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A B S T R A C T   

Damages to aircraft fuselages by ice impactors are categorized as barely visible impact damage (BVID). As the 
application of composite laminates in manufacturing aircraft fuselage is increasing rapidly, studying hail impact 
on composite laminates seems crucial. Investigation of variation of delamination area and link-up area for 
different impact scenarios between ice and carbon fibre prepreg composite plates is the main goal of this study. 
Link-up refers to joining of delaminated areas created by separate impacts at relatively close impact locations. To 
this aim, multiple impacts at 1 and up to 6 impact locations and with different impactor energies were simulated 
using SPH formulation, and delamination areas were quantified. The results showed that as the spacing L be-
tween two impact locations increases from 0 to 4R (where R denotes the impactor radius), the total delamination 
area first shows an increase up to a peak point (usually at R < L < 2R) after which it shows a large drop, and after 
L ≈ 2R, the total delamination area level remains almost constant. The large drop is related to disappearance of 
the link-up phenomenon beyond a certain spacing. Moreover, it was observed that increasing the number of 
impact locations increases the delamination area almost linearly. As for the impactor energy influence, the re-
sults showed that as the impact energy increases, the threshold spacing for link-up increases. Moreover, for the 
case of impact at two locations and constant total energy level, two impactors with identical energy level lead to 
higher delamination area as compared to impactors with non-identical energy levels.   

1. Introduction 

Hail and bird impacts are known to be among the most concerning 
foreign object damages (FOD) to jet engines and leading edge structures 
[1–3]. As compared to hail impact, bird impact has a more serious effect 
on the proper performance of the aircraft. However, unlike hail dam-
ages, the damages caused by bird impacts are usually easily detectable 
due to their high severity [4]. Damages due to ice impactors are cate-
gorized as barely visible impact damage (BVID) [5], even though in 
some cases it can even lead to dents and perforations [6]. The wing and 
tail leading edges of airplanes are not the primary damage concerns for 
hail impacts as they are usually designed to be resistant against bird 
strike and also due to the fact that they are easily separable from the 
main fuselage for repair and replacement. The top surfaces of fuselage, 
wings, and tailplanes are, however, still under-designed for free-fall 
(~45 m/s [7]) hail impacts when the airplane is parked on the 
ground. The hail velocity can be increased even further by wind of 

different directions and velocities [8], which has an exponential effect 
on the kinetic energy sustained by the impacted structure. Special results 
of COVID-19 pandemic in the form of long-term parking of airplanes in 
open spaces increased the attention to ice impacts even further [9]. 
Recent research has shown that global warming can increase the kinetic 
energy of hailstorms by 40% by 2040 [5,10]. 

Most of the previous research works on hail impact has been per-
formed on metal (e.g. aluminum [6,11] and steel [12,13]) fuselage [14]. 
As the application of composite laminates in manufacturing aircraft 
fuselage is increasing rapidly, the need to study hail impact on com-
posite laminates seems crucial. While being advantageous in mechanical 
and weight aspects, composite plates show much more complexity in 
their impact response. The first work on simulation of ice impact on 
composite structures was performed by Kim and Kedward [15] who 
studied the impact resistance of carbon/epoxy composite in high ve-
locity regime (30–200 m/s) using numerical and experimental ap-
proaches. Appleby-Thomas et al. [16] investigated ice impacts with 
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carbon-fibre reinforced composites (CFRCs) for impact energies in the 
range of 72–1215 J. They observed that sub-surface disruption and re-
sidual compressive strength both have linear relationship with impact 
energy, suggesting the occurrence of cumulative damage in such struc-
tures. In later studies, several types of woven [17] and UD tape prepeg 
[18,19] carbon/epoxy composites were studied as well. Dolati et al. [20] 
investigated the impact resistance of glass-fibre epoxy laminates with 
different stacking sequences including 0/90, ±45, chopped strand mat 
(CSM), and unidirectional fibre orientations. They reported the plain 
weave 0/90 lay-up to be the most susceptible case to damage. The ad-
vantages of inclusion of ± 45 plies in the laminate in improving the 
impact resistance has been reported in other works as well [21]. 

Several material models have been proposed and studied for simu-
lating ice behavior at high strain rates. Kim and Kuene obtained 
compressive strength of ice in high strain rates [22]. Tippman et al. [23] 
used those data to develop a strain rate dependent material model for 
ice. In their model, a tensile pressure criterion could be activated when 
the hydrostatic tensile stress reached a critical value. Carney et al. [24] 
developed a phenomenological model for ice taking into account strain 
rate effects, which had the ability to allow ice to continue to carry hy-
drostatic stress after failure. Chuzel et al. [25] implemented an isotropic 
damage model for concrete which assumes exponential softening 
behaviour and includes independent damage variables in compression 
and tension. Several numerical techniques such as Lagrangian, Arbitrary 
Lagrangian Eulerian (ALE), and Smoothed Particles Hydrodynamics 
(SPH) have been previously used to model ice impact onto rigid and 
deformable plates. SPH has proven to be the most accurate and the most 
efficient formulation among the three [6]. 

