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Abstract: The effect of the interface stiffness and interface strength on the low-velocity impact
response of woven-fabric semicylindrical composite shells is studied using finite element (FE) mod-
els generated with continuum shell elements and cohesive surfaces. The intralaminar damage is
accounted for using the constitutive model provided within the ABAQUS software, while the inter-
laminar is addressed utilising cohesive surfaces. The results show that the interface stiffness has a neg-
ligible effect on the force and energy histories for values between 10! N/mm? and 2.43 x 10® N/mm?3.
However, it has a significant impact on the delamination predictions. It is observed that only the nor-
mal interface strength affects the maximum impact force and the delamination predictions. Increasing
its value from 15 MPa to 30 MPa resulted in an 8% growth in the maximum force, and a substantial
reduction in the delaminated area. The obtained results serve as guidelines for the accurate and
efficient computation of delamination. The successful validation of the FE models establishes a solid
foundation for further numerical investigations and offers the potential to significantly reduce the
time and expenses associated with experimental testing.

Keywords: low-velocity impact; cohesive behaviour; interlaminar properties; finite element method;
composite shells

1. Introduction

Low-velocity impact tests are commonly employed for assessing the damage resistance
and tolerance of fibre-reinforced composite structures. The extensive research in this
area focuses on experimental analysis, aiming to comprehend the intricate progressive
degradation of the material, considering inter-related failure mechanisms [1,2].

The intrinsic characteristics of the structure and of the impactor, and the prevailing
environmental conditions collectively influence the structural response to low-velocity
impact events. Visual inspection of the damaged area, measurement of dent depth, and a
nondestructive evaluation, such as C-Scan, may be used to assess the damage extension in
a structure that has experienced low-velocity impact(s) [3].

Typically, matrix cracking is the initial failure observed at the onset of the impact force.
Subsequently, delaminations are induced by the matrix cracking and propagate further as
the applied force continues to increase. A substantial decrease in force can frequently be
used to detect the emergence of notable delaminations [4]. Depending on the amount of
impact energy, there may be noticeable fibre breakage after the delamination has grown.
Due to the flexibility of the matrix and the disorganisation of the broken fibres, persistent
indentation may appear after the impact [5].
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Understanding the phenomenon of impact damage in laminated composite structures
presents a significant analytical challenge due to its intricate and complex nature. The
numerical models built using the finite element (FE) method, on the other hand, are a
powerful tool for predicting physical processes. Many different impact configurations and
structures can be studied using FE models, especially in situations when experimental
testing would be prohibitively expensive or complex [6-9]. The computing requirements
increase as the model’s complexity increases. Hence, there is a need to dedicate efforts
towards developing time-efficient FE models.

Simulating low-velocity impact tests on composite structures poses a challenging
problem due to the occurrence of contact and progressive degradation of the material.
Consequently, it is crucial to accurately model the interlaminar and intralaminar failure
mechanisms within an FE analysis. Additionally, defining several important parameters
that can impact the precision of numerical predictions, such as material properties, element
types, FE mesh discretization, assembly of the parts, and imposed boundary conditions,
becomes imperative [10].

There is a scarcity of numerical studies focusing on the impact dynamics of cylindrical
composite shells. Among the notable studies, Kim et al. [11] conducted research that
revealed a relationship between the curvature of composite shell and the contact force.
They observed an increase in contact force with a higher shell curvature, accompanied by a
decrease in deflection and the contact duration. Furthermore, they found that the velocity
of the impactor had a more significant influence on the contact force compared to the mass
of the impactor. Another noteworthy study by Choi [12] demonstrated a similar contact
force and deflection. Zhao and Cho investigated the onset and evolution of impact damage
in composite shells [13], while Kistler and Wass established scaling relationships between
impact energy, momentum, mass, and velocity [14]. In their investigation, Kumar et al. [15]
employed an FE analysis to examine the impact behaviour of cylindrical composite shells.

This paper aims to study the effect of the cohesive properties on the numerical pre-
dictions of low-velocity impact events on woven-fabric composite shells. This work is
based on the FE modelling strategy presented in [16] and the experimental testing per-
formed in [2]. The ABAQUS/Explicit [17] VUMAT subroutine specifically designed for
fabric-reinforced composites was used to capture the intralaminar damage [18]. Simul-
taneously, a surface-based cohesive model (S-BCM) was implemented to account for the
interlaminar damage.

