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Abstract. This study aims to develop a numerical simulation model that investigates the load response of the low
velocity impact for curved plates with different layup configurations using unidirectional carbon fiber-reinforced
polymer (CFRP). At first, the commercial explicit finite element code LS-DYNA is used to develop the numerical
simulation model to validate the experimental finding of a published work. A 2D modeling approach with a single
shell element is adopted. The plies thickness and fiber orientations are defined using PART COMPOSITE. The
elasto-plastic composite material model MAT54, based on the failure criteria, is used to define the unidirectional
composite material, while MAT20 is used to define the impactor material as a rigid body. The numerical simulation
results show a strong agreement with the experimental results in terms of absorbed energy, impact force, and
deflection plots. Consequently, the developed model is used to study the impact response and resistance of different
curved plates (RO (Flate), R500, R750, and R1500), and different layup configurations (Unidirectional (UD), Cross-
Ply (CP), Quasi-Isotropic (QI), Linear bio-inspired Helicoidal (LH), and nonlinear bio-inspired Fibonacci-Helicoidal
(FH)). The designed CFRP plate consist of 32-plies with overall dimensions of 300x 150x3.6 mm. The CFRP plate is
impacted by a hemispherical steel impactor of 25.4 mm diameter and 6.5 m/s speed to generate 40 J of impact
energy. Each layup configuration is analyzed separately with different plate curvatures to discover the advantages of
the curved plates over the flat plate in order to improve the low velocity impact resistance. The curved plates showed
excellent behavior in reducing the impact force and deflection during the low velocity impact simulation for all layup
configurations. It can be concluded from this study that the curved plates can be effective in enhancing structural
impact resistance under low velocity impact conditions, while the following numerical simulation model can be
effectively utilized for the purpose of designing and analyzing innovative bio-inspired composite structures in various
configurations under different impact scenarios to study the load response.
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1. Introduction

During operations, the composite structures are subjected to impact, although there are many
advantages of using laminated composite structures instead of metals, there are some
disadvantages that laminate composite structures can be exposed to when impacted, including;
delamination, matrix cracking, reduced stiffness, reduced fatigue life, and repair difficulty. The
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low velocity impact produces global structure deformation and hidden internal damage at locations
far from the contact region because of the long contact time between the impactor and target
(Maamar and Ramdane 2016). The low velocity impacts are dangerous for composite structures
because they can generate Barely Visible Impact Damage (BVID), which can lead to large drops
in the strength and stability of the structures.

Curved composite structures are utilized in several engineering fields due to their significant
capacity to carry external loads, attributed to the curvature effect on shells. The extensive
utilization of laminated composite shells can be associated with their superior strength and
stiffness-to-weight ratios in comparison to most metallic materials. Nowadays, laminated
composite shells represent a major proportion of aerospace, automotive, and marine structures. In
addition to meeting geometrical constraints, changing the laminated composite shells from a flat to
a curved shape can significantly enhance the impact response in a variety of composite
applications. However, impact analysis studies primarily focus on the impact performance of flat
plates or cylinder specimens. The primary investigation of the low-velocity impact behavior of
curved composite structures was conducted by the researchers using several cylindrical curved
specimens (Kim et al. 1997, Krishnamurthy et al. 2003, Saghafi et al. 2014). Therefore, the
comprehensive knowledge of the deformation and damage characteristics of curved structures is
crucial for transferring the analyzed impact behavior of flat specimens to general curved
structures, which optimizes the lightweight capability of a load-specific structure (Gebhardt et al.
2023). Generally, the curved plates can be examined to control the impact behaviors in terms of
energy absorption, impact force, deformation, and consequently the resulted intra-laminar and
inter-laminar damages.

Bio-inspiration is the creation of unique materials and structures that are motivated by solutions
discovered through the millions of years of biological evolution and improvement (Sanchez et al.
2005). Because their potential for use in bio-inspired composites has been explored, researchers
have examined a variety of biological artifacts. Evidently, it will be useful to study the creatures
with naturally formed armours as it can lead to inspiration and novel design of synthetic structures
mimicking the advanced mechanical architectures of their natural creatures. The helicoidal
arrangement present in various creatures as a naturally strong defense armour, is a particular
interesting feature, which is one of the main subjects of this study. The bio-inspired composite
structures with helicoidal schemes have high impact energy absorption capability, which can
enhance the impact resistance of the composite structures.

Finite element software provides a comprehensive platform for the simulation and analysis of
the impact response of composite materials. Bhaskar and Thakur (2019) studied the nonlinear
behavior of the laminated composite plates under transverse sinusoidal loading using a new
inverse trigonometric shear deformation theory by finite element method. Alessi et al. (2023)
studied the dynamic analysis of piezoelectric perforated cantilever bimorph energy harvester via
finite element analysis. Baakeel et al. (2023), studied Static and modal analysis of bio-inspired
laminated composite shells using numerical simulation. Rachid et al. (2018) presented theoretical
and numerical study on the behavior of a tapered shaft rotor made of composite materials by the
classical version h and the version p of the finite element method. Through the use of sophisticated
material models, accurate meshing methods, and suitable contact modeling, scientists are able to
acquire significant knowledge on the response of composite structures when subjected to impact
loading. The modeling and simulation of composite materials became more interesting, where it is
possible to numerically adjust the number of layers, fiber orientation, or curvature angle with ease,
compared with the practical experiments, which eventually will be more expensive and may
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require custom fabrication.

Numerous review articles that describe the research on the analysis of laminated composite
plates and shells under low velocity impact and various loading circumstances related to this study
can be found in the literature. Several studies on the failure nature characteristics of fiber-
reinforced composites under impact loading have been carried out in recent years (de Vasconcellos
et al. 2014, Caprino et al. 2015, Liang et al. 2015, Thomason et al. 2018, Ahmed et al. 2021,
Jayatilake et al. 2015, Kaci et al. 2016). Several researchers have conducted experimental work to
investigate the complicated behavior of laminated composite plates when subjected to impact
loading (Sayer et al. 2010, Atas et al. 2011, Jordan et al. 2013, Kursun et al. 2015, Ying et al.
2016, Miao et al. 2019, Fuga et al. 2021, Seifoori et al. 2021, Kravchenko et al. 2021). The impact
behavior of complex composite materials can be simulated by utilizing the constitutive models as
outlined in the references (Faggiani et al. 2010, lannucci et al. 2006, Lapczyk et al. 2007, Metoui
et al. 2018, Donadon et al. 2008, Baakeel et al. 2025).