Composite plates fail due to several factors: cracks along the fibres, 
fibre fracture, and delamination between plies [18–21,26–30,67]. 
Among the three noted failure mechanisms, delamination accounts for 
more than 60% of total failure modes [31]. As compared to other foreign 
object impactors, ice impacts are unusual as they can cause several 
impacts at one or multiple locations [16]. A single impact on a com-
posite component may not result in any tangible damage, but the 
damage accumulation caused by multiple or repeated impacts may 
significantly increase the probability of reducing load bearing capacity, 
and therefore, the likelihood of unexpected failures. Despite the pres-
ence of extensive number of studies dealing with single low-velocity 
impacts [32], only a limited number of studies have been conducted 
on repeated impacts or multiple impacts on composite structures [33]. 
Furthermore, despite the presence of a number of experimental and 
numerical works on the hail impacts on composite plates, parametric 
studies on the effect of number of impacts on the delamination area and 
link-up region is still lacking. Link-up refers to joining of delaminated 
areas in a composite plate resulted from separate impacts at different but 
relatively close impact locations. The effects of varying the impactor’s 
energy as well as increasing asymmetry in the energy level of different 
impactors while keeping the total incoming energy level constant are 
other areas of research which require attention. 

In this paper, a numerical model is presented to simulate the impact 
between ice and carbon fibre prepeg composite plates. The objective is 
to investigate how the delamination areas and their link-up character-
stics vary for different impact scenarios. To this aim, a mesh-less SPH 
formulation is implemented for modelling the ice impactors in LS- 
DYNA, while the composite target plate is modelled using Lagrangian 
technique. To vary impact scenarios, multiple impacts at one up to 6 
impact locations are simulated, and delamination areas are quantified. 
Moreover, the impactor energy, the spacing between the impact loca-
tions, and the number of impact locations are varied and their effects on 
delamination area are studied. 

2. Materials and methods 

2.1. Modelling of ice 

The SPH method has previously been used for modelling ice im-
pactors [34]. Under high velocities, the ice behaves like a fluid projectile 
which can be modelled using the SPH elements. SPH is a mesh-less FE 
method based on Lagrange formulation where the material is repre-
sented by discrete particles interacting with each other. The SPH method 
was first introduced in 1970s [35,36] for astrophysics problems, but in 
the decades after, it found its way into solving transient fluid flow 
problems. It uses interpolation of compact support to represent any field 
quantity as a set of discretized particles. The interpolation kernel de-
termines the contribution of neighboring particles in the properties of a 
point of interest [3]. As this method does not require a computational 
mesh, the SPH interpolation uses a smooth weighting function (kernel) 
and the particle position to estimate the variable gradients for a range of 
parameters. For a particle i, the value of arbitrary function F is 
approximated by 

〈Fi〉 =
∑

j
VjFjWij (1)  

where Vj =
mj
ρj 

is the fluid volume assigned to each particle, and 

Wij = Wh
(
ri − rj, h

)
is a smooth kernel function with h representing its 

smoothing length, by which the area of area of W (the radius of its 
support domain) is defined. As indicated in Fig. 1, a property’s value at a 
point of interest is determined by summing the values of the property at 
the neighboring particles, weighted by the kernel function. In this 
research, the SPH ice impactor was composed of 2,176 elements with a 
spacing of 1.8 mm. 

2.2. Geometry 

To simulate the effect of impact spacing on the damage response of 
the laminate, the explicit LS-DYNA V11.1 FE code was implemented. 
Fig. 2 shows the FE model of SPH hail and the composite target with the 
stacking sequence of [45,0,− 45,90,45,0,− 45,90]s. This layup was cho-
sen due to the stacking sequence recommended in the ASTM D7136/ 
D7136M [37]. Furthermore, the layup was chosen as a quasi-isotropic, 
symmetric, and balanced stacking sequence based on the complex and 
large number of load cases that the fuselage must be able to endure [38]. 
The dimensions of the target plate and impactor are given in Table 1. To 
evaluate the mesh independency, a mesh sensitivity analysis was con-
ducted by reducing the size of the element from 4 mm to 0.5 mm. The 
convergence was obtained with 1 mm element size. Therefore, the total 
number of elements of a composite ply was measured to be 51,000. The 
diameter of 0.5 cm is usually taken as the threshold dimension for 

Fig. 1. An illustration of how the SPH method uses field variables approxi-
mation for the properties of a particle of interest i interacting with a neigh-
boring particle j within the support domain of the smoothing kernel function W. 
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transitioning between graupel and hail [39]. According to an analysis 
[40] on the European severe weather database (ESWD), maximum hail 
dimension is in the range of 20–29 mm. In particular circumstances such 
as the hail storm in Dallas USA, ice sizes as large as 10 cm have been 
reported which caused damage to more than 100 aircrafts parked out-
doors [20,41]. Nonetheless, in this research, an ice impactor of 30-mm 
diameter has been considered for the simulations. 

For perfect spheres under ideal falling conditions, the terminal ve-

locity can be found using VTer =
̅̅̅̅̅̅̅̅̅
2mg

ρACD

√
where m, ρ, and A respectively 

represent the mass, density, and area of the ice projectile, g stands for the 
gravitational constant (9.81 m/s2), and CD represents the drag coeffi-
cient. For the considered ice diameter of 30 mm, the terminal velocity is 
obtained to be 26.5 m/s. The initial velocity of the ice impactor was set 
to 30 m/s. The considered difference between the set initial velocity and 
the calculated terminal velocity is due to the fact that, in most experi-
mental and numerical studies, it is desirable to propel the ice spheres 
slightly above the magnitude of the terminal velocity due to environ-
mental effects such as wind [8]. The plate was fully constrained (against 
motion in the X, Y, and Z directions, as well as rotations about the same 
axes) at its boundaries. 

