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Abstract: This paper studies the behavior of S2-glass woven fabric reinforced polymer composite
under low-velocity impact at 18–110 J energy. A macro-homogeneous finite element model for
the prediction of their response is implemented, considering the non-linear material behavior and
intralaminar and interlaminar failure modes for the prediction of impact damage. The model
accurately predicted the permanent indentation caused by impact. By applying the Ramberg-Osgood
formulation, different initial stiffness values are examined to assess the post-impact unloading
response. This approach reveals the significant role of initial stiffness in inelastic strain accumulation
and its consequent effect on permanent indentation depth. A higher initial stiffness correlates with
increased inelastic strain, influencing the impactor rebound and resulting in greater permanent
indentation. By accurately predicting permanent indentation, and damage accumulation for different
impact energies, this study contributes to a better understanding of the impact behavior of composite
materials, thereby promoting their wider application.

Keywords: low-velocity impact; composite laminate; interlaminar and intralaminar damage; permanent
indentation; numerical simulation

1. Introduction

One of the major drawbacks in using composite laminates in many applications is
their susceptibility to impacts that can cause barely visible impact damage (BVID) [1,2].
In particular, low-velocity impact (LVI) during service life can cause delamination, matrix
failure, debonding, and fibre breakage [3–9]. The impact response of fibre reinforced poly-
mer (FRP) composites has been extensively explored over many years [10–16], contributing
foundational insights on mechanisms of damage and failure in composite materials [17–21],
and has also provided the experimental and theoretical frameworks that are used to
studying and mitigating such issues focusing on aspects like material type [22–26], test
method [27–29], impactor type [30–33], and modelling approach [34–36].

Different numerical approaches have been recently used to simulate the complex
failure of composites under LVI loads [37–42]. While accurate results of interlaminar
and intralaminar damage prediction were obtained [43,44], less attention has been paid
to permanent indentation/deformation due to impact [45–48]. Measuring permanent
indentation or dent depth, i.e., the distance between the surface of the laminate and the
lowest point in the dent of an impact, is commonly used to inspect BVID in aeronautical
structures [49–51]. The mechanism leading to permanent indentation is important in
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understanding residual strength of the composite, allowing the design of components with
greater impact damage tolerance [46,52–54].

Resin plasticity is commonly considered the main contributor to the formation of
an impact dent [48,55,56]. The permanent indentation due to LVI in cross-ply laminates
has been simulated using non-linear modelling of their shear behaviour [45,46]. For
compression after impact [57,58], permanent indentation must be considered in order
to obtain an acceptable finite element (FE) prediction of the mechanical and damage
response [45,59]. In their study, Singh and Mahajan [47] found that permanent indentation
is caused by the inelastic deformation in a localized region in the vicinity of the impact point
and the unrecoverable deformation [60] in the contact area. Chen et al. [20] studied the
static indentation of laminates and found a correlation between fibre failure and permanent
indentation. A comparison between impact dent caused by quasi-static indentation and LVI
was performed in [61]. The permanent indentation was more severe in the quasi-static test
due to the longer contact time, which hindered rebounding to the initial position. Bouvet
et al. [48,62] described permanent indentation by the interaction between through-thickness
45◦ matrix cracks and impact debris that prevented crack closure, with compaction or
plasticity of the resin also contributing.

While some attempts have been made to predict permanent indentation due to impact
using FE simulations, all focused on unidirectional laminates. For woven fabric composites,
only experimental observations can be found. For example, Vieille et al. [63] found that
matrix plasticization in matrix-rich areas plays a significant role in permanent deformation
and indentation in impact. In addition, fibre bridging was found to mitigate permanent
indentation by preventing mode-I opening and slowing damage propagation. Although
not supported by microscopic observations, Elias et al. [64] discussed that permanent
impact indentation in 3D woven composites is due to the complex morphology of cracks
and debris in matrix cracks.