Among the several advanced numerical techniques, the progressive damage model (PDM) has
been considered as the most popular modeling scheme that considers the initiation of damage and
the subsequent degradation of stiffness (Donadon et al. 2008, Tay et al. 2008, Liu et al. 2016,
Zhang et al. 2015, Guo-dong et al. 2009, Lee et al. 2015). Regarding the evaluation of damage
initiation in composites, many interaction criteria using distinct expressions to evaluate fiber and
matrix damage under tensile and compression loading have been widely used, including Hashin
(Hashin et al. 1973, 1980, Chang-Chang 1987, Hou 2000, 2001) criteria. Once the failure criterion
is met, an appropriate damage evolution model needs to be proposed to properly describe the loss
of stiffness. Some researchers simulated the process of damage accumulation around the damaged
area using the predefined constants for the stiffness degradation rule (Zhang and Zhang 20153, b),
where this approach is not suitable for a wide range of composite simulations. The equivalent
displacement approach in damage evolution models is currently used by researchers to predict the
progressive damage behavior of composite materials as it involves mechanical factors (Liu et al.
2016, Zhang et al. 2015, Guo-dong et al. 2009).

The analysis of interlaminar crack propagation using finite element techniques such as the
Virtual Crack Closure method (VCC) or Cohesive Zone Models (CZM) is now widely being
performed using fracture mechanics (Wisnom 2010, Tay 2003, Camanho 2003). The VCC
technique is very sensitive to mesh geometry and density, where it must assume that a crack
already exists and use adaptive re-meshing techniques to adjust the mesh to the changing shape of
the delamination front. The CZM technique combines the strength-based criteria to predict damage
initiation with the fracture mechanics energy criteria to simulate damage propagation and the
subsequent fracture. Thus, the main limitations of VCC analyses can be overcome, and cohesive
interface elements have gained particular interest for the simulation of discrete failure modes in
impacted composite laminates. The cohesive elements set at the contact between layers have been
used in various studies to simulate the delamination phenomena of composite laminates caused by
low-velocity impacts (Aymerich et al. 2009, Amaro et al. 2011). In further studies, the combined
impact of intralaminar and interlaminar damage was examined. The cohesive elements (de Moura
2004, Zhang et al. 2006, Aoki 2007, Aymerich et al. 2008) and the special spring elements
(Bouvet et al. 2009, 2012) were used to model the development of major matrix cracks (such as
bending cracks on the bottom layer and shear matrix cracks in the middle layers) as well as
delamination at the interfaces between layers in impacted laminates.

The significance of this study is to address the improvement and outstanding ability of curved
composite plates, with the aim of investigating the bio-inspired helicoidal layup. In this study, a
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Fig. 1 Side view of different curved plates examined in this study

numerical simulation model was developed using the commercial explicit finite element code LS-
DYNA to validate the results of a published experimental work by Heimbs et al. (2009). The main
purpose of the validation model is to ensure that the developed model is correct and the results are
matching with the experimental findings in terms of impact force, absorbed energy, and deflection.
Based on the developed numerical simulation model, different curved plates and layup
configurations have been considered to investigate the impact load response. The curved radii in
mm include the following: RO (Flate), R500, R750, and R1500. The layup configurations include
the following: Unidirectional (UD), Cross-Ply (CP), Quasi-lsotropic (QI), linear bio-inspired,
known as Linear-Helicoidal 24° (LH), and non-linear bio-inspired known as Fibonacci-Helicoidal
(FH).

2. Curved plates

In this study, different curved plates were examined to investigate the effects of the curvature
angle on the impact load response. The curved radii in mm include the following (as shown in Fig.
1):

(A) RO [Flate Plate]

(B) R1500 [Curved Plate]

(C) R750 [Curved Plate]

(D) R500 [Curved Plate]

The design of the curved laminated composite structures is essential to enhancing the
structure’s responses to impact loads to effectively utilize the composites lightweight potential.
The RO is an indication reference for the general flat plate. The other curved plates are tested with
a specific increase in radius size. The curved plates are chosen to be positive angles after making
different trials with the negative angles, which indicates that the CFRP plates with
the positive angles were better in impact resistance in terms of impacted force and resulted damage
observed during impact simulation.

The size of the designed plates is considered based on the specified experimental work that will
be detailed in the following topics. The main purpose is to modify the curvature of the impacted
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Fig. 2 Different layup configurations examined in this study

area. An extension of 50 mm from each side is considered to simulate real impact specimens,
which can be manufactured easily with applicable forming molds. 1t’s well known that the curved
plates will have a larger length than the flat plates (i.e., more than 300 mm) and hence more impact
surface, while the projected distance will be fixed at 300 mm.

3. Bio-inspired Helicoidal configurations

In this study, different layup configurations were examined to investigate the effects of fiber
orientation on the impact load response. These configurations include: Unidirectional (UD), Cross-
Ply (CP), Quasi-Isotropic (Ql), linear bio-inspired known as Linear-Helicoidal 24° (LH) (Wang et
al. 2021), and non-linear bio-inspired known as Fibonacci-Helicoidal (FH) (Mohamed et al. 2022,
Mohamed et al. 2023, Karamanli et al. 2024), as shown in Fig. 2.

The UD layup is considered as a simple unidirectional (0°) orientation in the longitudinal side
of the plate. The CP layup consists of plies arranged in an alternating orthogonal (0°/90°)
orientation, which considered to be an effective layout for the penetration resistance. The QI layup
the most familiar stacking sequence of plies (0°/45°/90°/-45°), and its properties refer to the in-
plane isotropic characteristics that can be achieved in laminates by arranging the fibers in multiple
directions, to maintain similar properties when the laminate is loaded in-plane, in flexure,
compression or tension, on any axis. The helicoidal structure observed in the endocuticle of the
mantis shrimp’s dactyl club provides the basis inspiration for the development of helicoidal layup
configuration of the composite plies. The LH layup consists of stacking plies with a linear constant
rotation angle of 24° (0°/24°/48°/.../360°), which is the angle difference refers to the variation in
orientation between adjacent layers. The FH layup is designed as a non-linear helicoidal plies
based on the Fibonacci sequence starting from 0° and 10°, where the angle of each following ply is
the sum of the two preceding ones (0°/10°/10°/20°/.../340°). The specifications of the different
layup configurations are presented in Table 1.