The document is structured as follows: Section 2 provides a comprehensive overview
of the FE modelling approach employed, encompassing the description of intra- and in-
terlaminar damage models, FE mesh discretisation, and boundary conditions and contact
definitions. In Section 3, the accuracy of the numerical predictions regarding delamination,
force, and energy histories is thoroughly assessed by comparing the results with experi-
mental evidence, while considering the influence of interface stiffness and strength. Finally,
Section 4 presents the key findings and main conclusions derived from this study.

2. Finite Element Models

In this section, the approaches employed for generating the FE models of semicylin-
drical composite shells are presented. It encompasses the constitutive models utilised
to simulate both intralaminar and interlaminar material impact induced damage on the
semicylindrical composite shells. Additionally, it provides a concise description of the
element types and sizes, the boundary conditions, and the contact definitions imposed to
replicate the experimental setup.

2.1. Finite Element Modelling Approach

Nine plain weaves of glass fibres at 0 and 90 degrees with 98 + 4% g/m? in each direc-
tion were combined with an AROPOL FS 1962 polyester resin and a MEKP-50 hardener to
produce the semicylindrical composite shells shown in Figure 1. This figure also shows a
schematic representation of the shell layup generated with continuum shell elements. These
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elements provide an efficient and accurate way to simulate the behaviour of shell struc-
tures under various loading conditions, making them suitable to study composite shells
structures. Moreover, they are computationally efficient when compared to solid elements.
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Figure 1. FE modelling approach based on continuum shell elements and cohesive surfaces: (a) Repre-
sentation of the complete FE model. (b) Schematic representation of the shell in the through-thickness
direction. The parameter t refers to the thickness of a layer.

To model the interlaminar behaviour, cohesive surfaces were added to the interfaces
of adjacent layers. The cohesive behaviour was applied to the nodes that were initially in
contact, meaning that any new contact that occurred during the analysis did not experience
cohesive constrain forces. The cohesive surfaces are directly related to the shell elements
and share the same FE mesh size. In this way, they provide a simple way to model the
interlaminar connection in negligible small interface thicknesses. The use of this strategy
for modelling the interlaminar damage implies that the S-BCM must be defined as a surface
interaction property and not as a material property. The main advantage of this approach
is the quick and easy modelling of the cohesive connection. Moreover, it often allows for
higher stable time increments than cohesive elements and does not add any mass to the
FE model.

The simulations were conducted using a semiautomatic mass-scaling technique that
was uniformly applied to the entire FE model. A target time increment of 1 x 10~7 was
employed during the simulations. This approach resulted in an overall mass increase of
1.8%. However, it also provided a notable benefit in terms of computational efficiency,
reducing the computational cost of the solution by approximately 50%.

2.2. Intralaminar Damage Modelling

To capture the progression of damage at the intralaminar level, a constitutive model
specifically designed for fabric-reinforced composites, was used in ABAQUS/Explicit [17].
This constitutive model, initially developed by Johnson et al. [19] and based on the
work of Ladeveze and Ledantec [20], offers comprehensive capabilities for capturing
the intralaminar damage phenomena. It can be seamlessly integrated into the analysis
workflow as a VUMAT user subroutine, with the user-defined material identified by the
text “ABQ_PLY_FABRIC” [18]. This integration enables effective modelling and simulation
of the intralaminar damage process in fabric-reinforced composites. In this damage model,
each woven fabric-reinforced layer is modelled as a homogeneous orthotropic elastic
material with the capability of sustaining progressive stiffness degradation due to fibre
failure and matrix cracking, and plastic deformation under shear loading [16,18].
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Notice that in the absence of specific experimental data for the tested material, refer-
ence values from similar studies/materials were employed as a starting point. However,
recognising the need for a more refined and comprehensive analysis, a parametric study
was conducted to thoroughly investigate and evaluate the influence of fracture toughness
on the numerical-experimental correlation.

The intralaminar damage model utilised in this study adopts the maximum stress
failure criterion to determine the initiation of damage in the fibres. Additionally, a damage
evolution model based on fracture energies was employed to govern the progressive
reduction in stiffness. To describe the mechanical behaviour of the degraded orthotropic
material, the Hooke’s law was applied, and its expression is as follows:

S
ey 2O
£ = 521 (1*Zdz) 0 (o (1)
0 0 _Se

(1—d2)

where §;; represents the components of the compliance matrix for the undamaged or-
thotropic material. The nominal Cauchy stress tensor is denoted as ¢, while € represents the
elastic strain tensor. The damage coefficients, dy, da, and dj,, have specific associations: d;
and d; relate to fibre fracture along directions 1 and 2, respectively, whereas d1, corresponds
to matrix microcracking caused by shear deformation.