Within this scope, this work investigated the low-velocity impact behaviour of S2-glass
woven fabric laminates in a wide energy range (18–110 J). A macro-heterogeneous sim-
ulation approach is presented to account for the non-linear material behaviour and ac-
cumulation of inelastic strain during impact. A nonlinear material constitutive law is
implemented in Abaqus solver employing a user-defined material model. The model
considers several intralaminar and interlaminar failure models and damage accumulation,
being validated against experimental data, including permanent indention, and a detailed
discussion is presented.

2. Materials and Methods
2.1. Experimental Activities

Building on previous studies [65,66], this work focuses on Hexcel® 8-harness satin
S2-glass fabrics reinforced with epoxy resin laminates produced by vacuum infusion,
layering 16 dry fabric layers in a [0◦/90◦]8 sequence on a mould. Resin was introduced
under vacuum (100 kPa), which was followed by a 24-h cure at room temperature and
16-h post-cure at 65 ◦C. The resulting 4-mm thick laminates showed homogeneous resin
distribution, confirmed by C-scan ultrasonic testing.

Specimens for impact testing were prepared using water jet cutting. The tests were
performed as per ASTM D7136 [67] in specimens (150 mm × 100 mm; 6.96 kg/m2 areal
density) using a 16-mm diameter hemispherical impactor. Impact energies ranged from
18.5 J to 110 J by varying the impactor mass and drop height. Specimen fixation on a rigid
plate ensured a consistent test setup, and a pneumatic arm prevented multiple impacts.
Impact damage [68] and permanent indentation [68] were quantified using backlighting
for damaged area assessment and a dial gauge for indentation depth, following previously
established methodologies for composite analysis [65,66].
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2.2. Numerical Model
2.2.1. Interlaminar and Intralaminar Damage Models

A Continuum Damage Mechanics (CDM) approach [69–71] based on selectively de-
grading the stiffness parameters of the corresponding failure modes has been implemented
to consider damage in the macro-homogeneous FE model. Several damage variables are
defined to replicate damage. The intralaminar failure criterion follows the Chang–Chang
model, which has proven accurate in predicting damage in woven composites [72,73]. The
intralaminar failure criterion is described as:(

σ1
X11i

)2
+

(
τ12
S12

)2
+

(
τ13
S13

)2
= 1(

σ2
X22i

)2
+

(
τ12
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+
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τ13
S13

)2
= 1

(1)

where i = t indicates tension and i = c indicates compression.
When the failure criterion is met, the linear strain-based damage evolution law

(Equation (2)) increases from zero (undamaged) to one representing ultimate failure [46,74].

d f 1i =
ε1i,u

ε1i,u−ε1i,on

(
1 − ε1i,on

ε1i

)
d f 2i =

ε2i,u
ε2i,u−ε2i,on

(
1 − ε2i,on

ε2i

) (2)

where d f 1i and d f 2i represent damage evolution in different material directions. ε1i,u and
ε2i,u are complete failure strains in each material direction following the regularization
method proposed in [75,76] being dependent on fracture toughness (G) and element char-
acteristic length (l) to reduce mesh sensitivity [77]. The default method for calculating
characteristic length of the element in Abaqus [78] was used, being equal to the cubic root of
its volume. ε1i,on and ε2i,on are the constant equivalent strains at the onset of damage when
the criteria shown as Equation (1) is met in the simulation; ε1i and ε2i are the equivalent
strains [45], calculated based on Table 1.

Table 1. Strain formulations for the progressive damage law.

Damage Indicator Equivalent Strain Ultimate Strain

d f 1t
√

ε11
2 + γ12

2 + γ13
2 2G11

X11t l

d f 1c
√

ε11
2 + γ12

2 + γ13
2 2G11

X11c l

d f 2t
√

ε222 + γ12
2 + γ13

2 2G22
X22t l

d f 2c
√

ε222 + γ12
2 + γ13

2 2G22
X22c l

By using the damage variables shown in Table 1, three damage indices are calculated
for the failure of the material, d11 and d22 for the different material directions of the fibre,
and ds for the matrix, according to Equation (3):

d11 =
(

1 − d f 1t

)(
1 − d f 1c

)
d22 =

(
1 − d f 2t

)(
1 − d f 2c

)
ds =

(
1 − std f 1t

)(
1 − scd f 1c

)(
1 − std f 2t

)(
1 − scd f 2c

) (3)

The failure indexes in Equation (3) are irreversible. In each time step, their values are
compared with those from the previous time step and the maximum is selected. st and sc
are constant values used to avoid element distortion in the simulation, being equal to 0.5
and 0.9, respectively [79,80].

