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ARTICLE INFO ABSTRACT

Keywords: Dynamic vibration is believed to be a basic property of the impacted composite laminates; however, its effect on
Polymer-matrix composites delamination formation requires further investigation. This study proposes a numerical model in collaborating
Delamination

with ABAQUS, which was calibrated using experimental results, to investigate the effect of plate vibration on
delamination formation in composite laminates subjected to two consecutive identical ice or steel projectile
impacts with a fixed loading distance. The only variable parameter for the different simulations was the time
interval between the two impacts. The loading condition considered in this study is an extreme case where the
composite laminate was still vibrating after the first impact when the second impact occurred. The results
showed that the delaminations that formed later were significantly affected by the time intervals of the two
identical successive ice or steel projectiles. As the vibrated impact points travel from the minimum peak to the
adjacent maximum peak during the first vibration period, the newly formed delamination areas monotonically
increase with time and vice versa. The change in the maximum contact forces of two identical impacts induced
by dynamic vibration is suggested to be a major reason for the discrepancy between the newly formed delam-

Impact behaviour
Quasi-static indentation
Finite element analysis

ination and previous ones.

1. Introduction

Fibre-Reinforced Polymer (FRP) composite laminates are widely
used in many engineering applications [1-4], owing to their superior
properties, such as high specific stiffness and strength [5-8]. However,
FRP composite laminates are generally susceptible to out-of-plane
concentrated loads (quasi-static indentation [9-11], low-velocity
impact [12-14], high-velocity impact [15-17] and hyper-velocity
impact [18,19]) owing to their weak interlaminar strength property
[20]. Matrix cracking [21], fibre breakage [22] and delamination [23]
are the three basic damage modes of FRP composite laminates under
out-of-plane concentrated loads. In general, FRP composites belong to
the brittle material category [24], and macroscopically, only the elastic
and damage stages can be observed during the loading process of
out-of-plane concentrated loads. The elastic behaviour of composite
laminates under out-of-plane concentrated loading has a significant

influence on the formation of damage; however, most studies have
focused only on the damage stage of composites [25-28].

For a plate subjected to single out-of-plane concentrated loads, Ols-
son [29] suggested that three typical elastic plate responses can be
distinguished macroscopically depending on the contact duration of the
impactor and target plate. When the contact duration was of the same
order as the transition time of through-the-thickness waves,
three-dimensional wave propagation determined the plate response, and
no obvious plate deformation was observed. The second type of plate
response corresponds to a longer contact duration, and the plate
response is influenced by the propagation of flexural and shear waves.
When the contact duration was significantly longer than the time
required for the induced waves to reach the boundaries of the plate, the
plate response was similar to that of the quasi-static indented plate. The
classification of out-of-plane concentrated loads proposed by Olsson was
based on the global dynamic response of the target plate, which was
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Fig. 1. (a) Illustration of a freely vibrating composite laminate with two points J and K on it, the distance between these two points is d; (b) any vibrational cycle of

the points J or K due to impact in the out-of-plane direction.

determined by the contact duration. However, when considering the
local dynamic response (local vibration) as the main factor in damage
formation, in the authors’ opinion, only two types of out-of-plane loads
must be distinguished: quasi-static indentation and impact.

In the classification suggested by the authors, there is no local vi-
bration for the target plate under quasi-static indentation, whereas local
vibration is a basic characteristic of the impact case. This classification is
necessary when multiple concentrated out-of-plane loads are consid-
ered. A typical example of multiple out-of-plane concentrated loads to
which a composite structure can be subjected is multiple hail impacts
associated with severe hailstorms. When hailstorms are considered to
study multiple impacts, one must consider that hailstorms are charac-
terised not only by many small hailstones over a certain duration of
time, but also that these hailstones do not impact the same location, but
rather are arbitrarily distributed in a certain area [30]. Therefore, the
local dynamic vibration behaviour of an area on a composite laminate
impacted by multiple hailstones can be affected by the impact of another
hailstone in the adjacent area. In this extreme case, the damage for-
mation within the former vibration area could be affected by the
latter-impact induced local plate vibration.

Liu et al. [31] investigated the dynamic responses of corrugated
cylindrical shells under nonlinear low-velocity impact using a newly
proposed computational method. They successfully obtained the impact
force of the shell structures using the proposed new method, which
considered the Love thin shell theory and Hamilton principle. Subse-
quently, Liu et al. [32] proposed research on
magneto-electro-thermo-mechanical loads on nonlinear forced vibra-
tions in composite cylindrical shell structures, they developed a coupled
nonlinear compactional method that considered the improved Donnell
nonlinear shell theory and Maxwell static electricity/magnetism equa-
tions. With this method, the influence of parameters, such as external
temperature change, magnetic potential, electric potential, etc., on the
composite cylindrical shell nonlinear vibration response was success-
fully evaluated. Other related studies by Li et. al. [33] and Liu et. al. [34]
also reported the investigations on the dynamic responses of different
structures, and successfully predicted the impact forces using their
developed computational methods, whereas they did not comprehen-
sively investigate the effect of plate vibration on the formation of
damage. In addition, a literature review by Sadighi and Alderliesten
[35] showed that there is still a lack of relevant reports on such a topic
that address how the damage formation is affected by the local dynamic
vibration in a multiple impacted composite laminate.