The elastic domain, at any given time, is calculated based on the damage activation
functions, F,, expressed as:

F, = ;—"‘ 7y <0 with a=14,2+,12 )

n
where &, and X, represent the effective stresses and strengths, respectively, and r, denotes
the damage thresholds, initially set to 1. Once the damage onset is reached, indicated by
% = 1, the evolution of the damage coefficients d; and d; (associated with tensile and
compressive loading) is determined using Equations (3) and (4). Similarly, the damage

coefficient dq, (related to shear loading) is obtained from Equation (5).
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where 11, and rqp represent the damage thresholds for tensile/compressive and shear
loading, respectively, G}’z refers to the fracture energies per unit area, g(l)’2 corresponds
to the elastic energy density at the damage onset, and L, represents the characteristic
length of the element. The shear damage parameter a5 is determined through a calibration
procedure outlined in [18].

At the intralaminar level, the shear damage response is driven by the nonlinear
behaviour of the matrix due to matrix microcracking. This response involves both stiffness
loss and plasticity. The VUMAT subroutine employs yield and hardening functions, as
shown in Equations (6) and (7), to define the plasticity response of the matrix:

F
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where 5 represents the effective shear stress, 7, is the initial effective shear stress, and gP!
represents the plastic strain due to shear deformation. The coefficient and power term in
the hardening function are denoted by C and the superscript p, respectively.

The two-step homogenisation methodology described by Liu et al. [21] was used to
estimate the stiffness properties of the layers while the remaining properties were taken
from the literature [22-27].

The intralaminar properties employed in this study are listed in Table 1.

Table 1. Intralaminar properties defined for each layer of the composite shell [16].

Property Symbol Units Value
Mass density o kg/m? 1900
EfT =Ef GPa 21.9
Es GPa 8.6
Stiffness properties G GPa 34
G13 GPa 24
V12 - 0.14
X=X MPa 250
Strength properties X; =X, MPa 200
X12 MPa 40
Fracture toughness G}'z N/mm 45
a - 1
- 7, MPa 25
30
Shear plasticity C _ 800
p - 0.552

2.3. Interlaminar Damage Modelling

Among the various damage modes observed in composite laminates subjected to
low-velocity impact loads, the debonding of adjacent layers stands out as one of the
most significant. In this way, a S-BCM was incorporated in the FE models to account for
delamination. This model has features that are comparable to cohesive elements and it is
particularly designed for extremely thin interfaces. Moreover, the cohesive behaviour is
classified as a surface interaction attribute and is controlled by a bilinear traction—-separation
(T — &) constitutive model, which is illustrated in Figure 2 for the pure normal and shear
responses, and for the expected mixed-mode response. Notice that the subscripts 7, s, and
t correspond to the normal, first, and second shear directions, respectively, and that the
superscripts 0 and f to the onset and fully delaminated stages, respectively. The interface is
defined with an initial elastic response with a slope defined by the normal k;, and shear k;
cohesive stiffnesses, and which is maintained until the failure criterion condition is met.

The stress-based quadratic failure criterion shown in Equation (1) is used to determine
the damage onset of the interface material:

2 2 2
() () ) = ®
T Ts T
where, in the context of the present study, the variables 7, T; and 7; symbolise the interface
normal and shear tractions, while 79,70, and 7 represent the respective peak contact
stress values associated with these tractions. The Macaulay brackets ( ) indicate that the
compressive stress does not contribute to damage. When the quadratic interaction function
involving the nominal stress ratios is equal to one, interlaminar damage is presumed to

start occurring. Equation (9) represents the softening response of the cohesive surface
where d is the damage coefficient.

T = (1— d)kid; withi =n,s,t ©)
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Figure 2. Bilinear cohesive model for mixed modes (normal and shear modes).

From this point on, the energy G, that was dissipated during the damage process and
that corresponds to the region below the T — § curves controls the damage progression.
Its value is obtained implementing the Benzeggagh and Kenane (B-K) damage evolution
criterion under mixed-mode loading [28]:

(10)

G +G 1
Gc = Glc + (GIIC + Glc) < 11 1 )

Gr+ G+ G

where the parameters Gj, Gjj, and Gjj; signify the strain energy release rates associated
with mode [, II, and III, respectively. On the other hand, G;. and Gyj. denote the critical
strain energy release rates, and 5 represents a material coefficient of the B-K equation.
Notice that with this constitutive model, damage evolution depicts the deterioration of
the cohesive stiffness. In contrast, damage evolution for cohesive elements describes the
deterioration of the material stiffness.

The values used to study the effect of the interlaminar properties listed in Table 2 were
taken from the authors previous work [16]. The fracture toughness parameters remained
unchanged for all simulations, and the effect of the variation in the strength property values
was studied assuming k, = ks = k; = 106 [29].