The interlaminar failure criteria follow the bilinear traction separation law, employing
a stress-based criterion damage initiation and Benzeggagh and Kenane (B-K) [81] to account
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for the progressive damage behaviour at the interfaces. These are given in Equations (4)
and (5), respectively.

⟨tn⟩2

N2 +
t2
s

S2 +
t2
t

S2 = 1 (4)

GC
n +

(
GC

s − GC
n

){ Gs

GT

}η

= GC (5)

where < > is the Macaulay bracket; N the normal interface strength and S the shear interface
strength; GS = Gs + Gt and GT = Gn + GS are the dissipated energies; η is a material
constant for (B-K) law; and GC

n , GC
s are the fracture energies. This law is employed by

cohesive contacts [42,82,83].

2.2.2. Nonlinear Material Constitutive Behaviour

The explicit incremental implementation of the material constitutive behaviour re-
lies on the in-situ calculation of the stiffness matrix components according to the load-
ing/unloading or damaged/undamaged status of each element during the FE solution.
Two different approaches have been used in the literature to describe the nonlinear material
behaviour: (i) based on pre-failure nonlinearities using associated and non-associated flow
rules [84] and (ii) by evaluating nonlinearities using non-linear equations describing the
pre-failure material constitutive behaviour [42,45,68,83,85]. The latter approach was chosen
to describe those nonlinearities in both in-plane material directions since it is more prag-
matic and requires less input data. Before initiation of the damage, the transient stiffness is
estimated by the Ramberg–Osgood formulation. The through-thickness direction is defined
as linear-elastic until failure. The stress-strain relationship is given by:

σ1
σ2
σ3
σ4
σ5
σ6

 =



C11 C12 C13 0 0 0
C12 C22 C23 0 0 0
C13 C23 C33 0 0 0
0 0 0 C44 0 0
0 0 0 0 C55 0
0 0 0 0 0 C66





ε1
ε2
ε3
ε4
ε5
ε6

 (6)

The terms of the stiffness matrix are calculated as:

C11 = (1−v23×v32)×E1
S

C12 = (v21+v31×v23)×E1
S

C13 = (v31+v21×v32)×E1
S

C22 = (1−v31×v13)×E2
S

C23 = (v32+v31×v12)×E2
S

C33 = (1−v12×v21)×E3
S

C44 = G12
C55 = G23
C66 = G31

(7)

where S = 1 − v12v21 − v23v32 − v31v13 − 2 × v21v32v13.
During the explicit solve, the current stress σn

i is calculated using the strain increment,
dεi, and the stress of the previous time increment, σn−1

1 , according to:

σn
1 = σn−1

1 + C11dε1 + C12dε2 + C13dε3
σn

2 = σn−1
2 + C12dε1 + C22dε2 + C23dε3

σn
3 = σn−1

3 + C13dε1 + C23dε2 + C33dε3
σn

4 = σn−1
4 + C44dε4

σn
5 = σn−1

5 + C55dε5
σn

6 = σn−1
6 + C66dε6

(8)
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The nonlinear macroscopic material behaviour of the composite is predicted by using
a stress-strain function based on the Ramberg–Osgood model, which was used in [86,87]
for composite materials.

σ =
E0ε(

1 +
(

E0ε
σa

)m) 1
m

(9)

where E0 is the initial modulus; σa is the asymptotic stress level and m is the shape parame-
ter, calculated by fitting the experimental stress-strain curve using Equation (9).