As a first step toward overcoming this gap, this study developed a
progressive damage finite element (FE) model in collaborating with
ABAQUS to investigate the effect of local plate vibration on delamina-
tion formation in a composite laminate with multiple impacts. The
multiple out-of-plane concentrated loads considered in this study were
two successive identical ice or steel impacts applied at different loca-
tions with a fixed loading distance along the lengthwise centreline of the
rectangular composite laminate. In this FE model, the Hashin matrix and
fibre damage criteria [36] were adopted to simulate the initiation of

matrix and fibre damage. The equivalent strain linear degradation
fracture-mechanics-based damage evolution technology was used to
consider the material stiffness degradation caused by the matrix and
fibre damage. Delamination initiation and growth were modelled using
the quadratic failure criterion [37] and the B-K delamination growth
criterion [38], respectively. Ultrasonic C-scanning was performed to
determine the projected delamination area which was subsequently
used to calibrate the developed FE model.

Note that only the single steel projectile impact at the centre of the
composite specimen was performed in the laboratory, and the measured
projected delamination area was used to calibrate the established FE
model. The single impact, rather than multiple impacts, was chosen to
validate the FE model because the single impact has the advantage of
being easy to control, and the impact location is more accurate. In
addition, the choice of a steel projectile instead of an ice projectile is
based on the consideration that the quality of the ice projectile generally
varies greatly, even under ideal fabrication conditions. These different
quality ice projectiles could induce different damage modes in CFRP
laminates at the same impact velocity [39]. Therefore, to facilitate this
investigation, a single-steel projectile impact test was conducted to
validate the FE model in terms of damage formation.

2. Background

To further demonstrate the extreme multiple impact loading condi-
tions investigated in this study, a composite laminate which can freely
vibrate is shown in Fig. 1(a). This laminate has two arbitrary points, J
and K, and the distance between these two points is d. When point J on
the composite laminate was impacted, a cosine-curve-like local vibra-
tion was induced in the direction normal to the laminate surface (see
Fig. 1(b)), whereas the flexural wave started to propagate outwards
along the in-plane direction. As the flexural wave propagated to point K,
a similar cosine curve-like local plate vibration occurred in the out-of-
plane direction for the materials around point K (see Fig. 1(b)). The
extreme multiple loading conditions considered in this study refer to the
second impact applied at any time instant (any time instant between t;
and ty) during a vibration cycle at point K, as illustrated in Fig. 1(b). The
out-of-plane vibration behaviour of point K is altered in this case;
therefore, the damage formation in the area around this point could also
be affected. It was assumed that the most dangerous case for point K
corresponded to the second impact applied at time instant t3. This
loading condition can cause a larger displacement for the vibrated point
on the plate than the corresponding single impact case, and this could
lead to the most severe damage state. Note that the propagation of the
in-plane wave is a natural response directly related to the membrane-
bending coupling of the plate subjected to a concentrated out-of-plane
impact load.

In general, hailstone has a layered structure and irregular shape [40],
and spherical simulated hail ice (SHI) is typically adopted to investigate
the hail impact damage resistance of composite laminates in a labora-
tory environment. Owing to the brittle nature of the SHI material and its
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Fig. 2. Illustration of the characteristic failure behaviours of the SHI sphere
during the impact: (a) phase I: initially contact; (b) phase II: partially shattered;
and (c) phase III: totally shattered.

low tensile and compressive strengths, the SHI sphere can lose its
integrity during impact. As illustrate in Fig. 2, when an SHI sphere im-
pacts a fixed rigid wall and is completely shattered at the end of the
impact process, three impact phases can be distinguished according to
the integrity of the SHI sphere. In the impact phase I, the SHI sphere with
an initial impact velocity began to contact the rigid plate, and
compressive stress occurred in the contact area of the SHI sphere. This
compressive stress dominates all stress components and can lead to
compressive failure in the SHI sphere area. During the first impact
phase, small cracks appear in the SHI sphere in the contact region. The
next impact phase (impact phase II) is characterised by a partially
shattered SHI sphere, and obvious cracks can be observed in the
remaining solid part of the SHI sphere. The shattered part transformed
into a fluid state. The last phase (phase III) corresponds to the frag-
mentation of the SHI sphere, which was completely transformed into
small particles. To approximately model the impact behaviour of the SHI
sphere, the characteristics of each impact phase should be considered.

