates has several delaminated interfaces, although one is
dominant (the one that governs the total delamination profile and plays a dominant role in the damage tolerance of the structure),
a detailed analysis of the damage mechanisms will be developed for each laminate and related to the absorbed/dissipated energy.

For this purpose, an analysis of the energy absorption/dissipation mechanisms linked to low-velocity impacts on asymmetric
semicylindrical composite shells is presented. In contrast to unlike experimental tests, the generated FE models offer the capability
to quantify energy absorption across multiple mechanisms. These mechanisms encompass the intralaminar damage, accounting
for energy dissipation resulting from fibre damage, interlaminar damage, reflecting the energy dissipation due to delamination,
and friction which encompasses various interactions, including those between the rigid impactor and the composite shell, as well
as interactions within the delaminated layers. The contribution of each of the energy-absorption mechanisms for the various
asymmetric stacking sequences and the symmetric [0s] stacking sequence are presented in Fig. 6. Notice that the energy dissipation
mechanisms were identified by analysing specific ABAQUS outputs: intralaminar damage (represented as ALLPD - Plastic
dissipation), interlaminar damage (ALLDMD - Damage dissipation), and frictional effects (ALLFD - Frictional dissipation).

Overall, a clear pattern emerges where most of the energy absorption occurs through intralaminar damage (comprising 48.7%
to 57.5%), followed by delamination (ranging from 32.8% to 38.4%), and friction (falling within the 7.1% to 15.5% range). These results
are consistent with the numerical predictions of the low-velocity impact response of asymmetric composites presented by
Sasikumar et al. [20]. These authors also identified fibre failure (intralaminar damage) as the main energy dissipation mechanism.
It is worth noting that the contribution of artificial strain energy dissipation remains minimal and consistently below 2% of the
total impact energy across all stacking sequences. This consistency underscores that the results remain unaffected by this factor
[30].

According to Fig. 6, in stacking sequences where the upper layers are oriented at 45°, there is a marginally greater energy
dissipation attributed to fibre failure (intralaminar damage) and delamination when compared to those with a 0° orientation. In
the first set of configurations ([454,04], [456,02] and [457,01]), intralaminar damage accounts for a range of 48.7% to 51.1%, while
delamination constitutes between 37.9% to 32.8% of the overall energy dissipation. Conversely, for the second set ([04,454], [0s,452]
and [07,451]), the values exhibit variations between 53.2% and 57.5% for intralaminar damage, and 32.8% to 38.4% for delamination.
Furthermore, it can be observed that energy dissipated by these damage mechanisms (intralaminar damage and delamination) are
not substantially affected by the changes in the stacking sequence in the lower half of the stacking sequence.
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Fig. 6. Contribution of various energy-absorption mechanisms: intralaminar damage, delamination, and friction.
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The [457,01] configuration exhibits a noteworthy increase in intralaminar damage and a corresponding decrease in interlaminar
damage compared to other configurations. According to Classical Laminate Theory, any alteration in the fibre orientation angle
induces variations in the laminate's apparent in-plane stiffness properties. Specifically, the increase of 45° laminas in the laminate
configuration leads to a reduction of the in-plane elastic modulus and an increase of the in-plane shear modulus, thereby
influencing the impact response of the laminates and subsequently the mechanisms governing energy dissipation [13]. This
phenomenon may elucidate the observed increase in intralaminar damage percentage and decrease in interlaminar damage for
the [457,01] configuration. Furthermore, a supplementary study revealed that if a stacking sequence with [45s] is considered, there
is a slight increase in the percentage of energy absorbed by intralaminar damage and a corresponding slight decrease in
interlaminar damage compared to the latter configuration. This underscores the impact of apparent in-plane stiffness properties
on the impact performance of composite shells.

Friction accounts for the lowest energy dissipation among the mechanisms. Nevertheless, its significance should not be
understated, as it still constitutes up to about 15% of the total dissipated energy. This value is in good agreement with the findings
presented by Lopes et al. [50]. These authors developed a numerical analysis of low-velocity impact damage in dispersed stacking
sequence composite laminates, and their study similarly indicated that friction constitutes the mechanism with the least energy
dissipation, accounting for approximately 15% of the total impact energy. Furthermore, it is evident that frictional dissipation is
more pronounced in asymmetric laminates with the upper layers aligned at 0°, with values ranging from 12.9% to 15.5%. On the
other hand, for stacking sequences with the upper layers aligned at 45°, the frictional dissipation values range from 7.1% to 8.2%.
Once again, it is apparent that altering the alignment of the bottom layers has a negligible impact on the energy dissipated through
friction.