The tangent or instantaneous stiffness, Et, which is a function of the current strain
state, is calculated as [88]:

Et =
dσ

dε
=

E0(
1 +

(
E0ε
σa

)m)1+ 1
m

(10)

During the loading stage, the stiffness parameters of Equation (7), i.e., E1 and E2, are
calculated for each element according to Equation (10), while in the unloading stage, they
are equal to the initial stiffness of the material, to account for the accumulation of plastic
strain. The total strain at the current time step is calculated as:

εn
i = εn−1

i + dεn
i (11)

where dεn
i is the strain increment.

The total strain in the first and second directions, i.e., ε1 and ε2, are comprised of
elastic and plastic strains:

ε = εe + εp (12)

and the plastic strain, εp, is measured as:

εp = ε − σ

E0
(13)

Before damage initiation, the initial stiffness is used for unloading of the material, as
shown in Figure 1. When material degradation starts, the material constants corresponding
to damage variables are selectively degraded according to Equation (14) [45]. The shear
moduli are degraded directly using the shear damage index, ds.

υij,d

Eii,d
=

υij(1 − dii)

Eii(1 − dii)
=

υji
(
1 − djj

)
Ejj

(
1 − djj

) i, j = 1, 2 (14)
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pact tests. In this work, an element is removed from the simulation when it meets one of 
the criteria: (a) the tensile strain is greater than a specified value (E_LIMIT = 0.4) in both 
the first and second material directions, (b) the element volume to initial volume ratio is 
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Figure 1. Nonlinear material stress-strain behavior and post-damage softening (loading and
unloading are indicated with the red arrows).
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A flowchart of the numerical implementation of the material model is shown in
Figure 2. Fully failed elements are deleted from the simulations to capture the perforation
of the impactor and to reduce numerical instabilities due to thinning of elements and
negative volume. Element deletion follows the method proposed by Gama et al. [89,90],
which has proven accurate in predicting perforation in quasi-static punch, LVI, and ballistic
impact tests. In this work, an element is removed from the simulation when it meets one of
the criteria: (a) the tensile strain is greater than a specified value (E_LIMIT = 0.4) in both the
first and second material directions, (b) the element volume to initial volume ratio is lower
than the specified limit (ECRSH = 0.001), and (c) the element volume to initial volume ratio
is greater than a specified value (EEXPN = 2).
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2.2.3. Definition of the Model

The stacked dynamic FE model of the laminate was simulated using Lagrangian 3D
elements, as shown in Figure 3. The element type for the GFRP layers was C3D8R indicating
a linear brick element with eight nodes and reduced integration. Hourglass control option
Enhanced was used for the simulations. Due to symmetry, the simulation only required
modelling a quarter of the laminate, with dimensions of (75 × 50) mm. A fixed rigid clamp,
emulating the experimental setup boundary condition, held the laminate back surface,
counteracting the impact force. To simulate the experimental rubber fixture that prevents
the laminate from moving out of its plane, the laminate corner nodes were restricted.
Near the contact area between the impactor and the laminate, a refined mesh with an
element size of 1 by 1 mm was established to capture precise impact effects. A less detailed
mesh with an element size of 5 by 5 mm was used further away from the contact zone
to enhance computational efficiency. In the analysis, a rigid impactor (diameter: 16 mm)
was modelled to strike the laminate at the same initial energy and velocity recorded in
the physical experiments. The interface damage was modelled by using fifteen cohesive
contacts between sixteen 0.25 mm thick layers, allowing damage at each interface [91].
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Figure 3. 3D finite element model of the laminate, clamping fixture, and hemispherical impactor.

The material constants of the laminate layer and cohesive contacts are summarized in
Table 2. In addition to the properties from [65], tensile tests were performed in normal and
shear directions to better characterize the nonlinear behaviour of the material. The inputs
for the Ramberg–Osgood formulation were obtained by fitting the experimental tensile
stress-strain curve obtained according to ASTM D3039 [92], as shown in Figure 4. When
certain experimental data were lacking, properties for comparable GFRP composites cited
in the literature were utilized.
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Figure 4. Experimental and numerical (from the Ramberg–Osgood formulation) stress-strain curves
for the S2-glass woven fabric reinforced polymer composites.