Owing to the special impact behaviour of the SHI sphere, the peak
impact force, which is a key parameter for delamination formation in a
composite laminate, is approximately reached immediately after impact
phase I (see Fig. 2(a)). Kim et al. [39] showed that the impact peak force
for the SHI sphere generally increases with the impact velocity, and the
greater the peak impact force, the more severe the delamination. This
relationship between the peak force and damage formation was also
reported by Zhou [41] for the steel impact. Therefore, this study
hypothesises that the impact peak force varies with the impact moment
of the second impact at point K (see Fig. 1(b)), such that the delami-
nation area formed varies with the impact instant.

3. Numerical model

This section introduces the details of the constitutive models of ice
and composite laminates. The constitutive model for ice is reproduced
from the model reported by Tippmann et al. [40]. This ice model
considered the strain-rate sensitivity and was validated with experi-
mental results using strain-rate-dependent ice compression data. To
model the impact behaviour of the composite laminate, a progress
failure FE model which worked with a VUMAT user subroutine in
ABAQUS was considered.

3.1. Constitutive model of ice material

The first to model ice material was Kim and Kedward [42], who
adopted an elastic-plastic material model that considered a failure cri-
terion based on hydrostatic tension. This model was then developed by
considering the strain-rate dependent failure factors, which can
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Table 1

Material properties of ice [40].
Young’s modulus E =9.38 GPa
Poisson’s ratio v=0.33
Density p=0.9g/cm®
Tensile failure pressure P =0.517 MPa
Yield stress 0 =5.2 MPa

Table 2
Rate-dependent yield stress for ice [40].

Stress ratio Strain rate (sl)

1 0

1.01 0.1
1.495577759 0.5
1.709011483 1
2.204589242 5
2.418022966 10
2.913600725 50
3.127034449 100
3.622612208 500
3.836045932 1000
4.331623691 5000
4.545057415 10,000
5.040635174 50,000
5.254068897 100,000
5.749646657 500,000
5.96308038 1,000,000

accurately capture the features of the impact force corresponding to
impact phase I as shown in Fig. 2(a). The ice model adopted in this study
was reproduced from models developed in previous studies that
considered a compressive strength that depends on the dynamic strain
rate. This property was expressed as the strain-rate-dependent yield
stresses of the ice model in ABAQUS. Specifically, the yield of the ice
model occurred in the elastic phase, and element failure occurred when
the hydrostatic tensile stress reached a threshold (tensile failure pres-
sure) value independent of the strain rate. Subsequently, the failed el-
ements behaved like a fluid because these elements can only withstand
hydrostatic compression and tension. The properties of the ice material
used in this study are summarised in Table 1, and the rate-dependent
yield strength values are listed in Table 2. This ice model was applied
using the built-in material constitutive model of ABAQUS; therefore, the
data listed in Tables 1 and 2 were treated only as input values.

3.2. Constitutive model of composite laminate

To model the impact response and damage behaviour of the com-
posite laminate, the constitutive model should consider the damage
occurring within the ply (matrix cracking and fibre breakage) and be-
tween plies (delamination). This section introduces the damage criteria
adopted to simulate matrix cracking, fibre breakage, delamination
initiation, and propagation. To model the progressive damage process of
the ply, the equivalent strain linear degradation fracture mechanics-
based damage evolution technology was adopted. This composite-
layer constitutive model was coded in the ABAQUS VUMAT user sub-
routine to implement the functionality. The ABAQUS built-in Cohesive
Zone Model (CZM) was used to model delamination at the composite
interface.

3.2.1. Plies

The property of the ply material in this study was treated as trans-
versely isotropic. Therefore, the corresponding degraded stiffness matrix
Cq with five independent constants is given as follows:
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where rr and ry, are the degradation factors to consider the ply
stiffness degradation due to matrix cracking and fibre breakage, and the
expressions for A, rf and ry, are as follows:

A =1 —rirmVi2Var — I'mV23Va2 — ItV13Va1 — 21T Va1V3aVis
re=(1-re)(1—re) @
rm = max{(1 - 0.9rm)%, (1 — O.Srmc)z}

where rg, T, 'mt, and ryc are the damage variables corresponding to
fibre and matrix damage under tensile and compressive loading,
respectively. These damage variables can be obtained using the equiv-
alent strain damage evolution method expressed as follows:

et (se — &l )
q,n q,n eq,n
rh=—————+% n=ft,fc,mt,mc 3

n
t gl
eeq-,n (Eeq.n 8eq,n>

where ¢ and &' (n = ft, fc, mt, mc) refer to the initial and final failure
strain and their expressions are given below:

e = X
eq, n E,
o &)
t 2Gj
€ =
e Xslc

where X; is the strength of the fibre or matrix material and Eq_ i is the
original modulus of the composite laminate along the considered di-
rection. G; (j = I, II, or III) is the critical fracture energy of mode I, II, or
IIL. [, is the element characteristic length used to eliminate mesh sensi-
tivity [37]. The value of [, was considered as the cube root of the volume
of the element in this study.