As it is possible to appreciate in Table 5, the results highlight a similarity in the predicted impact behaviour between the
symmetric laminate [0s] and the asymmetric laminate [07,451], in terms of maximum force, maximum displacement, contact time,
and absorbed energy. Additionally, it was observed that the contributions of the energy absorption mechanisms (intralaminar
damage, delamination, and friction) for these two laminate configurations are also comparable, as illustrated in Fig. 6. This similarity
reinforces the previous discussed findings in which, for the analysed stacking sequences and load conditions, the orientation of
the bottom layers has a negligible effect on the laminate's performance.

Considering that intralaminar damage accounts for the most substantial portion of energy dissipation, an analysis was carried
out to determine the layers that contribute the most to this dissipation. Consequently, the energy dissipated by intralaminar
damage for each layer within various asymmetric stacking sequences and the symmetric [Os] stacking sequence are presented in
Fig. 7.

The results show that the amount of energy dissipated by intralaminar damage decreases, steadily in general, from the top to
the bottom layers across all considered stacking sequences, agreeing with what was observed by Sasikumar et al. [20]. These results
were expected, as when there is no puncturing in the specimens, fibre damage predominantly occurs in layers that are in closer
contact with the impactor [23]. It is possible to observe that the first layer of stacking sequences [454,04] and [04,454] exhibits the
highest (18.8%) and lowest (15.3%) energy dissipation, respectively. Moreover, the top four layers of stacking sequence [454,04]
dissipate about 17.3% more energy than their counterparts in [04,454]. On the other hand, the opposite trend emerges for the bottom
four layers, with [04,454] demonstrating approximately 30% greater energy dissipation than [454,04]. A significant drop in energy
dissipation in stacking sequence [454,04] is particularly evident between layer 4 and 5, corresponding to the shift in the woven
fabric's alignment from 45° to 0°. These results underscore that the distribution of energy dissipated by intralaminar damage is
influenced by layer positioning and orientation. Placing layers oriented at 45° either in the upper or lower half of the specimen
results in increased energy dissipation compared to those oriented at 0°. While as mentioned before, the general trend across all
configurations indicates a decrease in the energy dissipated by intralaminar damage from top to bottom layers, certain stacking
sequences exhibit a slight deviation. Notably, some configurations show an increase in energy dissipation at positions 6 and 8. For
instance, in Fig. 7, layer 6 of stacking sequence [04,454] the percentage of energy dissipated by intralaminar damage rises from 12.7%
at layer 5 to 14% at layer 6. There appears to be no discernible correlation between layer orientations and their positions that could
explain this subtle yet sudden increase. Further investigation is warranted to elucidate the underlying factors contributing to this
phenomenon.

In the case of the remaining asymmetric stacking sequences, where the number of layers oriented at 0° and 45° gradually
increases within the lower half of the laminate thickness, the results reveal a more uniform decline in energy dissipation when
compared with [454,04] and [04,454]. Furthermore, no trend emerges from the change in the layer’s orientation, as the stacking
sequences exhibit comparable distributions of energy dissipated by intralaminar damage. As depicted in Fig. 7, the energy
dissipation caused by intralaminar damage in each layer exhibits a consistent pattern across both the asymmetric stacking
sequence [07,451] and the symmetric stacking sequence [Os].
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Fig. 7. Energy dissipated by intralaminar damage in each layer for the analysed stacking sequences.
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To complement the preceding findings, Fig. 8 presents the intralaminar damage predicted by the numerical models. It is
important to observe that the depicted damage results from the interplay of tensile and compressive fibre failures along both
directions of the woven fabric, as well as shear damage. The diverse orientations of the failed fibres are distinctly discernible across
the semicylindrical composite shells, aligning with the asymmetric stacking sequences of the laminates.

In terms of intralaminar damage dissipation, it becomes evident that stacking sequences with the upper layers (the impact side)
oriented at 45°, as depicted in Fig. 6, exhibit higher levels of damage. This observation suggests that these laminate configurations
experience a more extensive degree of damage resulting from fibre failure. It's important to note that these differences in damage
extent among the asymmetric stacking sequences are not easily discernible in Fig. 8. However, a distinct pattern emerges when
considering the projected intralaminar damaged area in relation to the stacking sequence. For instance, when examining stacking
sequences [454,04], [456,02] and [457,04], it is noticeable that the predicted intralaminar damaged region decreases as the number of
layers at 45° increase. However, the energy dissipated by this mechanism slightly increases, as shown in Fig. 6. These results imply
that increasing the number of layers at 45° does not necessarily reduce the overall amount of intralaminar damage. Instead, it
contributes to constraining the extent of the projected intralaminar damaged area around the impact point. For stacking sequences
with the upper layers oriented at 0°, that is [04,454], [06,452] and [07,451], a similar trend is discernible. Increasing the number of layers
oriented at 45° in these sequences serves to diminish the projected damaged area surrounding the impact point.