4. Validation FEM model for an experimental testing
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Table 1 Specifications of the different layup configurations, Wang et al. (2021)

Designation Stacking Sequence
D o ectonal et
[0/0/0/0/0/0/06/0/0/0/0/0/0/0/0/0]s
=N et A
[0°/90°/0°/90 /0" /90 /O /90 /O /90 /0 /90 /0 /90 /0 /90 ]
30l o S oQuasi-olsoEropi:: - Symmetorico o o
[0°/45 /90 /—45 /0 /45 /90 /—45 /0 /45 /90 /—45 /0 /45 /90 /—45];
(4) LH S °LineaE-HeIi(zoidaI °(24°) Symznetrico o o o o
[0°/24°/48° /72" /96 /120 /144 /168 /192 /216 /240 /264 /288 /312 /336 /360 ]
(5) FH Fibonacci-Helicoidal - (E, = F,,_; + F,_5, Fy = 0,F; = 10) - Symmetric

[0°/10°/10°/20°/30°/50°/80°/130°/210°/340° /190° /170° /360° /170° /170° /340°];

/
b specimen - !

Fig. 3 Fixture design and experimental setup view (Heimbs et al. 2009)

The main purpose of the validation model is to ensure that the developed model is correct, and
the results are matching with the experimental findings in terms of impact force, absorbed energy,
and deflection. This will provide confidence to the results and findings when the curved plates and
bio-inspired layup were applied.

Therefore, the low velocity impact testing (developed by Heimbs et al. 2009) was conducted on
a Dynatup 8250 drop tower, will be used to develop the validation model. The experimental case,
designated as Type-B (prepreg) 40 J unloaded, was the main focus of the study. The mounting
fixture design and the experimental testing setup are illustrated in Fig. 3.

The detailed validation model will be published in another paper, while the main topics are
summarized as follows.

4.1 Low velocity impact testing (Benchmark)

A hemispherical steel impactor with 1.0-inch (25.4 mm) diameter and 1.85 kg of mass was
used for the low velocity impact testing. The impact velocity was 6.5 m/s resulting an energy level
of 40 J. The CFRP specimens were clamped under conditions that included a fixed support for the
longitudinal ends and a simple support for the lateral sides.
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Table 2 Lamina elastic and strength properties (Heimbs et al. 2009)
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Material 12K HTS/ 977-2
p [kg/m3] 1620
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Fig. 4 Experimental results of force, energy and displacement (Heimbs et al. 2009)

4.2 Testing material (Benchmark)

The material used in the experiment was prepreg material from the manufacturer Cytec. The
12K HTS unidirectional carbon fibers were already pre-impregnated with 977-2 epoxy matrix to
produce a symmetric quasi-isotropic plate consists of 24 plies: [-45°/0°/45/90°]55. The average
thickness of the cured plate was 2.7 mm. Table 2 present the lamina elastic and strength material
properties. The CFRP material was prepared into test specimens of 400 mm length and 150 mm
width. On both sides of the specimens, double-tapered GFRP tabs of 2 mm thick and 50 mm wide
were bonded. This reduced the free length of the specimen to 300 mm.

4.3 Experiment results (Benchmark)

Fig. 4 shows the experimental results of the impact testing for the unloaded CFRP plates in
terms of time-dependent plots of impact force, energy absorption, and deflection. The energy was
computed using the initial Kinetic energy, mass, and velocity of the impactor. A photoelectric
sensor was used to measure the initial velocity before impact.
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Fig. 5 Layout of the numerical simulation model

4.4 Numerical simulation modeling

The numerical model of the low velocity impact simulation was developed using the
commercial explicit finite element code LS-DYNA and involves modeling both the composite
plate and the rigid impactor with appropriate contact definitions. The layout of the numerical
simulation model is illustrated in Fig. 5. The modelling topics are addressed as follows.

4.5 Composite plate modeling

The most critical part of this simulation model is the modeling of the CFRP composite plate
due to its complexity. Although the thin composite structure has a large aspect ratio compared to
the laminate thickness, it implies that the structural system is globally three-dimensional.
Consequently, it is common to use 2D shell elements, where each layer can be assumed to be in a
state of plane stress. Therefore, the CFRP plate was modeled as 2D shell of 400x150 mm size,
using the Shape_Mesher and the 4N_Shell Entity. The 4-node shell element size was 2 mm, to
balance the simulation’s accuracy and efficiency. The shell element formulation was defined using
the default option; Belytschko-Tsay (ELFORM 2) which has 6 degrees of freedom at each node.

In this model, the linear elastic-plastic model MAT_ENHANCED_COMPOSITE_ DAMAGE
(MAT54) based on the failure criteria by Chang and Chang (1987) was used to define the
composite material properties. This progressive failure model was created specifically to deal with
various orthotropic materials like unidirectional composite laminates.

MAT54 consists of 63 input parameters arranged in a matrix of 9 rows and 8 columns, where
each row represents a card. The values of these cards mainly represent the material model, which
includes the elastic orthotropic material parameters for the longitudinal, transverse and normal
direction, the material coordinate system that defines the material direction to control the
anisotropic behavior, the failure modeling parameters, the strain parameters and nonphysical
parameters that ensure the element is retained after the failure criterion is met and is not removed
until the failure strain is exceeded, the strength limits of the Chang-Chang or Tsai-Wu failure
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criterion, and some additional tuning parameters to control the simulation.