Both the tensile and compressive failures of the fibres were modelled
using the maximum stress criterion, which is expressed as follows:

2

dy = (;—?) s (022 >0);
022 2

dfc = (YQ) ,(0'22 <0>.

where dg and dj, are the results corresponding to the fibre tensile and
compressive damage, respectively, using the maximum stress criteria. Xt
and X are the tensile and compressive strengths of the composite layer
in the fibre direction, respectively. In addition, the Hashin criterion was
used to model the matrix tensile and compressive failures, which are
expressed as follows:

(5)

10/ vc\? 1 1
C 2
mc :7C {(E) 71:| (0'22 +633)+K§3(622+O’33) +g(0’%270’220’33)+

1
2 (63, +0%5), (622 +033 <0)
12

©
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Table 3
Material properties for IM7/8552 unidirectional laminate [43].
Ply properties  Density p=1.6g/cm?
Young’s Ey; =161 GPa, E5; = E33 = 11.4 GPa,
modulus G132 = G13 = 5.17 GPa, G,3 = 3.98 GPa
Poisson’s ratio V12 = V13 = 0.32, vo3 = 0.435
Ply strength Xt = 2326.2 MPa, Xc = 1200.1 MPa, Yt
=111 MPa, Y = 199.8 MPa, GSC = 82.5 MPa
Interface Density p=1.3g/cm?
properties Interface N =60 MPa, S = 82.6 MPa
strength
Critical fracture  GS = 0.2 N/mm, Gy = Giye = 1.0 N/mm
energy

Note: *Values are estimated

1 1 1 2
i = —5(022 + 633)" + 5 (0% — 022033) + (03, + 6%5) ", (022 + 033
YT 823 SlZ

>0)
@

where Yt and Y are the tensile and compressive strengths normal to
the fibre direction, respectively. S13 and Sa3 are the out-of-plane shear
strengths of the composite layers.

3.2.2. Interfaces

The built-in CZM technique in ABAQUS was adopted in this study to
model the delamination between two adjacent plies in the composite
laminate. More specifically, delamination initiation was simulated using
the stress-based quadratic failure criterion, whereas the growth of
delamination was modelled using the energy-based Benzeggagh and
Kenane (B-K) criterion.

The quadratic failure criterion with this expression given below:

& _

()
N2 + § + § =1 ®
where N and S refer to the normal and shear strengths of the ply
interface, respectively, t, is the normal traction, t; and t; are the shear
tractions. The compressive stress in the first item of Eq. (8) is not
included in this criterion, as indicated by the Macaulay brackets.
The delamination propagation was modelled using the B-K criterion,
which is expressed as follows:

Gc C C Gs n_ C
=+ G -Gy G_T =G (C)]

where Gs is the sum of the out-of-plane shear direction dissipated
energies, and Gr is the total dissipated energy in all three directions,
GSand G are the critical shear and normal fracture energies, respec-
tively. The coefficient 7 is recommended as 1.45 in this study [37].

4. Finite element analysis model

The finite element analysis was performed using a fully clamped
IM7/8552 composite laminate with dimensions of
150.0 mm x 300.0 mm x 1.1 mm. The stacking sequence of this com-
posite laminate is [0/45/90/—45];. The detailed material properties
adopted by this FE model are summarised in Table 3.

To achieve the four-side clamped boundary conditions in the FE
model, as shown in Fig. 3, all six degrees of freedom of the regions close
to the plate edges were set to 0. These regions were marked as ‘Fixed’ in
Fig. 3. Geometric nonlinearity was considered in the FE model to
improve simulation accuracy. In addition, the composite layers were
meshed with the C3D8I element, and the ply interface was modelled
using the COH3D8 element. To improve the computational efficiency,
the central area (impact area) of the model with dimensions of
60 mm x 210 mm was meshed with a higher density than the other
regions. The element size in this region is 0.75mm x 1.17 mm
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Fig. 3. Dimensions of the FE model that developed in this paper, the thickness of the composite laminate is 1.1 mm.

V311
10MHZ/0.5

Details of the ultrasonic
sensor

Fig. 4. Experimental setup for the ultrasonic C-scan and details of the ultra-
sonic sensor.

x 0.13 mm. The mensh sensitivity study showed that (the mesh sizes
adopted were 1.5 x 2.34 x 0.13 mm, 0.75 mm x 1.17 mm x 0.13 mm,
and 0.38 x 0.59 x 0.13 mm) with this mesh size of 0.75 mm x 1.17 mm
x 0.13 mm the computational time was minimal and the simulation
result (the projected delamination area) was close to the case which with
higher mesh density. The thickness of the cohesive element in all regions
was set to 0.003 mm. To reduce the zero-energy modes in the FE model,
a relaxed-stiffness hourglass control method was considered.