To demonstrate this evidence, Fig. 9 provides a visual representation of the delaminated areas within the asymmetric stacking
sequences. It's worth noting that these results specifically pertain to fully delaminated interface nodes, which are nodes where the
CSMG output has reached a value of 1. The delaminated area values shown in Fig. 9 are a cumulative sum of delaminated interface
areas, and they do not reflect the projected area.

In all the stacking sequences, a typical low-velocity impact damage morphology is observed. This morphology is characterized
by a spiral staircase delamination pattern, where the delaminations are more extensive in the lower interfaces and diminish
towards the upper interfaces (side of impact) [29, 51, 52]. This pattern arises due to bending of the composite shell during the impact
event, which consequently causes higher interlaminar shear stresses to appear on the lower interfaces. Nevertheless, it can be
appreciated that the choice of stacking sequence can exert a significant influence on the total delaminated area, with differences
reaching up to approximately 25.4%. This disparity is especially evident when comparing [454,04] and [457,01]. A notable reduction in
the delaminated area is evident when comparing stacking sequences [456,02] to [457,01]. This can be attributed to higher interlaminar
shear stresses developing on the lower interfaces and an increase in the number of layers at 45°, which cause an augmentation of
the in-plane shear modulus of the laminate. Therefore, contributing to the reduction of delamination in the layers most affected by
it. This dual effect underscores the complex interplay between laminate configuration, interlaminar stresses, and material
properties in influencing delamination behaviour.
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In a broader context, and based on the stacking sequences analyzed, the results demonstrate a consistent trend wherein
stacking sequences with upper layers oriented at 45° tend to promote delamination more than their counterparts with upper layers
oriented at 0°. This observation aligns with the data presented in Fig. 6, which also showcases higher energy dissipation due to
delamination for these stacking sequences. However, it's worth noting that there is an exception to this trend, observed in
configurations [07,451] and [457,01], where the pattern is inverted. Once again, this divergence can be linked to the energy dissipation
results found for these specific configurations in Fig. 6. These results are consistent with the conclusions reported by Sasikumar et
al. [20] in their investigation of the impact response of nonsymmetric composite laminate plates. Identically, their research
indicated that the positions of larger delaminations exhibit variation among different stacking sequences. Therefore, it is possible
to intentionally induce damage, particularly delamination, at specific locations by the laminate stacking sequence, thus allowing
for the customization of damage resistance. Comparable observations of controlled delamination were documented in [20, 22, 53,
54], employing laminate stacking sequence designs.

The use of asymmetrical stacking sequences can offer the potential for enhanced low-velocity impact damage resistance. In
certain aerospace applications, the incorporation of asymmetrical composite laminates presents a potentially advantageous
solution. They offer the versatility to serve as an option for designing laminates that are specifically tailored to withstand impact
loads, complementing for example the hybrid laminate designs [21, 55]. In this context, the concept involves configuring the
orientation of the layers so that the intralaminar damage region is controlled and/or the critical delamination damage is mitigated
on a determinate position of the laminate.

5. Conclusion

This study utilised previously validated numerical models to characterize damage in asymmetric semicylindrical composite
laminate shells subjected to low-velocity impact loads. The impact performance of asymmetric stacking sequences was assessed,
comparing parameters such as force, displacement, contact time and absorbed energy. The use of 3D FE models in conjunction with
a continuum damage mechanics model and a surface-based cohesive model allowed the possibility of taking into consideration
the intralaminar and interlaminar damage. It was observed that the maximum force decreases as the number of layers oriented at
0° increases, particularly when these layers were placed in the upper half of the laminate. Displacement values vary for different
configurations, with the lowest values for those with a 45° orientation in the top layers. On the other hand, the contact time was
notably higher for laminates with a 0° orientation at the top. Regarding the absorbed energy, the trend observed was similar to that
of contact time, with distinct variations between stacking sequences. Intralaminar damage contributed significantly to energy
absorption, accounting for around half of the total energy dissipation, followed by delamination and friction. The energy dissipation
attributed to intralaminar damage and delamination was slightly higher in the stacking sequences with the top layers oriented at
45°. Moreover, it was observed that increasing the number of layers at 45° constrained the extent of the damaged area around the
impact point. On the other hand, interlaminar damage was significantly influenced by the stacking sequence. Those with upper
layers oriented at 45° promote more delamination than similar ones with layers oriented at 0°. Therefore, this study highlighted the
importance of selecting an appropriate stacking sequence to optimize the impact strength and manage damage characteristics in
composite laminates. It has been proven that asymmetric stacking sequences offer the possibility of controlling intralaminar
damage and minimizing critical delamination damage at specific locations within the laminate.
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