2.3. Material and contact modeling 

LS-DYNA offers several material models for composite materials. In 
this research, *MAT_ENHANCED_COMPOSITE_DAMAGE (Material 
number 054/055) was selected for modelling the material behavior of 
composite plies. The material model MAT 054 uses Chang-Chang failure 
criteria and has an orthotropic progressive failure, which makes it an 
ideal model for unidirectional fibers. In tension, compression, and shear, 
the model acts in a linear elastic manner until the element’s developed 
stresses reach the yield strengths. In this failure criteria, in addition to 
tensile and compressive fiber failure, matrix failure mode is also 
considered. Failure occurs when one of the following failure criteria is 
met. The fibers fail when: 

e2
f =

(
σ11

SXL

)2

+ β
(

σ12

Ss

)

− 1⩾0 (2)  

where σ11 and σ12 are the normal and shear stresses, SL is the longitu-
dinal strength (SL = St in tension and SL = Sc in compression), Ss is the 
shear strength, and β is the weighting factor for shear term in tensile 
fiber mode β enables the user to explicitly define the effect of shear in the 
tensile fiber mode. This value ranges from 0 to 1.0, and the Hashin fiber 

tension criterion is applied when β = 1. When β = 0, Equation (2) is 
reduced to the Maximum Stress failure criterion, which is the only 
alteration to the original Hashin failure criterion in MAT 054. Choosing 
the β value is a matter of preference that can be determined by trial and 
error [42]. The β = 0 value is considered appropriate for materials 
showing brittle behavior [43]. Considering the suggestions in the liter-
ature and after conducting some parametric studies, β = 0 was observed 
to provide a good agreement with the experimental data. 

The matrix fails under tensile stress when: 

e2
m =

(
σ11

SYt

)2

+

(
σ12

Sc

)2

− 1 ≥ 0 (3) 

and fails in compression when 

e2
d =

(
σ22

2Sc

)2

+

[(
SYc

2Sc

)2

− 1

]
σ22

SYc
+

(
σ12

Sc

)2

− 1 ≥ 0 (4) 

In the above equations, SYt is the transverse tensile strength and SYc is 
the transverse compressive strength. The material properties of the 
composite laminate are listed in Table 2. 

To model the hail impactor, *MAT_PLASTICITY_COM-
PRESSION_TENSION_EOS (Mat 155 in LS-DYNA) and *EOS_TABULA-
TED_COMPACTION were used as the material model and equation of 
states, respectively. The input values of the material are reported in 
Table 3. The equation of state (EOS) relates the volumetric strain and 
pressure in the ice impactor material and its values are listed in Table 4 
and demonstrated in Fig. 3a. Additionally, the effect of strain rate on 
material behavior was considered in the model in accordance with re-
sults of [24] (see Fig. 3b). 

Contact type AUTOMATIC_NODES_TO_SURFACE in LS-DYNA was 
defined between the ice impactor and the target plate. In cases where the 
elastic bulk moduli of the parts in contact are widely different from one 
another, a soft constraint can be beneficial. Using the soft constraint 
option in contact, the interface stiffness is determined by the nodal mass 
and the global time step size. Therefore, the “SOFT 1″ formulation was 
activated, resulting in better interaction between the soft impactor and 
relatively stiff target. 

Additionally, to take the delamination between the layers into ac-
count, contact type AUTOMATIC-SURFACE-TO-SURFACE-TIEBREAK 
was defined between the layers. The tiebreak option enabled the con-
tact surfaces to be detached after reaching maximum normal stress 
(NFLS) or shear stress (SFLS). The delamination area was visualized 
using INTFOR option in LS-DYNA. 

In the repeated impact simulations, the impactors were positioned at 
specific distances from each other on a straight line, impacting the panel 
one after another. As a result of the initial impacts, some permanent 
delamination was induced in the panels which remained until the next 
impactor impacted the same position. The damage accumulation in the 
laminates gradually increased as a result of each consecutive impact. 

It must be noted that throughout the rest of the paper, we use the 
term delamination area to refer to total accumulated delamination area in 
each composite laminate caused by all impactors and at different 
instances. 

Fig. 2. Finite element model of the laminate and hail impactor.  

Table 1 
The geometrical parameters of the target plate and impactor.  

Parameter Value 

Laminate dimension 215 mm × 120 mm 
Laminate thickness 2.5 mm 
Ply thickness 0.156 mm 
Hail diameter 30 mm  

Table 2 
Material properties of composite laminate [38].  

Parameter Description Value 

EA Young’s modulus - Longitudinal 145 GPa 
EB Young’s modulus - Transverse 8.1 GPa 
GAB Shear modulus – AB plane 3.4 GPa 
XC Compressive strength – Longitudinal 1020 MPA 
XT Tensile strength – Longitudinal 3010 MPa 
YC Compressive strength - Transverse 138 MPa 
YT Tensile strength - Transverse 39 MPa 
SC Shear strength - AB plane 95.6 MPa  
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3. Results 

3.1. Validation of the model 

With the goal of validating the numerical model of the hail impactor, 
a finite element (FE) model of the hail impactor and rigid target plate 
was constructed, and the results were compared with those obtained 
from experimental investigation undertaken by Carney et al. [24]. The 
cylindrical hail impactor had a diameter of 17.5 mm and a length of 42 
mm. The rigid target plate was a circular steel plate with a diameter of 
63.5 mm and a thickness of 19 mm. The experimental and numerical 
results are compared in Fig. 4 which illustrate good agreement between 
the experimental data and the numerical predictions. 