Table 2. Interlaminar properties defined for the composite shell interfaces.

Property Symbol Units Value
Stiffness properties ky = ks = k¢ N/mm? 10, 103, 10°, 10°
. 15 (30, 45, 60)
00 — 0
Strength properties T, (% =177) MPa 30 (30, 60)
Gre N/mm 0.3
Fracture toughness Grie = Gipge N/mm 0.6
7 - 1.45

2.4. Finite Element Mesh

Eight-node continuum shell elements (SC8R) with a characteristic length of [, = 0.3 mm,
reduced integration, and stiffness hourglass formulation were used to mesh the semicylin-
drical composite shell layers [17]. The equations proposed by Turon et al. [30] were used to
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calculate the element’s characteristic length ., and its effect on the numerical predictions
was studied by the authors in [16]. The elements’ coordinate system was set up considering
the material directions in the different composite layers. All the nine layers were modelled
with the same thickness t = 0.178 mm, resulting in a total thickness of the composite shell
of 1.6 mm. As mentioned before, the cohesive behaviour between the adjacent layers of
the laminate was modelled using cohesive surfaces, therefore no elements were required.
On the other hand, the impactor was meshed with discrete rigid elements (R3D4) with a
characteristic length of I, = 0.3 mm. Finally, the supports were modelled as analytical rigid
bodies, therefore no element or mesh definitions were necessary.

During the simulation process in ABAQUS/Explicit [17], the analysis automatically
halts if severe distortion is detected in deteriorated elements. It is a common practice to
remove degraded elements from the FE mesh once a damage variable, often associated with
the fibre, reaches a predefined threshold close to one. However, it is crucial to define these
thresholds carefully as they can significantly impact the shape of the constitutive law. In
the case of the low-velocity impact simulations in this study, no puncture was observed in
the experimentally tested specimens [2]. Therefore, element deletion was not implemented,
ensuring that the simulations captured the behaviour without compromising the structural
integrity of the model.

2.5. Boundary Conditions and Contact Definitions

Identically to the previous numerical study presented by the authors [16], the gen-
erated FE models replicate the experimental testing conditions used in [1,2]. In this low-
velocity impact test, the composite shell specimens were stroked by an impactor with a
10 mm diameter hemispherical head and a mass of 2.826 kg. The energy of 5] was used to
promote visible damage without full perforation of the specimens (further details about the
experimental testing setup can be found in [2]). The amplitude of the impactor’s velocity
throughout the step time was also defined according to the experimental evidence. All
the rotations of the impactor were constrained, and only the displacements along the
y-direction were allowed. The fixed rigid body supports represented in Figure 1a simply
support the bottom straight faces of the composite shell. Notice that, as presented in detail
in [16], only one-fourth of the semicylindrical composite shell was generated to reduce
the computational cost of the simulations. Despite this, due to the significant scale of the
9-layer FE model, i.e., consisting of 403,753 elements and 814,462 nodes, the computational
complexity necessitated the utilisation of a computer cluster for the numerical simulations.
To expedite the computations, 20 CPUs and 40 GB of RAM were allocated. Despite these
computational resources, the solution times ranged from 7 days to 20 days.

The surface-to-surface contact interactions between the supports, impactor, and the
composite shell were carefully defined using the penalty enforcement contact method
available in ABAQUS/Explicit [17]. To accurately capture the behaviour of completely
delaminated interfaces, this contact formulation was implemented across all interfaces of
the composite shell, ensuring frictional effects were properly accounted for.

Specific friction coefficient values were assigned to the tangential behaviour between
different surfaces. For the contact between the metal hemispherical head of the im-
pactor and the top surface of the composite shell, a friction coefficient of 4 = 0.3 was
specified [31,32]. Additionally, a value of y = 0.7 was assigned to the contact between the
composite laminate surfaces and the metal surfaces of the supports. For all other interfaces
within the composite shell, a friction coefficient of 1 = 0.5 was considered.

3. Results

Correctly defining the interface stiffness and interface strength is of utmost importance
in ensuring the intended functionality of FE models that incorporate cohesive behaviour.
These interlaminar properties can significantly influence both the accuracy, in terms of
the correlation with experimental evidence, and the computational cost of the solutions.
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Therefore, the subsequent subsections focus on analysing the impact of these properties on
low-velocity impact simulations.