Fixture

Specimen

Boundary condition

Gas cannon
(Perspective view 1)

The steel sphere projectile was treated as a discrete rigid body with a
diameter of 25 mm and was meshed using the R3D4 element; the mass of
the steel sphere was set to 0.064 kg. The contact between the steel
sphere and composite laminate was a surface-to-surface type. The
tangential contact behaviour was considered as a penalty type with a
friction coefficient of 0.3 [44], and the normal contact was treated as the
‘Hard’ contact type. Furthermore, in this study, an SHI sphere with a
diameter of 25 mm was considered and was meshed using C3D8R
element. The global seed size used for meshing was 0.3. In addition, the
normal contact behaviour settings in ABAQUS were identical to those in
the steel-sphere impact FE model, whereas no friction was considered
for the tangential contact behaviour. To consider the hourglass control
of the SHI sphere impact, the linear and quadratic bulk viscosity pa-
rameters were set as 1.2 and 0 [40], respectively. Both the steel and SHI
sphere impact FE models were solved using the ABAQUS/Explicit al-
gorithm. The multiple ice impacts simulation was achieved using the
Predefined Fields function, the initial state of the second impact can be
set as any specific stage of the first impact outcomes using this function.
In this study, the single SHI impact simulation was performed at the
centre of the laminate (Fig. 3) to validate the FE model. After the FE
model was validated, the steel and SHI impacts were applied at I; and I
on the numerical composite laminate, respectively, for the following
investigations. Note that, as shown in Fig. 3, I; and I, are symmetric

| High-speed camera  Solenoid S

Steel barrel valve  champer

Impact target inlet

Height adjuster

I

I

I

I

I

Pressure |

I

I

I

Gas cannon |
I

Gas cannon

Fig. 5. Illustration of the gas gun test setup.
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Fig. 6. Illustration of the steel head projectile.

about the centre of the composite laminate and on a line inclined
45°horizontally. The distance between these two impact locations was
27 mm.

5. Experimental details

Similar to the FE model, the composite specimens for the impact test
had dimensions of 150.0 mm x 300.0 mm, a nominal thickness of
1.1 mm and a stacking sequence of [0/45/90/—45];. The specimens
were cut from a 700.0 mm x 1400.0 mm composite panel that was
made of the carbon/epoxy prepreg IM7,/8552 supplied by the Hexcel
Corporation. The composite panel was cured in an autoclave at a pres-
sure of 7 bar and a maximum temperature of 180 °C for 120 min. Sub-
sequently, all specimens were ultrasonically C-scanned before the
impact tests, and specimens without defects were used for subsequent
impact tests. The ultrasonic C-scan equipment used in this study is

Engineering Structures 324 (2025) 119336

shown in Fig. 4 which has a large water tank and can be used to conduct
damage detection for composite targets from the coupon level to the
structural level. The designation of the ultrasonic sensor was designated
as V311-SU and supplied by OLYMPUS with a detection frequency of
10 MHz. Details of the sensor are provided in Fig. 4.

In this study, a gas gun steel impact test was performed to calibrate
the FE model in terms of the shape and size of the induced projected
delamination area. To that and, a steel impact test platform based on a
gas cannon was built, as shown in Fig. 5. The gas gun shown in Fig. 5 was
designed to launching a 25 mm steel hemispherical impactor. To match
the gas gun, as shown in Fig. 5, a projectile was designed. The base was
polyethylene and fabricated using 3D printing technology, and the tip
was made of 430F stainless steel. The total mass of the steel impactor
was 0.064 kg which was the same as that of the FE model, and a
maximum velocity of 150 m/s was reached with the gas gun. During the
test, a solenoid valve was opened to release the pressurised gas, and then
the steel projectile was accelerated via a 1 mm long steel barrel. After
the projectile was moved out of the barrel and before it initially con-
tacted with the specimen surface, a high-speed camera was used to re-
cord its trajectory, and the average velocity of the projectile was
obtained indirectly (the distance between the end of the tube and the
specimen surface was known). To match the four-side clamped bound-
ary conditions similar to those of the FE model, as shown in Fig. 6, the
composite specimen was fixed with bolts to a thin stainless-steel rect-
angular frame. A region with dimensions of 120.0 mm x 270.0 mm of
the specimen was exposed to a steel projectile impact using this frame.
The four-side clamped specimens were mounted vertically to ensure that
the barrel axis was normal to the surface.