To confirm the reliability and accuracy of the numerical analysis in 
modelling the hail impactor with deformable composite plate, the FE 
models were validated against the experimental result [38]. To inves-
tigate the effect of impact spacing on the damage response, the speci-
mens were impacted at three locations on the plate. As depicted in Fig. 5 
(a, b) impacts were spaced at the L = 2R and L = R. Each location was 
impacted 5 times and the energy of the impactor was set to 6 J. 

Fig. 5c-f compares the numerical/experimental delamination areas 
of the composite laminate. The experimental delamination areas were 
obtained using C-scan method in [38] for steel impactors. To validate 
the behavior of the composite plate, steel impactor having the initial 
kinetic energy of 6 J was considered for the validation simulations. The 
composite panel was subjected to 5 impacts per location (5IPL) at three 
specified locations. The impactor had a mass of 0.165kg and an initial 
velocity of v = 8.6m/s. The simulations with steel impactor were carried 
out to evaluate the accuracy of the composite plate and contact 
modelling. Fig. 5 demonstrates a good agreement between the numeri-
cal on the one hand and experimental results on the other hand. The 
maximum difference between the numerical and experimental delami-
nation areas was < 6%. After the numerical model was validated, 
different impact scenarios were studied using ice impactors the results of 
which are presented in the next subsections. 

3.2. Single location impact response 

Fig. 6 demonstrates the deformation of the hail impactor with kinetic 
energy of 6 J at different time instances. The partial failure of the hail in 
contact with the composite panel at the beginning (Fig. 6b), the 
expansion of contact area (Fig. 6c,d), and finally, the complete flattening 
of the remaining hail impactors can be seen in this figure. This is in 
accordance with experimental observations that have shown fluid-like 
behavior of the ice impactor in high impact velocities (see Fig. 7 in [14]). 

Table 3 
Material properties of hail [24].  

Parameter Value 

Diameter 30 mm 
Density 897 kg/m3 
Young’s modulus 9.31 GPa 
Poisson’s ratio 0.33 
Pressure cut-off in tension 0.433 MPa 
Pressure cut-off in compression 4.93 MPa  

Table 4 
Equation of State loading table for ice [24].  

Volumetric strain Pressure Bulk modulus 

0 0 MPa 8.96 GPa 
− 7.69 × 10–3 68.9 MPa 8.96 GPa 
− 3.13 × 10–2 68.9 MPa 2.2 GPa 
− 10 68.9 MPa 6.89 MPa  

Fig. 3. (a) Equation of state relating pressure and volumetric strain in both loading and unloading regimes [24], and (b) stress scale factor due to strain rate ef-
fect [24]. 

Fig. 4. Comparison of the numerical and experimental [24] results of the hail impact on rigid plate with impactor’s initial velocity of: (a) 91 m/s and (b) 152 m/s.  
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As it can be seen in Fig. 6f, before hitting the target plate, the sys-
tem’s energy is in the form of kinetic energy of the ice impactor only. As 
soon as the impact occurs, the initial impactor’s kinetic energy starts 
dissipating due to deformation in the ice impactor and the target plate as 
well as damage initiation and propagation in the composite laminate. 
Moreover, the kinetic energy starts converting into internal energy in 
the target plate and the ice impactor. As it can be seen in Fig. 6f, during 
the impact, the kinetic energy of the ice impactor decreases while the 
laminate’s internal energy rises. The laminate’s internal energy peaks at 

Fig. 5. Comparison of delamination area: (a,b) schematic of impact locations, (c,d) experimental results [38], and (e,f) numerical results from the steel impactor. The 
left and right columns present the results for L = 2R and L = R, respectively. 

Fig. 6. The deformation of a hail impactor with kinetic energy of 6 J at (a) 0 
ms, (b) 0.1 ms, (c) 0.4 ms, (d) 0.6 ms, and (e) 1 ms. (f) Variation of energy level 
of the ice impactor and composite plate for the same impactor. Fig. 7. Variation of delamination area with respect to the number of impacts 

per location (for impactor energy of 6 J impacting one location). 
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~ 0.4 ms which is the instance when the plate goes momentarily to rest. 
After that, when the composite laminate bounces back, a major portion 
of the stored energy is releases and hence the internal energy decreases. 
The results also show that the sliding and hourglass energy levels were 
quite low (<15%). It is worth noting that among all energies, the plate’s 
kinetic energy as well as the internal energy of the ice impactor are 
relatively low. At its peak, the internal energy in the composite plate 
reaches 7.8% of the impactor’s initial kinetic energy. 

The question that might arise here is what would happen if the 
number of impacts in the single location increases. The results show that 
as the number of impacts increases, the delamination area in the com-
posite laminate rises (see Fig. 7 which is plotted for initial impactor’s 
energy of 6 J). The propagation of delamination shows two regions: an 
initial rapid growth in the beginning and a far slower growth after 
around 6 IPL (Fig. 7). This can be explained by the fact that, in the first 
region, a great part of impact energy is absorbed by delamination which 
is relatively proportional to the received energy from the impactor(s) 
[44]. In the second region, each impact results in less incremental 
delamination. In this region, after a certain number of impacts, the 
phenomena of delamination saturation happens [33]. This part of the 
damage curve is relatively horizontal (i.e. a plateau is reached) illus-
trating the slowdown of delamination process caused by damage [45]. 