3.1. Effect of the Interface Stiffness

To assess the influence of the interface stiffness on the impact response of the semicylin-
drical woven composite shells, simulations were carried out using cohesive stiffness values
ranging from 10! N/mm?3 to 2.43 x 10° N/mm? (kn = ks = kt), while maintaining the nor-
mal and shear interface strengths constant (70 = 15 MPa and 70 = 70 = 30 MPa). Notice
that the highest value considered for the cohesive stiffness, that is, 2.43 X 10® N/mm?3, was
obtained by employing the equation proposed by Turon et al. [30]:

OCE3
t

k= (11)
where ¢ is the thickness of each ply, E3 is the through-thickness elastic modulus, and « is
a parameter larger than 1, which, in this study, was set with a value of 50, as suggested
in [30]. The cohesive stiffness proposed by Camanho et al. [29] (10® N/ mm?) was also
analysed in this study.

The numerical and experimental [2] force-time, energy—time, and force-displacement
curves are shown in Figures 3-5, respectively. It is possible to appreciate that the cohesive
stiffness has no impact on the force and energy histories for values between 10> N/mm?
and 2.43 x 108 N/mm?3, and that there is a satisfactory numerical-experimental correlation
within this range. The force-time and force-displacement response curves are significantly
affected by employing smaller cohesive stiffness values, such as 10! N/mm?, because the
stiff connection between the laminate layers is not ensured. It was noted, however, that
the energy—time response curve was unaffected because the numerical output results for
the impact energy were calculated based solely on the mass and velocity of the impactor
along the established step time, which were defined on the FE models in accordance with
the experimental evidence. On the other hand, high cohesive stiffness values caused
convergence issues. For instance, adopting a cohesive stiffness of 10 N/mm?3 resulted
in immediate convergence failure. It should be noted that these findings are in good
agreement with those presented by Song et al. in [33].

900 !

—— Experimental
k, ;=2.43x10° N/mm>
800 k=10° N/mm?
Ny T ky¢,=10° N/mm?
W
VW - == k,,=10> N/mm?
700 — — k,.,=10' N/mm?

nst

600

500

Force (N)

400

300

200

100

0 2 4 6 8 10 12 14 16 18 20 22
Time (ms)

Figure 3. Effect of the interface stiffness on the force-time results with 70 = 15 MPa and
70 = 10 = 30 MPa.



Appl. Sci. 2023,13, 6948 90f19
5
4
= Dayaains>
5
> 3
20
%
=}
43]
2
—— Experimental
k,,=2.43x10° N/mm?
k,;=10° N/mm?3
T/ k, ;,~10° N/mm?
- == k;5,=10° N/mm?
— — k,;,=10" N/mm?
0
0 2 4 6 8 10 12 14 16 18 20 22
Time (ms)
Figure 4. Effect of the interface stiffness on the energy-time results with 70 = 15 MPa and
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Figure 5. Effect of the interface stiffness on the force-displacement results with 7,; = 15 MPa and
10 = 1) =30 MPa

If the cohesive stiffness is maintained between 10° N/mm? and 2.43 x 10 N/mm?3, the
impact bending stiffness (IBS), which is determined by the slope of the ascending branch of
the force—displacement curves represented in Figure 5 [34], is also hardly affected. Once
more, for 10! N/mm?, the IBS significantly declines and completely breaks apart from the
experimental evidence.

It was observed that, in terms of computing efficiency, an increase in cohesive stiffness
is accompanied by a significant rise in the number of increments required to compute
the solution. As an example, it was observed that increasing the cohesive stiffness from
10° N/mm?3 to 10° N/mm? raised the computational cost of the solution by 138%.

The cohesive stiffness was observed to have a limited impact on the response curves
when maintained within the range of 103-2.43x10° N/mm?3. However, it was identified as
a critical factor affecting the delamination predictions. To understand and quantify this
impact, the effect of the cohesive stiffness on the delamination initiation and progression
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are shown in Figure 6a,b, respectively. The damage initiation in the cohesive surfaces
was measured for this reason using the output variable CSQUADSCRT. This variable
shows whether or not the quadratic contact stress damage initiation threshold was met (see
Equation (8)). It was anticipated that cohesive surface degradation would start when its
value approached 1. The stiffness deterioration, following damage initiation, was measured
using the output variable CSDMG. The interface can be thought of as entirely delaminated
when it reaches the value of 1. The results are provided as the percentage of nodes with
CSQUADSCRT =1 and percentage of nodes with CSDMG > 0.8.