6. Validation of the FE model

In this study, the validity of the FE model was demonstrated in terms

(b)1=0.014 ms

-

(g) t=0.091 ms

(h) r=0.135 ms

(1) 1=0.223 ms

Fig. 7. Test result of the failure behaviour of the 50.8 mm diameter SHI sphere impact at a velocity of 60.6 m/s [40].
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Fig. 8. Simulation result of the failure behaviour of the 25.0 mm diameter SHI sphere impact at a velocity of 60.6 m/s.
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Fig. 9. Comparison of the experimental ((a)-(c)) and simulation ((d)-(f)) single impact projected delamination area of the CFRP laminates under various initial
impact velocities (for typical damage sizes, the C-scan machine accuracy we adopted is on the order of 1-2 mm).

of the SHI sphere characteristic failure behaviour (see Fig. 2) and the and crack propagation of a 50.8 mm diameter SHI sphere at a velocity of
delamination formation of the CFRP composite laminates under steel 60.6 m/s impact on the force measurement bar were clearly recorded.
impact loading. In a study of [40], the failure features of crack initiation These high-speed camera records are shown in Fig. 7. For comparison,
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Fig. 10. Force-time curves of the steel and SHI impacts with similar peak impact forces, the impact velocities are 22 m/s and 99 m/s for the steel and SHI impacts,

respectively.

the simulation results of a 25.0 mm diameter ice sphere impacting a
rigid wall at a velocity of 60.6 m/s are provided in Fig. 8. A key
conclusion can be drawn from Fig. 8 is that the developed FE model can
capture the early stage physical phenomena of the failure features of the
ice sphere during the impact. Therefore, the FE model can be used to
qualitatively represent the ice-sphere failure progression of the impact.
Because the adopted ice model has been quantitatively validated by
comparing the simulation and experimental force-time curves in the
study by Tippmann et al. [40], together with the good agreement be-
tween the failure features (Fig. 7 and Fig. 8), this study suggests that the
ice model is physically sound and can be used to represent the real ice
sphere impact.

To further demonstrate the validity of the FE model, the simulation
and test results of the projected delamination areas of the composite
laminates with different impact velocities were obtained and compared
in Fig. 9. The actual impact locations in the FE model were determined
by measuring the corresponding impact locations on the specimen sur-
faces. Besides, the initial velocity of the steel projectile should ideally be
normal to the specimen surface; however, there is generally an avoided
impact angle error (the impact velocity is not completely perpendicular
to the specimen surface) owing to gravity. To facilitate the investigation,
it was assumed that the impact velocities in the FE model were always
normal to the surface of the composite laminate. This assumption is
acceptable because of the short distance between the barrel end and
front surface of the composite specimen, which was approximately
40 cm in this study. Fig. 9 shows that the projected delamination areas
obtained using the FE model are similar to the corresponding test results,
demonstrating the capability of the FE model in delamination area
prediction. Note that the primary differences in the shape and area of the
projected delamination regions are attributed to the error of the ultra-
sonic C-scan equipment (whose accuracy is on the order of 1-2 mm),
measurement errors of the damage model parameters, and simplifica-
tions of the FE model.

7. Results and discussion

In this section, the numerical results of single-steel and SHI impacts
with the same peak force were first compared to highlight the essential
difference between these two impact events. Furthermore, multiple steel
and ice impact results were analysed to demonstrate the influence of
local dynamic vibrations on delamination formation. Accordingly, the
multiple steel and ice impacts consisted of two successive single steel
and SHI impacts with identical peak impact forces. Finally, the multiple
steel and SHI impact results were compared to distinguish the differ-
ences in the local dynamic vibration effects on delamination formation.

Fig. 11. Projected delamination areas of the single steel impact with the ve-
locity of 22 m/s at impact locations of I; and I,, the delamination area of these
two cases is 96.54 mm?>.

Fig. 12. Projected delamination areas of the single SHI impact with the velocity
of 99 m/s at impact locations of I; and I, the delamination area of these two
cases is 349.95 mm?>.

7.1. Single steel and SHI impact

Zhou [41] demonstrated that the peak impact force is a key param-
eter in delamination formation; therefore, similar peak impact forces
associated with different impact events can induce similar delamination
areas in the same composite laminate. To further investigate the influ-
ence of the peak force on delamination formation for different impact
events, the simulation results of steel and SHI impacts with the peak
force of 5800 N are compared in this section. To this end, the entire
force-time curves of the steel and SHI impacts are shown in Fig. 10. The
corresponding impact velocities for the steel and SHI impacts were
22 m/s and 99 m/s, respectively. Fig. 10 shows that although these two
impact events have similar peak impact forces, the impact durations of
these two impacts are significantly different, the SHI impact duration is
0.085 ms, and the steel impact duration is 1.25 ms. This discrepancy was
primarily attributed to the different impact velocities of the steel and
SHI impacts. Clearly, to obtain the same peak force level, the SHI impact
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Fig. 13. Simulation results of the local vibrations of the loading point I; and I,, the velocity of the multiple steel impact at I; and I is 22 m/s, and for the multiple SHI

impact at I; and I, is 99 m/s.

required a higher impact velocity.