The elastic input constants of the MAT54 are defined using the Young’s moduli (EA, EB, EC),
the Poisson’s ratios (PRBA, PRCA, PRCB) and the shear moduli (GAB, GBC, GCA). Each ply in
the laminate will be considered as an integration point in the two-dimensional element when the
laminated material is simulated. In the elastic region, Chang and Chang (1987) theory will be
applied to the material stress-strain relations. The elastic stress-strain relations in each ply are
given by:

I. For fiber (axial, 1-direction)

1
11 = £ (011 — v12022), 1)
1
I1. For matrix (transverse, 2-direction)
€22 = I (022 — v12011), (2)
2
I11. For shear (12-direction)

2e1, = — 015 + a0y’ 3)
G12

The nonlinear shear stress-strain relation developed by Hahn and Tsai (1973) will be used.
Where the term a is the weighting factor for the nonlinear shear stress term. The term a is an input
parameter in MAT54 (defined as ALPH), which required calibration through trial and error because
it cannot be determined experimentally.

In the plastic region, MAT54 apply the failure criteria developed by Hashin (1980), who
specified four distinct failure modes for the unidirectional laminated composite under plane stress,
whereas Chang and Chang only specify the two failure modes (fiber and matrix). The four failure
criteria are represented in the history variables of MAT54, and they are given as follows:

I. For the tensile fiber mode where g,; = 0:

P 011)2 <U12)2
= (= =) -1
¥ (Xt A, '
ef > 0 = failed 4)

ef < 0 = elastic
On failure: El = Ez = GlZ =V31 =V = 0

I1. For the compressive fiber mode where g;; < 0:
5 J11)2
=(=) -1,
& (XC
e2 >0 = failed ©)
e? < 0 = elastic

On failure: E; = vy, = v, =0
I11. For the tensile matrix mode ¢,, = 0:

059\ 2 0q5\2
2 _ (922)" , (12)" _
&m (Yt) +(sc) ’



340 Faisal K. Baakeel, Mohamed A. Eltaher and Muhammad A. Basha

e2 >0 = failed
e2, < 0 = elastic (6)
On failure: £, = vy, =G, =0
IV. For the compressive matrix mode where g,, < 0:
2 2
5 022)2 ( Ye ) 032 (012)
=== +||l==) - 1|=—+|=F) -1
¢a (ZSC 28, v, '\,
el >0 = failed (7

el < 0 = elastic
On failure: EZ =Vy31 =V = GlZ =0

The specified elastic properties for a given ply within the element are set to zero when one of
the above conditions is exceeded. Where the term S is the shear stress weighting factor. The term
B is an input parameter in MAT54 (defined as BETA) that allows the user to specify exactly how
shear will affect the tensile fiber mode. When 8 = 1, the original criterion of Hashin in the tensile
fiber mode is implemented, and when § = 0, the maximum stress criterion is applied. The BETA
value can be chosen based on matter of preference or by trial and error (Wade et al. 2012). The
LS-Dyna documentation preferers using 8 = 0 (the default value in MAT54), which is found to be
better compared to experiments (LS-DYNA 2007). In this model, BETA value set to 0. Therefore,
the Chang\Chang failure criterion will be applied.

MAT54 can also describe the material’s deformation resistance after failure using the SLIM
parameters, which is particularly important for compressive failure modes. When the strain values
reached specific DFAILX, the element will be removed from the model. SLIM parameters built to
account for one structural response, that is the residual of the residual strength of the materials
after failure. In addition to the ideal plastic behavior a residual stress can be defined in all
directions: the fiber tension (SLIMT1), matrix tension (SLIMT?2), the fiber compression (SLIMC1),
the matrix compression (SLIMC2) and the shear stress (SLIMS). At the point of failure, the stress
level will drop to the residual stress level instead of remaining at its highest level (i.e., a SLIMT1
value of 0.4 will stop the stress dropping below 40% of the ultimate tensile stress).

SLIM parameters are considered as non-physical parameters and should be calibrated by
comparing the simulation results with experimental findings (Zhou et al. 2018). In this model,
SLIM parameters were set to the recommendation values in the LS-Dyna material documentation
for MAT58 (MAT_LAMINATED_COMPOSITE_FABRIC).

SOFT parameter is a strength reduction factor that allows for greater stability in crashfront
element simulation (Feraboli et al. 2011). SOFT parameter is used for softening the load transition
from the active row of elements to the next by reducing the strength of the elements immediately
ahead of the crushfront to simulate damage propagation and achieve stable and progressive
crushing. The crashfront elements are those that share nodes with a deleted element and can have
their strengths reduced by using the SOFT parameter, where TFAIL (time step size criteria for
element deletion) must be greater than zero to activate this option. Approaching failure, the load in
the active row of elements reaches its maximum value, and at failure, it suddenly drops to zero.
The strength reduction is applied to the material strengths using the following equation:

{XT,XC, YT, YC} = SOFT * {XT, XC, YT, YC}*, (8)

where the asterisk (*) indicates the pristine strength value.
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Feraboli et al. (2011), have listed various options for the choice of SOFT parameters in crash
front element simulation as follows:

 If SOFT = 1 (default), this indicates that elements at the crush front retain their pristine

strength and no softening occurs.

« If SOFT = 0, this sudden transition may lead to unstable buckling of the section (SOFT is

inactive).

« If SOFT ~ 0 (close to zero), this will result in a nearly complete loss of strength.

« If SOFT > 1, the model acts as if SOFT set to 0 (SOFT is inactive).

However, setting the SOFT value is a critical issue in the impact simulation because this
parameter requires calibration through trial and cannot be determined experimentally (Feraboli et
al. 2011). Therefore, an attention effort was paid to investigate the effect of this parameter.
Finally, the SOFT value is calibrated to 1.8 after many trials.

In MAT54, ply stress exceeding the specified DFAIL parameter results in an immediate
reduction of ply stresses to zero. Once all layers reach the zero-stress value, the element is deleted.
Therefore, the DFAIL parameters have a direct influence on the deletion of MAT54 elements [50].
When an element undergoes a severe distortion that requires a very small-time step, it may also
result in the deletion of the element. The minimal time step parameter, defined as TFAIL (Time
step size criterion for element elimination), is

« If TFAIL < 0, No element deletion by time step

* If 0 < TFAIL < 0.1, Element is deleted when its time step is smaller than TFAIL

« If TFAIL > 0.1 , Element is deleted when the following conditions happened:

A(.Ztl.lal tn.ne step < TFAIL

Original time step

Defining TFAIL close to the element time step would cause premature element deletion since
the element would violate the TFAIL condition near its initial state. Also, it is not recommended to
depend on element deletion caused by a time-step limitation as the primary source of element
deletion, since this is only a computational function that may lower the computational cost of a
severely distorted simulation (Wade et al. 2012). In this model, TFAIL value is set to a very small
and non-zero time step of le-7 seconds, which is a preferred value used by many researchers
(Feraboli et al. 2011, Zhou et al. 2018, Cherniaev et al. 2018).