--CSDMG > 0.8
81.34% —}_,j/ 227%

1.09%
0.89% /

0.01%

Nodes "fully" delaminated (%)

\ /'0%
u 0 ¢ v

0
1E+1

1E+2

u

1E+3

Interface stiffness (N/mms3)

1E+4 1E+5 1E+6 1E+7 1E+1 1E+2 1E+3 1E+4 1E+5 1E+6 1E+7
Interface stiffness (N/mm3)

(a) (b)

Figure 6. Effect of the interface stiffness with 70 = 15MPa and 70 = 70 = 30 MPa: (a) CSQUADSCRT
output variable. (b) CSDMG output variable.

The findings demonstrate that delamination only appears for cohesive stiffness values
greater than 103 N/mm3. In fact, the influence of delamination in the FE model simulations
is hardly perceptible up to 10° N/mm?. The percentage of nodes that experience damage
injtiation (CSQUADSCRT output variable), however, climbs sharply from 1.19% to 85.05%
if the value calculated by Equation (11) is considered (2.43 x 10° N/mm?3).

The observed trend reveals a direct correlation between the cohesive stiffness and
the percentage of nodes exhibiting complete delamination, as indicated by the CSDMG
output variable. Notably, as the cohesive stiffness value, denoted as k; s, is increased
to 10° N/mm?, the proportion of totally delaminated nodes rises to 2.27% of the total
number of nodes within the composite shell. However, when the cohesive stiffness is
further elevated to 2.43 x 10° N/mm?, the percentage decreases to 1.09%. These findings
underscore the significant impact of interface stiffness on the accurate delamination predic-
tions. Moreover, upon analysing the calculated values of « for each considered cohesive
stiffness, as determined by Equation (11) and listed in in Table 3, it becomes evident that
only for 2.43 x 10° N/mm?3 and 10° N/mm? does a exhibit significant higher values than
1, as suggested by Turon et al. [30]. This underscores the importance of evaluating the
value of the parameter « utilised in the numerical simulations, in order to obtain proper
delamination predictions.

Table 3. Parameter « for the considered cohesive stiffness values (calculated from Equation (11)).

Cohesive Stiffness (ky, s t) Parameter «
2.43 x 10° N/mm° 50
10° N/mm? 21
105 N/mm? 2.1
10° N/mm? 2.1x 1072
10! N/mm? 21 x10*
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The effect of the interface stiffness on the delamination predictions throughout the
entire FE model, and the damage observed on the experimentally tested specimens [2] are
plotted in Figures 7 and 8, respectively.

=10 N/mm? 5=10° N/mm?
k,;=10° N/mm? k, =105 N/mm? k,,=2.43x105 N/mm?

Figure 7. Effect of interface stiffness on the delamination predictions with 70 = 15 MPa and
70 = 10 = 30 MPa, represented throughout the FE model.

Figure 8. Damage observed on the experimentally tested specimens (visual inspection with intense
backlight) [2].

In Figure 7, it is possible to observe that the FE models with cohesive stiffness values
ranging from 10! N/mm? to 10> N/mm? do not present any discernible signs of delamina-
tion. However, the presence of delamination becomes increasingly apparent as the cohesive
stiffness surpasses 10° N/mm?3. Notably, for a cohesive stiffness of 10° N/mm?, the extent
of delamination becomes more severe, extending beyond the impact area and propagating
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along the longitudinal direction of the composite shell. However, as seen observed in
Figure 6b, with a higher cohesive stiffness of 2.43 x 10° N/mm?, the delaminated area
noticeably reduces compared to the previous analysed case. It is important to note that a
satisfactory agreement can be observed between the experimental evidence presented in
Figure 8 and the simulation results obtained with a cohesive stiffness of 10° N/mm?.

3.2. Effect of the Interface Strength

This section analyses the impact the response curves, delamination, and computing
cost of the solutions as a function of the normal peak contact stress 70 and shear peak

contact stresses, 70 = 1. For that purpose, simulations were carried out in two separate

sets, assuming a constant interface stiffness of 10° N/mm?3, and in accordance with the
values shown in Table 2: (i) with a normal peak contact stress 70 = 15 MPa and shear
peak contact stresses TSO = Tto = 30,45,60 MPa; (ii) with a normal peak contact stress
70 = 30 MPa and shear peak contact stresses 0 = 70 = 30,60 MPa. The force-time,
energy—time, and force—displacement curves are shown in Figures 9-11 for the first set, and

in Figures 1214 for the second set.

900 o Experimental
— 7%= 15 MPa, 0= T=30 MPa

800 T S — 70=15 MPa, 0= 7= 45 MPa
; - 19-15MPa, 0= T’ 60 MPa

200

100

0 2 4 6 8 10 12 14 16 18 20 22
Time (ms)

Figure 9. Effect of the interface strength on the force-time results for 70 = 15 MPa and
kn = ks = ke = 10° N/mm?®.