To demonstrate the difference in the delamination formation of these
two impact events directly, the corresponding projected delamination
area of the two impact cases are presented in Fig. 11 and Fig. 12,
respectively. Note that the impacts at locations I; and I, refer to two
identical single steel or SHI impacts, whose force-time curves are
accordingly shown in Fig. 10. Fig. 11 and Fig. 12 show that the projected
delamination area shape of the steel impact is close to circular, whereas
the SHI impact has an irregular elliptical shape and no delamination
occurs within this central impact area. The SHI impact-projected
delamination area had a size of 349.95 mm?, which was approxi-
mately four times than that of the steel impact. In addition, the SHI
impact velocity was 99 m/s, which was also approximately four times
the steel impact velocity. This implies that the impact velocity is a more
direct parameter than the peak impact force in delamination formation
for different impact events. However, further studies are required to
demonstrate this.

7.2. Multiple steel and SHI impact

When the loading point I; on the composite laminate was impacted
(Fig. 3), a cosine-curve-like local vibration was induced along the out-of-
plane direction. Subsequently, a similar local vibration occurs at loading
point I. The corresponding simulation vibration curves of the steel and
SHI impacts are presented in Fig. 13. Obviously, the reason for the I,
vibration curves not being initiated from the origin coordinates is that
time is required for the impact waves to propagate between I; and I5. In
addition, the steel impact vibration curves were smoother than the SHI
impact curves, possibly due to the higher impact velocity of the SHI
impact, which could induce more complex local vibration behaviours of
the composite laminate. Note that the first vibration periods of loading
points I; and I, were selected for the subsequent investigation. To well
demonstrate the effect of local vibrations on the formation of delami-
nation, nine moments were selected for the second steel or SHI impact
according to the local vibration curves shown in Fig. 13(b) and (d). The
specific time moments for the second steel or SHI impacts are

Table 4

Specific time moments for the second steel or SHI impact based on the local vibration curves of I,.
Moment (t) A B C D E F G H 1
Value [107* 5] 1.5 3.5 6.0 9.5 13.0 15.0 17.5 19.5 23.0
Moment (£) A B’ c D' E F G H r
Value [107* 5] 1.3 3.5 6.0 8.0 10.5 12.3 16.5 18.8 23.3

Note: the moment t = 0 s corresponds to the onset of the first impact
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Fig. 15. Normalised delamination areas of the loading point I, under the steel impact, the impact velocity is 22 m/s for all second steel impact.

summarised in Table 4.

7.2.1. Numerical results of the multiple impact projected delamination area

The simulation results of the multiple steel impacts are shown in
Fig. 14, and the projected delamination areas at the loading point I with
different impact moments were measured and shown in Fig. 15. Sub-
jectively, compared with the first impact (the impact at loading point I),
the projected delamination areas at loading point I indeed vary with the
second impact moment as shown in Fig. 14. The relationship between
the measured delamination areas and the second impact moment shown
in Fig. 15 can quantitatively demonstrates this statement. In Fig. 15, the
normalised delamination area refers to the ratio of the projected

10

delamination area of the second impact to that of the corresponding
single steel impact projected delamination area. In addition, as shown in
Fig. 16 and Fig. 17, the multiple SHI impact results show the same
relationship between the second impact-projected delamination area
and the second impact moment on multiple steel impacts.

As shown in Fig. 15, the second steel impact normalised delamina-
tion areas are larger than the first impact-projected delamination area.
The steel impact normalised delamination area changes sinusoidally
with the second impact moment which can be easily observed in Fig. 15.
On the other hand, the sizes of the second SHI impact projected
delamination areas were generally smaller than those of the first impact
ones (Fig. 17) and varied randomly with the second impact moment. In
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Fig. 16. Numerical projected delamination areas of the SHI multiple impacts, the impact velocity is 99 m/s for the two impacts at I; and Io.
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Fig. 17. Normalised delamination areas of the loading point I, under the SHI impact, the impact velocity is 99 m/s for all second SHI impact.

other words, although the second steel or SHI impact projected delam-
ination area affected by the second impact moment, the influencing
mechanisms were significantly different. Besides, it is worth noting that
the projected delamination areas of loading point I; shown in Fig. 14(a)
and (b) are significantly smaller than those in the single impact case.
This is due to the technical limitations of the present ABAQUS software
and the relatively long single steel impact duration (Fig. 10). At the
second impact moment of t = 1.5 x 10~%s (moment A), the first impact
is still at this very beginning phase. However, ABAQUS has to terminate
the calculation of the first impact at this moment and start the second
impact simulation using the predefined field function. This finally
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resulted in the first impact simulations corresponding to those shown in
Fig. 14(a) and (b) not being fully completed, and the projected delam-
ination areas were relatively smaller than those in the single impact
case. On the other hand, as shown in Fig. 16, the first SHI impact
delamination area was the same for all multiple impact cases with
different second impact moments. In this study, the single SHI impact
duration was about 1.4 x 10™% s (Fig. 10), whereas the earliest second
impact moment (A") of the multiple SHI impact was 1.3 x 10~*s. In this
case, the first SHI impact was almost complete when the composite
laminate was subjected to the earliest second SHI impact. Therefore, the
formation of the first SHI impact delamination is not affected by
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Fig. 18. Relationship between the normalised peak force and moment of the 2nd steel or SHI impact.

multiple SHI impacts.