When using multi-layers composites with different characteristics, one layer could fail before
another, although the material has partially failed, it can still withstand more stress until all of the
layers fail. The failure behavior of composites in numerical simulation is one of the main
differences between single-layer and multi-layer definition.

Using MAT54, it is possible to determine the percentage of layers that must fail to remove the
shell element from the system using the parameter PFL (Percentage of layers which must fail
before crashfront is initiated). The default value of PFL is 100, i.e., all layers must fail to remove
the element. To simulate the lamina impact in reality, the estimated value of PFL in this model is
set to 70.

Consistency in a numerical simulation is achieved when the derived quantities, such as force,
stress, and energy, are expressed correctly in terms of the base units (mass, length, and time). The
base units used in this model are mass in kilograms (kg), length in meters (m), and time in seconds
(), which result in the derived quantities as follows: force in Newtons (N), stress in Pascals (Pa),
energy in Joules (J), velocity in meters per second (m/s), and density in kg per cubic meter
(kg/m®). The main input parameters that describe the CFRP material properties in MAT54 are
presented in Table 3.
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Fig. 6 Illustration of the quasi-isotropic fiber orientations (—45°/0°/45/90°) for an element using
LS-Dyna *PART_COMPOSITE feature

When conducting FEA to model a composite laminate, there are two main approaches. The first
approach is to combine all the plies into a single shell element by summing the properties of each
lamina. In the second method, distinct element layers are used to simulate each ply individually,
and these layers are then joined using a cohesive element or a contact condition. Considering the
first approach when modeling a laminate with only a single shell element, each lamina has its own
integration point through the thickness so that the stress state in each ply can be captured.
Although this approach has a low computational cost, it does not capture the interlaminar failures
such as delamination phenomena.

PART_COMPOSITE feature in LS-Dyna provides a simple way to define a laminated
composite into shell elements. PART_COMPOSITE allows to assign different material properties,
fiber orientation, and variable thickness within one layer of multiple integration points. This card
combines both the SECTION SHELL and the PART card into one master card.
PART_COMPOSITE is used in this model to define the 24 layers of the quasi-isotropic layup,
where each layer was 0.1125 mm thick, giving the laminate a total thickness of 2.7 mm. The
standard shell element formulation of Belytschko-Tsay (ELFORM 2) with only one point
integration is used. Hence, once all integration points of the shell element fail, the element will be
deleted, i.e., removed from the calculation. Elements that have common nodes with the deleted
element are referred as “crashfront” elements, and their strengths will be reduced by using the
SOFT parameter.

The total thickness of the shell can be checked using the thickness appearance option
(Appearance— Thick), while the fiber orientation of an element in any layer within the shell can
be checked using the element tools (Identify—Composite—Layer list) as illustrated in Fig. 6.

4.6 Impactor modeling

The assumption of an elastic body with no plastic deformation is appropriate for the low
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velocity impact between the CFRP plate and the impactor made from a high-strength steel alloy,
resulting in insignificant deformation of the impactor relative to the CFRP plate. Therefore, the
impactor was modeled as a spherical rigid body of 25.4 mm diameter using the Shape_Mesher
and the Sphere_Solid Entity. The rigid material model MAT_RIGID (MAT20) was used to define
the steel material properties. The 8-node solid element size was 2 mm (average meshing size) to
balance the simulation’s accuracy and efficiency. The solid element formulation was defined using
the default option of constant stress solid element (ELFORM 1), which has 3 degrees of freedom at
each node.

The impactor’s steel material has a modulus of elasticity as E = 200 GPa and Poisson’s ratio
as vy, = 0.3. If the rigid body interacts in a contact definition, these constants are used to
determine sliding interface parameters. The realistic values for these constants should be defined.
The inertial properties are calculated from the geometry and density of the rigid impactor specified
in MAT20.

One way to satisfy the actual impact energy level of the spherical impactor with constant
volume and initial velocity in the numerical simulation model is to replace the actual density of the
impactor assembly to unrealistic value in MAT20. Therefore, theoretical a calculation was
performed to determine the unrealistic density, which is outlined in the following steps:

The kinetic energy (KE) of the impact can be calculated using the impactor’s mass (m) and
initial velocity (v;)

1

KE = Emviz, 9)

The density (p) is a function of the mass (m) and volume (V)
m

pP=1 (10)
The sphere volume (V) is defined using the diameter (d) of the impactor
1
V =-nd?, (12)
6
The density (p) can be obtained using Egs. (9)-(11)
12(KE)
p= nd3v? "’ (12)

The unrealistic density is determined using Eg. (12), which is a function of 40 J kinetic energy
(KE), 6.5 m/s initial velocity (v;), and 0.0254 m diameter (d). After a slight calibration, the final
unrealistic density was set to 223,600 kg/m?®. To confirm that the inputs in MAT20 are correct, the
kinetic energy of the impactor was plotted in LS-Dyna with considering the impactor velocity.

4.7 Boundary conditions

The velocity of the spherical impactor is 6.5 m/s. Therefore, all impactor nodes have an initial
translational velocity defined in negative global z-direction to achieve the specified level of impact
energy (40 J) considering the mass of the impactor. INITIAL_VELOCITY_GENERATION card is
used to define the transitional initial velocity of the impactor as the followings:

*VZ =—-6.5m/s.
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The clamping conditions of the laminate include fixed support of the longitudinal edges and
simple support of the lateral edges. Therefore, all nodes under the GFRP tabs (50 mm from both
longitudinal ends) are set to fixed support, and the remaining nodes on the lateral sides are set to
simple support. BOUNDARY_SPC_SET card is used to define the transitional and rotational
boundary conditions.