To model intralaminar failure, a penalty-based general contact algorithm was em-
ployed for the interaction between adjacent plies, with a set friction coefficient of 0.5 [93].
Additionally, the friction coefficient for the contact between the impactor and the laminate
was set at 0.3 [94].

Table 2. Material constants of the GFRP and cohesive contact.

Lamina Properties Symbol [unit] Value

Density ρ [kg/m3] 1740 ****
Initial modulus E0 [GPa] 36.5 *
Asymptotic stress level σa [MPa] 900 *
Shape parameter m 1.24 *
Elastic modulus E3 [GPa] 11.8 ** [65]
Shear modulus G12 [GPa] 1.81 *
Shear modulus G23, G31 [GPa] 2.14 ** [65]
Poisson’s ratio υ21 0.12 ** [65]
Poisson’s ratio υ31, υ32 0.18 ** [65]
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Table 2. Cont.

Lamina Properties Symbol [unit] Value

Tensile strength 1 X11t [MPa] 482.8 *
Compressive strength 1 X11c [MPa] 333.2 ** [65]
Tensile strength 2 X22t [MPa] 482.8 *
Compressive strength 2 X22c [MPa] 337.3 ** [65]
Shear strength 12 S12 [MPa] 82 *
Shear strength 13 S13 [MPa] 58 *** [90]
Intralaminar fracture toughness GI , GI I [N/mm] 30 *** [95]

Interface properties

Contact stiffness
Knn [GPa] 12.1 *** [96]
Kss [GPa] 3.4 *** [96]

Strength N [MPa] 45.9 *** [96]
S [MPa] 49.5 *** [96]

Interlaminar fracture toughness GC
n [N/mm] 0.98 *** [96]

GC
s [N/mm] 3.71 *** [96]

Mode interaction η 1.4 *** [96]
* Properties obtained in this work; ** Properties from previous work on the same material; *** Literature value for
a similar material; **** Rule of mixtures.

3. Results
3.1. Experimental Observations
3.1.1. Impact Force, Displacement and Absorbed Energy

Figure 5 shows the force-time/energy and force-displacement curves of the LVI on the
GFRP laminates at different energies. The impact response can be categorized into three
energy ranges. From 18.4 J to 36.7 J, a smooth force-time curve was observed (Figure 5a),
indicating that no severe damage occurred. The peak impact force increased with the impact
energy and, due to the limited damage, the absorbed energy to impact energy ratio was low.
From 36.7 J to 59.2 J, a gradual force drop was seen in the force-time history after reaching
the peak impact force, attributed to the more severe failure and initiation of fibre damage
that reduced the load-bearing capacity of the laminate. For energies higher than 36.7 J, the
damage transition point “Dt” was located at similar locations at the force-displacement
curves and, above that, no further increase in impact force was observed. The higher
impact energy range, above 59.2 J, showed higher deformations during the propagation of
damage, as previously reported for both thermoset and thermoplastic composites [97]. A
sudden force drop in the force-time curves was observed for impacts above 59.2 J until the
penetration threshold, indicating significant damage.

The slopes in Figure 5b of the ascending segment of the force-displacement response
has been described as impact stiffness [42,98]. While a rate-dependent impact stiffness has
been reported in the literature [99], the impact stiffness here was nearly the same. The
first drop in force-displacement response (at Din in Figure 5b) was associated with the
initiation of damage [97]. The change in slope of the force-displacement curve at “Dt”
indicated the propagation of damage with a more sudden change in slope and a larger peak
displacement at higher impact energy. This change in slope and the sudden force drop
indicated severe fibre breakage, which led to perforation at higher energies. In addition,
more oscillation in the force-displacement response was observed with the increase in
impact energy, attributed to the progressive nature of the damage and its severity. Figure 5c
indicates higher dissipated energy ratios (evaluated following the procedures outlined in
the ASTM D7136 Standard [67]) with the increase in impact energy. For energies above
the penetration threshold, the laminate was unable to absorb all energy from the impactor,
leading to residual values in the force-time curve due to the friction between impactor and
laminate after perforation.
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3.1.2. Damaged Area