3.3. Effect of impact spacing 

To determine whether or not the distance between hail impactors 
affects the delamination area and link-up region, two impact locations 
with varying distances between them were examined (see Fig. 8). It is 
worth mentioning that the hail impactors had the same impact energy in 
each location, and the delamination area was measured after 5 impacts 
per location (5IPL). The delamination areas form due to the stress wave 

propagating through the thickness towards the back side of the plate and 
then reflecting from the rear face during the impact process. The area 
closest to the rear face is the first region subjected to tensile stress, which 
leads to interlayer delamination damage tendency to occur in the rearest 
interlayer [46]. With increasing the number of impacts or the incoming 
impactor’s energy level, the interlayer delamination damage propagates 
from the rear face to the front surface [47]. 

Fig. 9 illustrates the delamination area versus distance between hail 
impactors for four energy levels (6, 8, 10, and 13 J). For all impact 
energies, there exists a link-up delamination area for very small spacing. 
It can be observed that by increasing the distance between the hail 

(a) (b) (c)

(d) (e) (f)

)g( )h( )i(

Fig. 8. Different spacings studied for link-up.  
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13 J (5 IPL) - 13 J (5 IPL)
10 J (5 IPL) - 10 J (5 IPL)
8 J (5 IPL) - 8 J (5 IPL)
6 J (5 IPL) - 6 J (5 IPL)

Fig. 9. Comparison of delamination areas under different impact energies (two- 
point impact and 5 impacts per location). 
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impactors, the delamination zone grows until the link-up disappears 
(Fig. 9). After the disappearance of the link-up region, the delamination 
area shows a drop, and then the curve tends to flatten. This is sche-
matically illustrated in Fig. 10. As a typical result, there appears to be a 
period of initial growth in delamination area, reaching its highest point 
at the link-up threshold. It is then followed by a decline until a plateau 
region is reached where the delamination area continues to remain 
constant. This phenomenon can be explained by the fact that the over-
lapped delamination region caused by double-position impacts gradu-
ally separates as the impact distance increases from zero to a threshold 
value [48]. After the threshold point (the link-up threshold), as the 
distance between the impact points increases, the extent of damage 
decreases radically [47], as the direct interaction between two impact 
locations disappears. 

It can be observed that the area delaminated by two consecutive 
hailstone impacts at the same location (Point A1 in Fig. 10) is smaller 
than that delaminated by two hailstone impacts at two (far-away) in-
dependent locations (Region A3 in Fig. 10). If we denote the delaminated 
area in each impact location by Ai, the results show that A1 < 2Ai and 
2Ai < A2. This is in accordance with what has been observed in several 
other works [33]. The relationship A1 < 2Ai can be explained by the fact 
that when a location becomes delaminated due to a first set of impacts, 
the extent of extra delamination due to the second set of impacts re-
duces, as the laminate has already been delaminated to a high extent 
after the first set of impacts. Moreover, 2Ai < A2 can be explained by the 
additional damaging effect of the link-up phenomenon as compared to 
the case of two independent locations being impacted. This can be 
explained by the fact that when the laminate is impacted at two inde-
pendent locations, there is no direct interaction between delaminated 
regions and the delamination area (A3) is almost twice the delamination 
area of each independent location (A3 ≈ 2Ai). In addition, due to the 
effect of link-up on the area of delamination, A2 (see Fig. 10) is much 
greater than the delamination area in other spacings. 

It is obvious that the area of delamination and the link-up region 
should enlarge with increasing the impact energy. The maximum 
spacing for which link-up areas can be observed is 0.75R for the impact 
energies of 6 J, R for 8 J, 1.25R for 10 J, and 2R for the impact energies of 
13 J. In addition, it could be observed that at the link-up threshold 
spacing, the delamination area under 13 J impact energy is 21% higher 
than that under 10 J energy, which is in accordance with the fact that the 
increasing impact energy expands the area of delamination. 

3.4. Effect of impact energy 

To study the effect of having non-identical energy levels at each 
impact location, three impact scenarios were investigated. The impactor 
energy at locations one and two are set to 13 J-10 J, 14 J-6 J, and 10 J-6 
J. As it can be seen in Fig. 11, the overall trend of the A − L curves for 
impactor with non-identical energy is very similar to the trend of im-
pactors with identical energy levels (which are represented by grey 
dashed curves in Fig. 11). Increasing the impact energy of the second 
point from 6 J to 10 J, while maintaining the impact energy of the first 
point around 13 J, increased the threshold link-up area spacing from 1R 
to 1.5R. The other point of interest is studying the effect of asymmetry in 
the energy level of two impactors, while the total energy received by the 
laminate is kept constant. Two parametric studies with total impact 
energies of 20 J and 16 J have been considered for this purpose and are 
discussed in the following paragraphs. 