4.8 Contact definition

In impact analysis, the deformations might be very substantial, making it difficult or impossible
to predict where and how contact would occur. Since automated contacts are non-oriented and can
detect penetration coming from either side of a shell element, the automatic contact options are
recommended. Therefore, the contact type AUTOMATIC_SURFACE_TO_SURFACE is used to
define the contact algorithm between the steel impactor and CFRP plate. The impactor is defined
as slave segment part ID (SSID), while the CFRP plate is defined as master segment part 1D
(MSID).

The static coefficient of friction (FS) between the steel material of the impactor and the CFRP
material of the composite plate is set to 0.5, according to a published reference (Shi et al. 2020),
and the dynamic coefficient of friction (FD) is set to 0.1, according to another published reference
(Deka et al. 2008). These values are obtained from published work which shows good agreement
to the experimental results.

4.9 Simulation control and output files

The simulation control and output files are essential for LS-DYNA simulations. The control
files define the simulation parameters and guide the analysis, while the output files store the results
for analysis and visualization. Using these files, users can run complex simulations, analyze model
behavior, and gain insight into the simulated event. The following are essential steps used to
define the impact simulation in this model:

* CONTROL_TERMINATION card is used to set the termination time (ENDTIM) to 0.008

seconds. This time was long enough to capture the entire impact event up to the rebound of the

impactor.

» The numerical time step size is ignored. Therefore, the LS-dyna solver automatically

calculates the minimum time step size for all elements considering length and density.

» The time interval between outputs (DT) is set to 4.0e-5 seconds for all recorded history

outputs. This small value of the time interval between outputs allowed 202 output data

increments, which shows a good output result.

» DATABASE_BINARY_D3PLOT is activated in this model. D3plot files are binary data

generated by LS-DYNA during finite element model analysis. The file format

“ BINARY_D3plot ” stores simulation results and post-processing data such as nodal

displacements, velocities, accelerations, element stresses, strains, and other simulation results.

* DATABASE_ASCII_options in LS-Dyna are used to write the output files of the absorbed

energy and the contact forces as the following:

- MATSUM (Material Energies) is an ASCII file that contains the kinetic and internal energies
for both the slave and master parts.

- RCFORC (Resultant Interface Forces) is an ASCII file that contains the resultant contact
forces for both the slave and master sides of each contact interface.
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Fig. 7 Numerical simulation results of the impact force, energy and displacement

4.10 Numerical simulation results and validation

The numerical simulation results of the impact testing are plotted in terms of time-dependent
plots of impact force, energy absorption, and deflection, as shown in Fig. 7. The numerical
simulation results showed strong agreement with the experimental results in terms of energy,
force, and displacement plots, as presented in Table 4. The absorbed energy value from the
numerical simulation was very close to the experimental result, with a difference of 2.86%. Only
0.85% of the impact force value was different between the numerical simulation and the
experimental result. The maximum deflection obtained from the numerical simulation was
consistent with the experimental result, giving a value of 12.2 mm with no noticeable error.

In conclusion, the strong agreement shown between the numerical simulation results and the
experimental results provides evidence of the efficacy of numerical simulation as a powerful
predictive technique to evaluate the impact behavior of the unidirectional fiber-reinforced
composites. The MAT54 material model and the PART_COMPOSITE feature in LS-Dyna can be
valuable tools for defining composite materials with tuning parameters, particularly when the
objective is to model multi-layer composite material in a single shell model. This will provide
confidence to the results and findings when the curved plates and bio-inspired layup were applied.

5. Numerical simulation model

The numerical simulation model used to validate the experimental results is used again with
different curved plate geometries (R0, R500, R750, and R1500) and different layup configurations
(UD, CP, QI, LH, and FH) to improve the impact resistance of the composite structures. The low
velocity impact conditions and the boundary condition of the CFRP plate are fixed without any
change. Only the number of layers increased from 24 up to 32 layers (single layer thickness is
0.1125 mm), which results in a total laminate thickness of 3.6 mm. PART_COMPOSITE feature is
used to define the fibers orientation of the different layup configurations. The MAT54 input
parameters for material properties are similar to the used parameters in the validation model,
which are presented in Table 3. The sample layout (for the R500 case) of the numerical simulation
models is illustrated in Fig. 8. The front view of all model cases is presented in Fig. 9.
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Table 3 The main input parameter for material MAT54

Variable Description Value Comment
RO Mass density, p 1620 p, from Table.1
EA Young’s modulus in longitudinal direction 153e+9 E,, from Table.1
EB Young’s modulus in transverse direction 10.3e+9 E,, from Table.1
PRBA Poisson’s ratio, v,, (minor) 0.0202 Vo1 =V, (E5/E;)
PRCA Poisson’s ratio, v, (minor) 0.0202 Similar to PRBA
GAB Shear modulus, G, 5.2e+9 Gy, From Table.1
GBC Shear modulus, G,3 2.2e+9 E,, E; and PRBA
GCA Shear modulus, G34 5.2e+9 Similar to GAB
TFAIL Time step size for element deletion 1.e-07 From ptglggid work
SOET Softening re_ductlon factor for material strength 18 Calibrated value
in crashfront elements.
XC Longitudinal compressive strength, o3 1.5e+9 01, from Table.1
XT Longitudinal tensile strength, o4 2.54e+9 o1, from Table.1
YC Transverse compressive strength, ;5 236e+6 05, from Table.1
YT Transverse tensile strength, o5, 82e+6 o, from Table.1
SC Shear strength, 7;, 90e+6 T,,, from Table.1
CRIT Failure criterion (material number) 54.0 Chang failure criterion
PFL Percentage of layers must fail until crashfront is initiated 70 Estimated value
SLIMT1 Factor for minimum stress I|m.|t after stress maximum 001  From MAT58 Document
(fiber tension)
SLIMCL Factor for minimum stress limit a_lfter stress maximum 10  From MAT58 Document
(fiber compression)
SLIMT2 Factor for minimum stress I|m|fc after stress maximum 10  From MAT58 Document
(matrix tension)
SLIMC2 Factor for minimum stress limit after stress maximum 10 Erom MAT58 Document
(matrix compression)
SLIMCS Factor for minimum stress limit after stress maximum (shear) 1.0  From MAT58 Document
NCYRED Number of cygles for stress reduction 50  Erom MAT58 Document
from maximum to minimum
Softening reduction factor for transverse shear moduli
SOFTG GBC and GCA 1.0 Default
Table 4 Comparison between the experimental results and numerical simulation results
Material Experimental results [49] Numerical simulation Error (%)
Absorbed Energy (J) 14.00 14.40 2.86%
Impact Force (kN) 8.30 8.23 0.85%
Max. Deflection (mm) 12.20 12.20 0.00%