7.2.2. Relationship between peak impact force and delamination formation

In the present study, the impact velocities for all second steel impacts
and the SHI impact were set to 22 m/s and 99 m/s, respectively. This
indicates that the impact velocity has no correlation with the discrep-
ancy in the second impact projected delamination area of the steel
impact or SHI impact cases, although the impact velocity has shown
potential in terms of equivalent single steel and SHI impacts. Therefore,
to determine the underlying reason why the same second steel or SHI
impact induces different projected delamination areas at different
impact moments relative to the first impact, the variation in the peak
impact force with the impact moment and its relationship with the
projected delamination area are discussed in this section. To this end,
the peak forces of all the second impacts were obtained using the FE
model and then normalised with the peak forces of the corresponding
single steel or SHI impacts. The normalised impact peak forces of the
second steel impact or SHI impact and their variation with the second
impact moment are presented in Fig. 18. It can be concluded from
Fig. 18 is that the normalised peak forces of multiple steel and SHI im-
pacts vary sinusoidally with the second impact moment. For the multiple
steel impact, similar to the second steel impacts normalised delamina-
tion area sizes (Fig. 15), almost all normalised peak forces shown in
Fig. 18(a) are larger than the first impact projected delamination area,
except for the impact moment F. Different from the multiple steel impact
case, the sizes of the second SHI impact normalised peak force are
slightly larger or smaller than the first impact normalised peak force
(Fig. 18(b)).

To quantify the relationship between the normalised delamination
area and the normalised peak force, a curve-fitting technique was
adopted, and the final results are presented in Fig. 19. A linear
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relationship between the normalised delamination area and normalised
peak force can be established for the second steel impact, which is in
good agreement with the similar sinusoidal distributions of the nor-
malised peak force and normalised projected delamination area shown
in Fig. 15 and Fig. 18(a). On the other hand, the normalised delamina-
tion area and the normalised peak force of the second SHI impact
showed a weak liner relationship, with R? = 0.25. The weaker linear
relationship between the normalised projected delamination area and
normalised peak force of the second SHI impact compared with that of
the second steel impact could be attributed to the earlier failure of the
SHI sphere during the impact or the more complex local dynamic vi-
bration which is shown in Fig. 13(c) and (d).

In summary, the formation of the second steel or the SHI impact
projected delamination area was affected by the second impact moment.
This is because the second steel or SHI impact peak force is affected by
the local dynamic vibration, with the assumption that peak impact force
is a key parameter in delamination formation. Compared to the peak
impact force, the impact velocity did not influence the formation of the
second steel or SHI projected delamination; however, the impact ve-
locity could be used to make equivalent between the steel and SHI
impact events. In addition, the results of this study demonstrate that
local dynamic vibrations have a significant influence on the formation of
projected delamination in multiple impact cases. Designers should be
aware that in extreme multiple impact cases, such as hail impacts, the
same impact can cause more severe damage status due to the local dy-
namic vibration induced by the previous impact(s).

8. Conclusion

The influence of local dynamic vibration on the delamination for-
mation of fully clamped composite laminates were investigated in this
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study using a calibrated FE model. For the composite laminate subjected
to two identical loads at different locations, the projected delamination
formation associated with the second impact was significantly affected
by the local dynamic vibrations induced by the first impact. The main
conclusions are as follows:

e An experimental data validated progressive damage finite element
(FE) model in collaborating with ABAQUS to investigate the influ-
ence of plate vibration on the formation of delamination for the
multiple impacted composite laminate has been developed. This FE
model is capable of modelling the failure process of the ice projectile
and the damage behaviour of the composite laminates subjected to
the out-of-plane ice and steel impacts.

Both the second impact-induced projected delamination areas of the
multiple ice and steel impact cases predicted by the FE model varied
with the second impact moment relative to the first impact. The
impact peak force in both cases also varied with the second impact
moment. The change in the maximum contact forces of two identical
impacts induced by dynamic vibration is suggested to be a major
reason for the discrepancy between the newly formed delamination
and previous ones.

Similar peak impact forces cannot induce similar projected delami-
nation areas in the single steel and SHI impact events. In contrast, the
impact velocity showed this potential for equivalence in terms of the
projected delamination area between the single steel and SHI sphere
impacts in this study.
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