As for the first case, the difference in the link-up threshold between 
the two-point sequential impacts of 10 J (5IPL)-10 J (5IPL), 14 J (5IPL)-6 
J (5IPL), and 16 J (5IPL)-4 J (5IPL) all receiving the same total impact 
energy of 20 J (5IPL) is investigated, see Fig. 12. The figure shows that 
the link-up threshold spacing in 10 J (5IPL)-10 J (5IPL) is 1.25R and in 
other two cases is identical and equal to 1R, whereas they show some 
differences in the delamination area. By changing the impact energies 
from 10 J (5IPL)-10 J (5IPL) to 16 J (5IPL)-4 J (5IPL), i.e. 60% change in 
the energy level at each impact location, the delamination area at link- 
up threshold decreases for 55%. However, changing the impact energies 
from 14 J (5IPL)-6 J (5IPL) to 16 J (5IPL)-4 J (5IPL), i.e. a maximum of 
34% change in the energy level at each impact location, the delamina-
tion area at link-up threshold decreases for 7% only. This can be 
explained as follows. As the first impactor’s energy is decreased by a 
particular amount (e.g. 4 J), the local delamination area decreases, as 
expected. Keeping in mind that the total energy level caused by two 
impactors must be kept constant, the energy of the second impactor has 
to be increased by the same amount (i.e. 4 J). However, the increase in 
the local delamination area at the second point does not compensate for 
decrease in the delamination area in the first impact location due to 
delamination saturation phenomenon in the second point, and hence the 
total delamination area decreases. 

As for the second case, the delamination observations for the two- 
point sequential impacts of 8 J (5IPL)-8 J (5IPL), 10 J (5IPL)-6 J 
(5IPL), and 12 J (5IPL)-4 J (5IPL) in Fig. 13 all receiving the same total 
impact energy of 16 J (5IPL) are interesting. The link-up threshold 
spacing of the case of 10 J (5IPL)-6 J (5IPL) is similar to that of 12 J 

Fig. 10. The typical trend of variation of delamination area with respect to the 
spacing between impactors. A1 indicates the delamination area caused by the 
impact of two consecutive hailstones on a single location. A2 represents the 
threshold delamination area, occurring when two consecutive hailstones impact 
two distinct locations with the highest potential to influence each other (i.e. the 
highest link-up area). A3 denotes the delamination area resulting from the 
impact of two consecutive hailstones on two independent locations, where 
there is no direct interaction between them, and hence no link-up delamina-
tion occurs. 
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(5IPL)-4 J (5IPL), while the delamination area in the former is 8% 
higher. On the other hand, decreasing the impact energy of the second 
point from 8 J to 6 J (when the total impact energy is constant) reduces 
the threshold link-up area spacing from 1R to 0.75R. Generally, it can be 
concluded that for the same total impact levels, scenarios having im-
pactors with non-identical energy levels have lower delamination area 
as compared to the case of impactors with the same energy levels. 
Moreover, increasing the asymmetry in the energy levels of two im-
pactors tends to decrease the link-up spacing threshold. It is noteworthy 
that, provided that the panel has not been previously damaged or 
impacted, although low-energy impactors (e.g. 4 J) are not likely to 
cause any critical damage in the laminate, when combined with another 
impactor, they can increase the sustained damage substantially. The 
relatively high damage sustained by the 4 J impactor when combined 
with 16 J impactor and 12 J impactor are visible in Fig. 12 and Fig. 13, 
respectively. 

Fig. 14 demonstrates the effect of impactor’s initial energy on the 
force–time diagrams for a single impact location. As it can be seen, 
increasing the impactor’s initial energy leads to higher maximum force 
(Fmax) and lower contact duration, similar to what has been observed in 
other works [49,50]. For example, by increasing the impactor’s energy 
from 10 J to 13 J (30% increase), the peak force increased by 22% and 
the contact duration decreased by 4%. Increasing the impactor’s initial 
energy also led to an earlier relative peak time (as compared to total 

impact duration in each case) and, as a result, a more left-skewed bell 
shape for the force–time curve. Similarly, Çoban et al. [51] reported that 
by increasing the impactor’s energy not only the peak force increases, 
but the symmetry of the F-t curves disappears. 

3.5. Effect of number of impacts 

The effect of changing the number of impacts per location (IPL) on 
the delamination area and link-up region under hail impact was also 
studied. Here, multiple impacts at two points with the same energy 
levels but different numbers of impact per location are considered. One 
point was impacted 5 times while the number of impacts at the other 
point was varied. As for the delamination curves in Fig. 15, Fig. 16, and 
Fig. 17, a growing delamination area is observed with the increase in the 
number of impacts. For the case of impact energy of 6 J, while increasing 
the number of impacts for the second location increased the delamina-
tion area, it did not succeed to increase the threshold link-up area 
spacing (Fig. 15). However, for the case 13 J impact energy (Fig. 17), 
increasing the number of IPL for the second point from 1 to 3 and then 5 
increased the threshold link-up area spacing from 0.75R to 1.5R and 2R. 
This can be explained by the fact that for the case of low energy level and 
5IPL-5IPL (blue curve in Fig. 15), a very low link-up threshold value (i.e. 
Lth = 0.75R) is observed making it difficult to reach smaller link-up 
threshold values for smaller number of IPL. 
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Fig. 14. Effect of impactor’s initial energy on the force–time diagram.  
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3.6. Effect of number of impact locations 