6. Results and discussions

The final simulation results of the different plate curvatures (RO (Flate), R500, R750, and
R1500) and layup configurations (UD, CP, QI, LH, and FH) are presented in Table 5. These
results include the impact force in (kN), absorbed energy (J), and maximum deflection (mm).


https://dyna-composites.netlify.app/DRAFT_Vol_II.pdf#page=381

Impact response of bio-inspired curved laminated composite plates: A numerical simulation 347

Table 5 The results of the different plate curvatures and layup configurations

Designation-Layup Configuration ~ Impact Force [KN]  Absorbed Energy [J] Max. Deflection [mm]

UD (FLAT) 10.8 117 11.0
UD (R1500) 6.8 15.6 14.6
UD (R750) 9.0 17.4 9.4
UD (R500) 6.3 16.5 10.9
CP (FLAT) 8.7 20.1 10.4
CP (R1500) 8.2 21.2 11.4
CP (R750) 7.1 20.1 10.2
CP (R500) 7.1 19.1 9.3
QI (FLAT) 9.6 153 9.6
QI (R1500) 85 17.0 10.3
QI (R750) 9.0 17.5 9.4
QI (R500) 8.0 17.3 9.1
LH (FLAT) 9.0 17.8 9.6
LH (R1500) 9.6 17.1 10.4
LH (R750) 9.1 16.9 9.6
LH (R500) 7.7 16.8 9.2
FH (FLAT) 10.1 223 10.2
FH (R1500) 7.4 12.3 11.9
FH (R750) 7.7 12.9 10.2
FH (R500) 7.9 15.2 9.7

CFRP COMPOSITE CURVED PLATE
MAT54_ENHANCED_COMPOSITE_DAMAGE
Size: 300x150x3.2 mm

Element Type: 2D Shell

Element Size: 2x2 mm

Curvature Radius: 500, 750, 1500 mm

STEEL IMPACTOR
MAT20_RIGID

Diameter: 25.4 mm
Element Type: 3D Solid

FIXED
SUPPORT Velocity: 6.5 m/s
AREA Energy: 40 J

A
. e’
: Re00 mm (SaP')
300 mm
PART_COMPOSITE Boundary Conditions
Quasi-Isotropic Lay-up of 32 Plies [UD, CP, Ql, LH, and FH] Fixed_Support of The Longitudinal Ends
Single Ply thickness: 0.1125 mm Simple_Support of The Lateral Sides

Fig. 8 Sample layout (for R500 Case) of the numerical simulation model

Fig. 10 shows that the different plate curvatures and layup configurations can affect the final
impact behavior in terms of impact force, energy absorption, and deflection. For all cases, the
below findings present the higher and lower values:

» The UD (FLAT) plate showed the highest impact force at 10.8 kN, while the UD (R500) plate

showed the lowest impact force at 6.3 kN.
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(d) R500 [Curved Plate]

o

(c) R750 [Curved Plate]

(b) R1500 [Curved Plate]

(a) RO [Flat Plate]
Fig. 9 Front view of impacted flat and curved plates
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Fig. 12 Energy plots-UD layup

» The FH (FLAT) plate showed the highest impact energy at 22.3 J, while the UD (FLAT) plate

showed the lowest impact energy at 11.7 J.

» The UD (R1500) plate showed the highest deflection at 14.6 mm, while the QI (R500) plate

showed the lowest deflection at 9.1 mm.

Each layup configuration (UD, CP, QI, LH, and FH) will be analyzed separately with different
plate curvatures (Flat, R1500, R750, and R500). The main purpose is to discover the advantages of
the curved plates over the flat plate in order to improve the low velocity impact resistance. By
comparing the results, it will be useful to identify the optimal layup configuration and curvature
that maximize impact resistance while maintaining efficiency. The findings and discussions are
listed in the following topics.
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Fig. 14 Force plots-CP layup

6.1 UD layup results

For the UD layup configuration (Figs. 11-13):

» The UD (FLAT) plate showed the higher impact force value (10.8 kN) compared with other
curved plates, which indicates that the curved plates can reduce the impact force level. A higher
oscillation rate is noticed for the impact force diagram of the UD (R750).

» The UD (FLAT) plate showed the lower absorbed energy value (11.7 J) compared with other
curved plates (15.6-17.4 J), which illustrates the energy absorption capability of the curved
plates.

» The UD (R750) plate showed the lower deflection value (9.4 mm), while the UD (R1500)
plate showed the higher deflection value (14.6 mm). Thus, the UD curved plate can either
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Fig. 16 Displacement plots-CP layup

reduce or increase the deflection level compared with the UD (FLAT) plate (11.0 mm).
6.2 CP layup results

For the CP layup configuration (Figs. 14-16):

» The CP (FLAT) plate showed a slightly higher impact force value (8.7 kN) compared with
other curved plates. The CP (R500) showed the lower oscillation rate in the impact force
diagram.

» The CP (FLAT) plate and all curved plates showed closer energy absorption levels (19.1-21.2
J), where there is no clear advantage shown for the curved plates.

» The CP (R500) plate showed the lower deflection value (9.3 mm), while the CP (R1500) plate
showed the higher deflection value (11.4 mm). Thus, the CP curved plate can either reduce or
increase the deflection level compared with the CP (FLAT) plate value (10.4 mm).
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Force Plots - Ql Layup
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Fig. 18 Energy plots-Ql layup

6.3 QI layup results

For the QI layup configuration (Figs. 17-19):

» The QI (R500) plate showed the lower impact force (8.0 kN) and lower oscillation rate,
compared with all other plates. Where the QI (FLAT) plate showed the higher impact force (9.6
kN), which indicates that the curved plates can reduce the impact force level.