The results demonstrate that adjusting the value of the shear interface strength has
a minor impact on the force-time, energy-time, and force—displacement curves for the
studied normal interface strengths (70 = 15 MPa and 70 = 30 MPa). Additionally, all of the
scenarios that were taken into consideration had comparable predictions for the maximum
impact force, maximum displacement, and absorbed energy.

On the other hand, it is possible to appreciate how the force-time and force-displacement
curves are impacted by changes in the normal contact strength. When the normal contact
strength increases from 15 MPa to 30 MPa, the maximum impact force as predicted by
the numerical model increases by around 8%. However, as previously indicated, the
variation in the normal interface strength has no impact on the maximum displacement
and the absorbed energy because the velocity profile was integrated into the FE models
according to the experimental results. This interface property, then, has an impact on
the agreement between the numerical and experimental findings. A greater numerical—-
experimental correlation was found for 7J = 15 MPa than for 7 = 30 MPa, regardless of
the shear interface strength. This discrepancy suggests that the chosen normal strength
value of 30 MPa does not accurately capture the true behaviour of the material under
investigation. Based on these results, it is evident that caution must be exercised when
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selecting normal strength values for the numerical model. Therefore, it is crucial to carefully
assess and validate the chosen normal strength values to ensure a reliable and meaningful
numerical-experimental correlation.

It is also notable that for all the normal and shear interface strength scenarios taken
into account, the impact bending stiffness barely changes.

o Experimental
1 — 70-15 MPa, T0= T=30 MPa
----- 0= 15 MPa, 0= 7= 45 MPa
- -~ 19=15 MPa, T0= 7= 60 MPa

0 2 4 6 8 10 12 14 16 18 20 22
Time (ms)

Figure 10. Effect of the interface strength on the energy-time results for ) = 15 MPa and
kn = ks = ky = 10° N/mm?®.

900 .
o Experimental

— 70- 15 MPa, 0= T=30 MPa
----- 0= 15 MPa, 0= =45 MPa
-~ - 70=15MPa, 0= =60 MPa

800

700

600

500

Force (N)

400

300

200

100

0 3 6 9 12
Displacement (mm)

Figure 11. Effect of the interface strength on the force—displacement results with 7 = 15 MPa and
kn = ks = k; = 10 N/mm3.
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900 ——Experimental
s o T9= 30 MPa, 0= T0=30 MPa
Vel A 0= 30 MPa, 0= 7= 60 MPa

800 y

700

Force (N)

200

100

0 2 4 6 8 10 12 14 16 18 20 22
Time (ms)

Figure 12. Effect of the interface strength on the force-time results with 0 = 30 MPa and
kn = ks =kt = 106 N/mm?®.

5
4
5 3
3
()
=
o
2
1 ——Experimental
,,,,,,, - 19=30 MPa, 0= 7= 30 MPa
----- 70=30 MPa, 70= 7= 60 MPa
0 =
0 2 4 6 8 10 12 14 16 18 20 22

Time (ms)

Figure 13. Effect of the interface strength on the energy-time results with ¥ = 30 MPa and
kn = ks = k; = 10 N/mm3.

The delamination predictions are also affected by the variation in the normal interface
strength. Figures 15 and 16 show, for 70 = 15 MPa and 7 = 30 MPa, respectively, the
percentage of nodes in the composite shell with the output variables CSQUADSCRT = 1 and
CSDMG > 0.8. Moreover, Figure 17 illustrates the extent and location of the delamination
predictions in the FE models.

Figures 15a and 16a show that neither the variation in the normal interface strength
nor the variation in the shear interface strengths affect the percentage of nodes that achieve
the damage initiation threshold. For every case that was looked at, its value is essentially
constant and around 80%. It can also be observed in Figures 15b and 16b that, although the
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Nodes "with damage initiation (%)

100
90
80
70
60
50
40
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20
10

30

amount of fully delaminated nodes decreases as the normal interface strength increases,
the effect of changing the shear interface strengths on delamination predictions is less
pronounced. In fact, the simulation results show distinct behaviours for the alteration
of the shear interface strengths for 70 = 15 MPa and 0 = 30 MPa. With an increase in
shear interface strengths, the percentage of totally delaminated nodes grows marginally for
70 = 15 MPa, but it falls for 70 = 30 MPa. However, the variation is not significant in any
situation. The delaminated areas plotted in Figure 17 also support these findings.

The findings demonstrate that the severity and location of delamination are predicted
to be identical for all simulations run with 70 = 15 MPa, remaining, as previously observed,
limited to the impact zone and spreading along the length of the shell. This behaviour
is still discernible for 7 = 30 MPa and 70 = 7 = 30 MPa, though much less intensely.
However, taking into account greater shear interface strength values led to a noticeably
smaller reduction in the observable delaminated areas.