Studying the number of impact locations gives a good insight for 
assessing the capability of the composite plate to resist hailstorms with 
different severities. The area of delamination damage under the same 
impact energy (6 J) but with different impact schemes is compared in 
Fig. 18 and Fig. 19. In addition to the effect of number of impact loca-
tions, the influence of impact spacing on the delamination area was also 
studied. Increasing the number of impact locations led to proportional 
increase in delamination area for both spacings of R and 2R (Fig. 20). For 
instance, changing the number of impact locations from 3 to 4 resulted 
in the 33% increase in the delamination area for the spacing of R 
(Fig. 18). As shown in Fig. 9 for two impacts each having an energy level 
of 6 J, delaminations linked up when the distance between the impact 
locations was equal to R or less. A similar phenomenon was observed for 
higher impact locations (i.e. for 3–6 impact locations), see Fig. 18. The 
link-up phenomenon in the spacing of R had a very significant influence 
on the increase in the measured delamination area in comparison to the 
cases where the spacing was 2R, leading to more severe damage in this 
case (see Fig. 20). For instance, for the case of 3 impact locations, the 
delamination area was 62% higher for L = R as compared L = 2R, 
which can lead to a remarkable reduction in damage resistance. As it can 
be seen in Fig. 9 and Fig. 19, for the impactors with initial energy of 6 J 
and for the impact spacing of L = 2R, there is no direct interaction be-
tween delaminated regions (and as a result, there is no link-up) for all 

number of impact locations (from 2 to 6 separate impacts). It is worth 
noting that for the case of 5 and 6 impact locations in L = 2R, where the 
impactor impacts the regions near the clamping edges, a boundary effect 
starts appearing which can be observed visually as an increase in the 
delamination area in both regions (see Fig. 19c and Fig. 19d). Later on, 
and with more number of impacts, this boundary effect might lead to 
abrupt and exponential advances in damage extent. 

Fig. 21a compares the force–time contact diagrams of the composite 
laminate subjected to different number of impactors (each impactor 
having the same initial energy of 6 J). A higher number of impact lo-
cations results in a higher maximum contact force and stiffness. With 
increasing the number of impact locations, the maximum recorded 
contact force and slope of curves increased. The peak force Fmax for 1, 2, 
3, 4, 5, and 6 impact locations was 0.72 kN, 1.39 kN, 2.20 kN, 3.16 kN, 
3.74 kN, and 4.33 kN, respectively. The maximum contact force had a 
relatively linear correlation with the number of impact locations (see 
Fig. 21b). All the force–time curves had relatively symmetrical shapes 
with their force values reaching their peak at the mid-time of the impact. 

4. Discussions 

4.1. Fatigue response 

The results of our study show that after a certain number of impacts, 
the delamination growth starts slowing down (see Fig. 7 which shows 
the decrease in the delamination area growth rate after the 8th impact). 
We increased the number of impacts to 20 impacts, which showed that 
the delamination area growth rate decreases even further. Similarly, 
Liao et al. [48] and Azouaoui et al. [44] observed that at low energy 
levels, delamination propagates slowly even with the increase in the 
number of impacts. This trend will not likely continue if the number of 
impacts is increased to very large numbers. In the case of very large 
number of impacts, other damaging mechanisms such as low-cycle fa-
tigue or high-cycle fatigue may come into play. This would lead to an 
exponential increase in the delamination area after a threshold number 
of impacts [51–53]. Overall, three regions can be identified in the 
impact-indeced fatigue scenario: first impacts create obvious damage in 
matrix leading to cracking, delaminations and/or fibre fracture, fol-
lowed by a plateau in which damage increments marginally under 
successive impacts. Finally, in the third region, the damage develops 
rapidly and fibres fracture towards final failure [33]. The fatigue- 
induced catastrophic damages are caused by highly repeated small 
hailstone impacts which usually do not generate observable damages or 
penetrations. The failure behavior of composite panels in low-cycle and 
high-cycle fatigue regimes is therefore an interesting field of study for 
future works. 

4.2. Possible variations in hail size and distribution 

As stated earlier, the literature generally considers a diameter of 0.5 
cm to be the boundary between graupel and hail. Nearly 40% of the 
reports containing gathered information on the largest hail size reported 
maximum hailstones in the range of 2–2.9 cm. Despite the fact 
that<10% of these reports had hails greater than 5 cm, hailstones with 
diameters in the range of 15 cm have been reported recently [5]. 
Additionally, Giaiotti et al. [54] demonstrated that, in 20% of the times, 
hailstone overlap occurs, although the overlap decreases with increase 
in the hailstone size. Thus, hail impact models can be changed from 
numerous impacts in various areas to single impacts in multiple loca-
tions, along with the above description of damage growth upon repeated 
impacts. This will greatly reduce the complexity of hail simulations and 
experiments while basing them on more reliable observations [38]. 

4.3. Effect of distribution of energy 

In this study, two impact locations underwent symmetrical and non- 
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symmetrical variations in terms of the quantity of impacts per location 
and the impactor energy. The results showed that as the impact energy 
increased the threshold spacing for link-up along with the delamination 
area increased. For the case of impact at two locations while keeping the 
total energy level constant, two impactors with identical energy level 
lead to higher delamination areas as compared to impactors with non- 
identical energy levels. Additionally, the link-up spacing threshold 
tends to decline as the energy levels of two impactors become more non- 
symmetrical. It is noteworthy that although low-energy impactors (in 
this work, 4 J) are not expected to produce any critical damage in the 
laminate assuming the panel has not already been damaged or affected, 
when paired with another impactor, they can significantly increase the 
sustained damage. 

4.4. SPH vs other numerical approaches 

In high velocities, the hail stones have a fluid-like behavior. That is 
why, as mentioned earlier, several numerical approaches such as 
Lagrangian [55–58], ALE [6], SPH [59], and SHI approaches have been 
used in different studies for modelling the ice impact. The Lagrangian 

method is a well-known approach for modelling solid objects and in 
circumstances where deformation extents are limited. That is why 
although the Lagrangian method requires much less modelling effort, 
the large deformations and extreme distortions the elements experience 
during the hail impact duration creates unacceptable inaccuracies in the 
results. Extreme element distortions not only create inaccuracies in the 
results, they also decrease the minimum element size in the FE model 
which increases the computational time exponentially usually leading to 
early numerical errors. 