Figure 6 shows the damage at the back and impact sides of the specimens at different
energies, as well as the backlighting images to highlight the total damaged area. The
observed damage mechanisms included matrix cracking, fibre breakage, delamination,
permanent indentation, and yarn debonding [5,97,100]. For impact energies from 18.4 J
to 36.7 J, delamination, yarn debonding, and permanent indentation were the dominant
failure modes. The delamination area in these cases was limited to the small area under
the impactor, which led to the low absorbed energy ratio. For energies higher than 44.8 J,
fibre failure became predominant, and the delamination area propagated during impact,
resulting in greater energy absorption. Propagation of fibre cracks from the backside
through the thickness [101] resulted in rapid load loss for impacts higher than 59.2 J. The
delamination area reached its maximum near the penetration threshold, and smaller areas
were observed for perforated specimens in comparison to those at the penetration limit.

Figure 7 illustrates the contribution of each failure mode for different impact energies
based on visual inspection and backlighting investigation. The micro-damage was more
common at low impact energies while meso-damage such as yarn deboning and fibre
failure was dominant at higher energies. The matrix cracking was more severe at 44.8 J and
59.2 J impacts, resulting in several cracks that initiated in the impact zone and propagated
towards the boundaries of the laminate, but not necessarily following the fabric orientation.
For energies higher than the penetration limit, the damage behaviour changed, with
extensive fibre failure and less significant delamination and matrix damage compared to
impacts at the perforation limit.
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Figure 8 shows the variation in total damaged area and energy absorption to impact
energy ratio (EA/EI) with impact energy. The horizontal dashed line indicates the equality
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between impact energy and absorbed energies (EA = EI), while the vertical dashed line
represents the penetration threshold (~89 J), calculated by averaging the energy from
the experiments related to the maximum energy resulting in partial penetration and the
minimum energy leading to complete perforation. At higher energies, the impactor fully
perforated the specimen. Below this threshold, the absorbed energy ratio increased with
the impact energies, attributed to a greater fibre breakage and delamination damage as the
dominant energy absorption process in the specimen, as observed in Figures 6 and 7.
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Both parameters, energy ratio and damaged area, reached their peak around the
penetration limit (Figure 8). A direct correlation between the damaged area and absorbed
energy ratio can be observed. For impacts at 109.7 J, the specimen absorbed only 79% of
the impactor energy with a damaged area of 795 mm2, 28% lower than that for the 92.9 J
impact, showing a more local damage for the impact of 109.7 J.

3.2. Numerical Results

The comparison of force/energy-time curves for impacts at different energies is pre-
sented in Figure 9a–d. Good general agreement between numerical and experimental
results for force, displacement, and energy responses was achieved for a wide range of im-
pact energies. The model was accurate in predicting the different failure patterns observed
experimentally, along with impact duration and peak force in most cases.