900

——Experimental
300 0= 30 MPa, 0= /=30 MPa !
70=30 MPa, 0= 7= 60 MPa

700

600

500

Force (N)

400

300

200

100

0 3 6 9 12
Displacement (mm)

Figure 14. Effect of the interface strength on the force-displacement results with 70 = 30 MPa and
kn = ks = ky = 106 N/mm?®.

3
~81.34% 83.1% 76.7% - 2.5% 2.5%
S T £2.27% AW \:
------------------------- - & P//
o
22
[5°]
£
g
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(9]
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8
-m--CSQUADSCRT = 1 § --CSDMG > 0.8
0
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Shear peak contact strength (MPa) Shear peak contact strength (MPa)

(a) (b)

Figure 15. Effect of the interface stiffness with T,? = 15 MPa and k, = ks = k; = 10°® N/mm?3:
(a) CSQUADSCRT output variable. (b) CSDMG output variable.
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Figure 16. Effect of the interface stiffness with T,? = 30 MPa and k, = ks = k; = 10° N/mm?3:
(a) CSQUADSCRT output variable. (b) CSDMG output variable.

Y

0= 15 MPa, 0= T=30 MPa =15 MPa, 0= 7= 45 MPa =15 MPa, 7= T{= 60 MPa
CSDMG
1.00
0.98
0.97
0.95
0.93
0.92
0.90
0.88
0.87
0.85
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0.82
0.80
=30 MPa, Ts Tt 30 MPa =30 MPa, ‘L’ =60 MPa

Figure 17. Effect of interface strength on the delamination predictions with k,, = ks = k; =100 N/mm?,
represented throughout the FE model.

4. Conclusions

In this study, the influence of the interface stiffness and strength on the low-velocity
impact response of woven fabric-reinforced composite shells was investigated. For that
purpose, FE models that incorporated continuum shell elements and cohesive surfaces to ac-
count for the intra- and interlaminar damage, respectively, were generated in
ABAQUS/Explicit.
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The simulations were performed using interface stiffness values ranging from 10! N/mm?3
to 2.43x10° N/mm?3 and interface strength values ranging from 15 MPa to 60 MPa. To be
able to analyse the results, the force-time, energy-time, and force-displacement curves
were presented. Additionally, in order to assess the extent of cohesive degradation and
delamination within the FE models, the variation in the percentage of nodes initiating
cohesive degradation and the percentage of nodes that become fully delaminated were
plotted. It was observed that, for values between 103 N/mm?3 and 2.43 x 10°® N/mm3, the
interface stiffness has a negligible effect on the force and energy histories, and, within
this range, there is a satisfactory numerical-experimental correlation. The use of stiffness
values outside this range resulted in convergence issues (high values of interface stiffness)
or no numerical-experimental correlation (low values of interface stiffness). Although
the interface stiffness has a minimal impact on the response curves’ accuracy, it has a
significant impact on the delamination predictions. Only for an interface stiffness value
of 10° N/mm? do completely delaminated nodes become clearly visible. Furthermore, it
is worth noting that a significant increase in computational cost was observed with the
increase in interface stiffness.

The results show that the shear interface strength values (peak contact stresses) have a
negligible impact on the force and energy histories. On the other hand, the normal interface
strength affects the numerical predictions of the maximum impact force. Increasing its
value from 15 MPa to 30 MPa resulted in an 8% increase in the maximum impact force, and
thus a deviation from the experimental data. Only the variation in the normal interface
strength was found to have an effect on the delamination predictions. It was observed
that the percentage of fully delaminated nodes decreases with the increase of the normal
interface strength; however, the percentage of nodes that initiate cohesive degradation
remains almost unchanged. In addition, it was observed that varying the interface strength
had minimal impact on the computational cost of the solutions.

The results obtained from this study provide valuable insights and recommendations
for accurately and efficiently simulating delamination phenomena. By successfully val-
idating the FE models used in this research, a strong basis is established for conducting
future numerical investigations. It also presents an opportunity to reduce the reliance on
costly and time-consuming experimental testing. Furthermore, the utilisation of numer-
ical simulations enables researchers to investigate delamination in a more detailed and
comprehensive manner. The FE models can capture intricate delamination mechanisms,
predict failure modes, and provide detailed information about stress distribution and
energy absorption during the process. This information can be utilised to enhance design
guidelines, develop mitigation strategies, and optimise the performance and reliability of
laminated shell structures.
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