» The QI (FLAT) plate showed the lower absorbed energy value (15.3 J), compared with other
curved plates (17.0-17.5 J), that illustrate the energy absorption capability of the curved plates.
» The QI (R500) plate showed the lower deflection value (9.1 mm), while the QI (R1500) plate
showed the higher deflection value (10.3 mm). Thus, the QI curved plate can either reduce or
increase the deflection level compared with the QI (FLAT) plate value (9.6 mm).
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Fig. 20 Force plots-LH layup

For the LH layup configuration (Figs. 20-22):
» The LH (R500) plate showed the lower impact force (7.7 kN) and lower oscillation rate,
compared with all other plates. Where the LH (R1500) plate showed the higher impact force
(9.6 kN), which indicates that the curved plates can reduce the impact force level.
» The LH (FLAT) plate showed the higher absorbed energy value (17.8 J), compared with other
curved plates that showed closer values (16.8-17.1 J), where there is no clear advantage shown
for the curved plates energy absorption.
» The LH (R500) plate showed the lower deflection value (9.2 mm), while the LH (R1500)
plate showed the higher deflection value (10.4 mm). Thus, the LH curved plate can either

reduce or increase the deflection level compared with the LH (FLAT) plate value (9.6 mm).

353
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Fig. 22 Displacement plots-LH layup

6.5 FH layup results

For the FH layup configuration (Fig. 23-25):

» The FH (FLAT) plate showed the higher impact force (10.1 kN), compared with all curved

plates (7.4-7.9 kN), which indicates that the curved plates can reduce the impact force level. All

the FH plates showed low oscillation rates for the impact force diagrams.

» The FH (FLAT) plate showed the higher absorption energy value (22.3 J) compared with all

other curved plates (12.3-15.2 J).

The FH (R500) plate showed the lower deflection value (9.7 mm), while the FH (R1500) plate
showed the higher deflection value (11.2 mm). Thus, the FH curved plate can either reduce or
increase the deflection level compared with the FH (FLAT) plate value (10.2 mm).
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Fig. 24 Energy plots-FH layup
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In conclusion, the curved plates showed excellent behavior in reducing the impact force and
deflection during the low velocity impact simulation for all layup configurations. Table 6 and
Table 7 present the maximum reduction in impact force and deflection of the curved plates
compared to flat plates. Comparing with the FLAT plate, the R500 plate (which has the higher
curvature rate) showed an outstanding performance in reducing the impact force for the UD, CP,
Ql, and LH layup configurations and reducing the maximum deflection for the CP, QI, LH, and
FH layup configurations. This indicates that the curved plates can be a useful technique in
controlling the impact response, where the selection of the layup configurations for the curved
plates can be effective in enhancing structural impact resistance under low velocity impact
conditions. Future studies could explore the long-term durability and performance of the curved
plates under various impact conditions.
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Fig. 25 Displacement plots-FH layup

Table 6 The maximum reduction in impact force of the curved plates compared with flat plates

Layup Plate Designation Impact Force [kN] Reduction [%]
UD FLAT 10.8 A17%
R500 6.3 0
FLAT 8.7
- 0,
CP R500 71 18.4%
FLAT 9.6
| -16.7%
Q R500 8.0 ’
FLAT 9.0
- 0,
LH R500 77 14.4%
FLAT 10.1
- 0,
FH R1500 7.4 260.7%

Table 7 The maximum reduction in deflection of the curved plates compared with flat plates

Layup Plate Designation Deflection [mm] Reduction [%]
UD FLAT 11.0 14.5%
R750 9.4 7
FLAT 104
cp -10.6%
R500 9.3 ’
FLAT 9.6
| -5.2%
Q R500 9.1 ’
FLAT 9.6
LH -4.2%
R500 9.2 ’
FLAT 10.2
FH -4.9%

R500 9.7
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7. Conclusions

A numerical simulation model is as developed using the commercial explicit finite element
code LS-DYNA to investigate the load response of the low velocity impact for curved plates with
different layup configurations using unidirectional carbon fiber-reinforced polymer (CFRP).

At first, the numerical simulation model was developed to validate the findings of a published
experimental work for the low velocity impact of a CFRP plate. The numerical simulation results
showed strong agreement with the experimental results in terms of absorbed energy, impact force,
and deflection plots. The main findings include:

» The absorbed energy value from the numerical simulation (14.40 J) was very close to the

experimental result (14.00 J), with a difference of 2.86%.

» The impact force value from the numerical simulation (8.23 kN) was lower than the

experimental result (8.30 kN) with a difference of only 0.85%.

» The maximum deflection obtained from the numerical simulation (12.20 mm) was consistent

with the experimental result (12.20 mm) with no noticeable error.

Consequently, based on the validated numerical simulation model, different curved plates and
layup configurations have been considered to investigate the impact load response of the
composite structures. The curved radii in mm include the following: RO (Flate), R500, R750, and
R1500. The layup configurations include the following: Unidirectional (UD), Cross-Ply (CP),
Quasi-Isotropic (QI), linear bio-inspired, known as Linear-Helicoidal 24° (LH), and non-linear
bio-inspired, known as Fibonacci-Helicoidal (FH). The designed CFRP plate consist of 32-plies
with overall dimensions of 300x150x3.6 mm. The CFRP plate is impacted by a hemispherical steel
impactor of 25.4 mm diameter and 6.5 m/s speed to generate 40 J of impact energy. Each layup
configuration was analyzed separately with different plate curvatures to discover the advantages of
the curved plates over the flat plate to improve the low velocity impact resistance. The main
findings are listed as follows:

» The curved plates showed excellent behavior in reducing the impact force and deflection

during the low velocity impact simulation for all layup configurations.

» The R500 plate (which has the higher curvature rate) showed an outstanding performance in

reducing the impact force for the UD, CP, QI, and LH layup configurations and reducing the

maximum deflection for the CP, QI, LH, and FH layup configurations.

It can be concluded from this study that the MAT54 material model and the
PART_COMPOSITE feature in LS-Dyna can be valuable tools for representing composite
materials with tuning parameters, particularly when the objective is to model a multi-layer
composite material in a single shell model. The curved plates can be a useful technique in
controlling the impact response, where the selection of the layup configurations for the curved
plates can be effective in enhancing structural impact resistance under low velocity impact
conditions. The developed numerical simulation model can be effectively utilized for the purpose
of designing and analyzing innovative bio-inspired composite structures in various configurations
under different impact scenarios to study the load response.
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