To overcome the described large element distortions, the ALE 
method, which uses the advantages of both the Eulerian and Lagrangian 
methods, can be used. In the Eulerian method, the material can freely 
move inside a mesh fixed in space. In the ALE method, depending on the 
flow of the material, the mesh location is adjusted arbitrarily in the 
space leading to lower computational time required if the material 
moves over a relatively large domain. That is why, unlike the Lagrangian 
method, in the ALE method, large distortions are not of concern. 
Nonetheless, this approach usually requires a good knowledge of many 
involving numerical parameters, especially for imposing an accurate 
coupling between the fluid in the ALE domain and the target in the 

Fig. 18. Impact locations arrangement (left) and delamination areas (right) for the spacing of R. (a) 3, (b) 4, (c) 5, and (d) 6 impact locations.  
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Lagrangian domain, see [3] for further information. 
The SPH method on the other hand is a mesh-less approach in which 

a mass value is assigned to discrete particles each representing small 
fluid volumes. Each particle interacts with its neighboring particles 
through interpolating functions (known as kernel functions) [60]. Our 
initial investigations as well as other research works have shown the 
higher effectiveness of the SPH method from both the computational 
time and accuracy points of view. In the case of hail impacts with lower 
velocities, Lagrangian method can become more efficient than the SPH 
method since the hail might not undergo fluid-like behavior. 

4.5. Composite design aspects 

The results showed that as the distance between the impact location 
and the plate boundaries decreases, the induced damage area increases. 
One could argue that adding supporting repair patches in the boundary 
of the panels can help reduce the delamination area. Other consider-
ations, however, also need to be taken into account. Transition from thin 
to thick plates can lead to stress concentration at the transition points/ 
edges. Moreover, stiffer (thicker) target plates can reduce the resulting 

Fig. 19. Impact locations arrangement (left) and delamination areas (right) for the spacing of 2R. (a) 3, (b) 4, (c) 5, and (d) 6 impact locations.  
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displacement and hence increase the peak force which could localize the 
failure region further, and hence increase the damage extent. Studying 
the effect of having thicker plates, plates with multiple thickness values, 
and effect of different composite material properties is suggested for 
future studies where design for improvement against hail impact can be 
defined as the main goal. 

4.6. Climate change considerations 

Climate change modifies the environment in which the hail stones 
are formed and grown. Three important characteristics of the environ-
ment will change as a response to climate effects: vertical wind shear, 
melting level height, and low-level moisture and as a result convective 
instabilities [61]. Convective storms that generate the hailstorms are 
particularly of much higher importance among the three noted effects. 
Due to global warming, the water vapor content in the atmosphere is 
increasing (7% per ◦C) which in turn would increase the potential en-
ergy that can be released through convective instability and leading to 
formation of larger hailstones. Even 1 ◦C increase in the temperature 
could lead to thunderstorm initiation [62]. Increase in the temperature 
of near-surface temperature due to solar radiation and advection of the 
heated air can also be influential in increased thermal instabilities and, 
as a result, the formation of hailstorms [39]. Studying the past trends 
and developing of models for future trends has shown the increase the 
hailstorm frequency, intensity, and size in Europe [63,64], Australia 
[65], and dry and cool regions of North America [66]. The kinetic en-
ergy of a hail stone increases with the third power of its diameter. In the 
near future, this can drastically increase the imposed damage on the 
composite panels in the form of wear, delamination, and even 
penetration. 

5. Conclusions 

In this study, the response of a 16-ply carbon fibre prepeg composite 
plate to ice projectiles at one or multiple impact locations was studied. 
Special attention was paid to delamination area and more importantly 
the link-up delamination area. Link-up of delamination is defined as the 
phenomenon of joining separate delamination regions as a result of 
different impactors. The number of impacts per location, the impactor 
energy, and the spacing between impact locations was varied symmet-
rically and non-symmetrically for two impact locations. Based on the 
results for delamination area, the following conclusions can be made:  

• As a general observation, as the spacing L between two impact 
location increases from 0 to 4R, the delamination area first shows an 
increase up to a peak point (usually at R < L < 2R) after which it 
shows a large drop leading to flattening in the delamination area 
curve. The large drop is related to disappearance of link-up phe-
nomenon after a certain spacing.  

• If IPL in one location is set to five, and the number of IPL for the other 
point is increased from 1 to 5, the delamination area almost doubles. 

• Increasing the number of impact locations increases the delamina-
tion area linearly. 

Regarding the link-up phenomenon, the following conclusions can 
be made:  

• As the impactor energy increases, the threshold spacing for link-up 
disappearance increases. 

• At the same total energy level, as compared to the case with im-
pactors having the same energy level, having impactors with non- 
identical energy levels leads to a lower delamination area and 
lower threshold link-up area spacing.  

• Regardless of the number of impact locations, if the impact spacing is 
smaller than a threshold value (e.g. L ≤ R for impactor energy of 6 J), 
the link-up phenomenon appears which leads to significant 
enlargement in the delamination area leading to more severe dam-
age. In impact spacings larger than that threshold value, increasing 
the number of impact locations does not affect the appearance of the 
link-up phenomenon. 
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