Furthermore, the FE model successfully captured both minor and major reductions in
force, due to its precise prediction of damage progression during impact. The discrepancy in
peak impact force at any impact energy was below 9%. However, greater inaccuracies were
observed in estimating the dissipated energy, particularly for impacts within 18.4–27.8 J,
which were associated with the variation in the dominant mechanisms of energy absorption
at various impact energies. Notably, the model exhibited higher accuracy in predicting re-
sponses at high energy levels, attributed to a more accurate modelling of fibre breakage and
delamination. These factors caused significant drops in the force-time curve and absorbed
significant energy. At lower impact energies, however, the macro-heterogeneous model
only considered the accumulation of inelastic strain leading to permanent indentation and
delamination which contributed to energy dissipation.
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Figure 10a–d compares experimentally and numerically obtained force-displacement
curves. The numerical model gave an accurate prediction of peak impact displacement,
impact stiffness and damage at different impact energies. Especially for higher impact
energies, similarly, closed curves were observed. For instance, the model accurately pre-
dicted the close force-displacement curve at 59.2 J impact without the sudden force drop
to zero due to element removal. In addition, due to the detailed definition of contact in the
model, close agreement was observed during the perforation event, defined here as the period
between the first major force drop of the curve, at 3.2 ms, until complete perforation, at 8 ms.
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The contribution of normal and shear contact forces for the impacts at 109.7 and
18.4 J is shown in Figure 11a,b. For energies lower than the perforation limit, the total
contact force is dominated by the normal contact force, whereas the shear force between
the impactor and the laminate plays a significant role above that. Indeed, the shear force is
initially zero at the beginning of the perforation event and reaches its maximum by the end
of the perforation, at which time the normal force is zero.
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To see if the element size influences the results of the simulations, three different mesh
sizes in the impactor/laminate contact region were chosen: 0.5 mm, 1 mm, and 1.5 mm (fine,
intermediate, and coarse meshes, respectively). The simulation was performed at 27.8 J
energy and general impact response and damage prediction were compared. Figure 12a
shows that dissipated energy was overestimated by the simulation with coarse mesh,
meanwhile the difference between the intermediate and fine mesh was less than 3%. As for
the computational time, also shown in Figure 12a, a significant increase was obtained for the
fine mesh. Therefore, to provide a balance between computational time and accuracy, the
mesh size of 1 mm (intermediate mesh) was selected for the simulations. Figure 12b shows
the intralaminar and interlaminar damage prediction for different models at t = 3.2 ms.
Reducing the mesh size from intermediate to fine does not significantly alter the predictions,
with both simulations displaying similar damage patterns. However, significant differences
can be observed for the model with coarse mesh.

Backside and cross-section contour plots for the four timesteps illustrated in Figure 11a
for the impact event at 109.7 J are presented in Figure 13. During the ascending part of
the curve, at t1 = 1 ms, no fibre damage occurred. Damage and element deletion started
at t2 = 1.9 ms, at the back surface, propagating in two in-plane directions resulting in a
cross-damage pattern similar to the experimental observation, and causing a decrease in
force response. This damage pattern can be seen in Figure 13 for t2 = 2.5 ms. During the
perforation event, further propagation of in-plane damage was observed, and fibre breakage
was observed in different plies towards the impact side that formed through-thickness
damage in two material directions, shown in Figure 13 at 5 ms and 7 ms. The damage
increased in severity, but the cross shape was maintained, and the impactor completely
perforated the laminate due to fibre breakage through all the thickness plies.
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Figure 14a–c compares the damage morphology at the backside and cross-section of
the specimens at different impact energies. To obtain the experimental cross-section failure
photos presented in Figure 14, the samples were cut in half using water jet cutting technique.
Again, the FE model was successful in quantitatively and morphologically estimating the
damage mode at different energy levels. Due to the larger deformation of the back face in
the models, the specimens showed the same failure pattern as observed in the experimental
damage morphologies. That is, fibre failure started at the centre of the laminate (at the
back surface) and propagated towards the boundaries following the two main material
directions, leading to a cross failure pattern, like the experimental observation. The length
of the fibre cracks are also shown in Figure 14, and a slight underprediction of in-plane
crack length was observed. The estimated fibre breakage through the cracks, especially for
the 71.3 J impact, was more extensive than the experimental observation. The V-shaped
through-thickness fibre damage due to both fibre breakage and delamination was also
accurately predicted by the model. This damage pattern, indicated by the red dashed lines
in Figure 14, was observed at high energy levels, in which the fibre failure was dominant.
The permanent deformation and the dent after impact can also be observed in Figure 14.
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The experimental and predicted total damaged area for different impacts correlated
well. The model underpredicts the damaged area for the case of perforation as expected
based on the differences in the experimental and numerical force-displacement curves
shown in Figure 10 where the drop in the force happens sooner in the experiment. This
delay in damage propagation in the numerical results leads to a greater energy absorption
ratio and a smaller damaged area. Due to the wide energy range studied and the complex
failure definition, with different damage mechanisms dominating energy absorption, a
similar agreement in absorbed energies was not observed.

4. Discussion

The numerical model can predict permanent indentation in the specimen after impact
by considering the accumulation of inelastic strain due to the non-linear definition of the
material constitutive law, as mentioned in Section 2.2.2. To further analyse permanent
indentation and the effect of the inelastic strain accumulation, five FE models were devel-
oped with different initial stiffnesses (30.0, 36.5, 40.0, 50.0, and 60.0 GPa) for the unloading
response after impact at 18.4 J.

Figure 15 shows the displacement-time history for the models with different initial
stiffnesses. A trend was observed with the increase in initial stiffness, i.e., a decrease in
impact time duration and an increase in permanent indentation of the specimen. Higher
initial stiffness values promote the accumulation of the inelastic strain, affecting the re-
bounding of the impactor. Higher inelastic strains for higher initial stiffnesses mitigate the
elastic energy release during rebounding, leading to an earlier loss of contact between the
laminate and impactor and a deeper permanent indentation.
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Figure 16a compares experimental permanent indentation and the predicted values
from the models with different initial stiffnesses. Better agreement is achieved for an initial
stiffness of 36.5 GPa, with a slight underprediction of 20%. The numerical and experimental
permanent indentation results for different energies are presented in Figure 16b. The
numerical data for 73.2 J was not reported due to the occurrence of through-thickness
cracks, as shown in Figure 14c. An exponential increase in permanent indentation with
impact energy was observed in both numerical and experimental results, and a generally
good agreement is observed, especially at lower impact energies.
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The accumulation of inelastic strain can effectively influence the post-impact behaviour
of the composite [46] and should be considered in low-velocity simulations of composites.
The effect of the initial stiffness on the accumulated inelastic strain distribution through
thickness at the impact point, i.e., the centre of the specimen, is shown in Figure 17 at
the onset of tensile damage initiation (t = 1.25 ms). The distribution is not symmetrical
in relation to the neutral plane, and the accumulated inelastic strain is greater farther
from the neutral plane, reaching a maximum at the outmost layer. The higher initial
stiffness leads to an increase in accumulated inelastic strain for all layers through the
thickness, which is consistent with the higher permanent indentation observed in Figure 16.
The initial stiffness of the Ramberg–Osgood formulation was, therefore, able to predict
permanent indentation for LVI with acceptable accuracy. It is worth mentioning that the
focus was on the nonlinear material behaviour in normal directions and the capability of
the Ramberg–Osgood formulation to capture permanent indentation while the literature
usually focuses on the nonlinear shear behaviour [45,46]. Another factor that should be
considered in the study of permanent indentation of LVI is the stacking sequence of the
composite laminate and the presence of layers with ±45◦ orientation, especially in the case
of woven composites, which require more investigation.
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the accumulation of inelastic strain in both main material directions due to the nonlinear
constitutive behavior of the composite. Permanent indentation due to impact and the
effect of the model input parameters on the prediction of permanent indentation was
investigated. The predictability of the numerical model was investigated by comparing it
with experimental data at a wide energy range (18.4–109.7 J).

The numerical model showed accuracy in estimating the mechanical response and
intra- and inter-laminar damage accumulation of the laminates for impacts at different
energies, including perforation cases. The numerical model yielded a good prediction of the
dominant failure modes at different impact energies, resulting in an accurate prediction of
fluctuations in the force-displacement curves during the initiation and propagation damage
stages. Within the numerical framework, yarn debonding, permanent deformation and
delamination were identified as the major energy absorption features at lower energies,
while fiber failure and delamination were dominant at higher energies. The initial stiffness
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led to the accurate prediction of permanent indentation for low-velocity impact. This
methodology can be practical in simulation of compression after impact of composite
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