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Neighbouring damage effects cause a larger projected delamination area
than the sum of two identical out-of-plane quasi-static indentation cases.

ABSTRACT

To improve current design approaches for composite structures, it is required to further investigate the
damage interaction effects of composite materials under multiple out-of-plane concentrated loads. It is
first necessary to comprehend the dependence of the effective delamination threshold, which describes
whether a delamination grows on pre-existing delamination damage in composite laminates. A com-
bined experimental and numerical study is presented, in which two sequential out-of-plane quasi-
static indentations are applied to fully clamped composite laminated panels, with changing distances
between the two indentation locations changing. The results show that the second indentation delami-
nation is more likely to propagate, particularly in the straight-line direction from the second indentation
site to the first one, which can be interpreted as a decrease in the effective delamination threshold asso-
ciated with microcracks ahead of the delamination front. The relevant percentage reduction is 37% and is
independent of the imposed indentation load. As a crucial take-away, designers should be mindful that

the damage interaction effects could result in greater damage than the sum of the individual cases.
© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Fibre-reinforced polymer composite (FRP) laminates are
widely used in aviation structures, primarily due to their high
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strength-to-mass and stiffness-to-mass ratios [1], which have
attracted interest of numerous researchers [2-5]. However, owing
to their weak through-thickness strength, FRP laminates are sus-
ceptible to out-of-plane concentrated loads, which often occur dur-
ing quasi-static indentation 6], low-velocity impacts [7], and high-
velocity impacts [8]. Delamination, matrix cracking, and fibre
breakage are the three main damage modes of FRP laminates under
these loading conditions [9]. Those induced damages usually have
detrimental effects on the fundamental properties of composite
laminates, causing stiffness and strength degradation [10,11].

Over the past several decades, many studies have focused on
the damage behaviour associated with single impacts or indenta-
tions applied to FRP composite laminates [12-16]. Through these
studies, the damage resistance and tolerance of diverse composite
laminates with distinct geometric features and mechanical proper-
ties have been compared. However, concerns may arise regarding
whether this particular single loading condition is representative
of actual loading conditions that a composite structure encounters
throughout its service life. Impact events such as hail impacts, gen-
erally occur randomly and multiple times on the exposed surfaces
of composite structures [17].

To address this concern, several studies have considered a more
representative loading condition: two single impacts at separate
sites on composite laminates [18-20]. Zhou et al. [18] charac-
terised the similarities and differences between the first and sec-
ond impacts by comparing the force-time curves, force-
displacement curves, velocity-time curves, and energy-time
curves. Liao et al. [19,20] used the same method in their investiga-
tions. These studies focused mostly on comparing the macroscopic
quantities resulting from the first and second impacts; damage
characteristics such as matrix cracking, delamination, and fibre
breakage of the first and second impacts were not investigated in
detail. In fact, if two single impacts do not occur simultaneously,
the pre-existing damages induced by the first impact may affect
the formation of the second impact damages. Quantification of
potential damage influences by sudden or apparent slope varia-
tions in the impact curves (e.g. load drop in the force-displacement
curve) is inconclusive as the relationship between damage forma-
tion and changes in the impact curves is not well understood [21-
25]. Alternatively, more directly related metrics such as the
increase or decrease in the effective damage initiation and propa-
gation thresholds can be used to quantify the effects of the first
impact damage on the formation of the second impact damage.

To this end, a combined experimental and numerical investiga-
tion was conducted on the delamination formation response of
CFRP composite laminates with fully clamped boundary conditions
subjected to multiple quasi-static indentations. These consist of
two out-of-plane quasi-static indentations with identical loading
rates, peak indentation forces, and indenter geometries were suc-
cessively applied to separate sites on the front surfaces of compos-
ite laminates. Ultrasonic C-scanning and optical microscopy were
used to obtain damage information for the composite specimens.
Finite element (FE) analyses in ABAQUS, which incorporated mate-
rial property degradation induced by matrix cracks and fibre fail-
ure, were used to determine the indentation stress fields.

The selection of quasi-static indentation over impact loading
was prompted by the desire to prevent additional noise caused
by the dynamic response of the device and coupons during low-
velocity impact testing. In addition, with indentation as a baseline,
dynamic effects can be studied later by correlating the results from
impact testing with the indentation results. Several studies have
been conducted on the relationship between quasi-static and
dynamic indentations on composites [25-28]. More important,
the quasi-static indentation test offers an advantage over the
dynamic impact test in terms of better control of the exact loading
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location, which is essential for investigating multiple indentations
at distinct locations with precise distances.

2. Effects of existing damage on subsequent damage creation

In general, strength is defined as the ability of a material to
withstand failure. At the length scale of the ply thickness, the
strength of unidirectional FRP composite laminates is a function
of the fibre orientation, loading type, and differences between
the in-plane and out-of-plane properties. Many studies have eval-
uated the degree of strength degradation of FRP composite lami-
nates as a function of the type and extent of damage by
calculating the residual compressive, tensile, and flexural strengths
[14,29-34]; the term damage tolerance is used to describe the per-
formance of composites with various damages [7]. Owing to the
complexity of the flexural stress field in the presence of damage
[7], the relationship between specific damage modes and their
degradation in flexural strength remains unclear despite the fact
that several relevant studies [35-37] have been conducted.

Furthermore, the effective thresholds for damage initiation and
propagation are correlated with the strength of FRP composite
laminates. In this scenario, the effective damage thresholds for
an FRP laminate are the effective matrix crack initiation threshold,
effective fibre failure threshold (compressive or tensile strength of
the fibre), and effective delamination propagation threshold. Thus,
existing damage not only defines how damage propagates under
load, but may also affect the creation, type, and size of externally
imposed damage in its vicinity (e.g. by impact). In other words,
impact damage in a pristine structure may be different from
impact damage in the same structure with pre-existing damage.

The purpose of this study is to determine whether the influence
of the first-indentation damages on the propagation of the second-
indentation delaminations can be evaluated by examining the
effect of the first-indentation damage on the effective second-
indentation delamination thresholds. As damage generally results
with material strength degradation, the effective second-
indentation delamination thresholds are expected to degrade
when there are pre-existing damages in the vicinity of the second
indentation delamination front.

To aid this study, a delamination prediction method proposed
by the authors in a previous study [38] is used to assess the reduc-
tion in the effective propagation threshold of a newly formed
delamination as a result of pre-existing damage. With this
approach, the potential interactions between adjacent damage
locations can be studied, and a framework for studying the effect
of multiple adjacent damage locations can be created.

3. Overview of method for predicting delamination
3.1. Delamination growth criterion

In a recent study by the authors [38], a concise Hashin-type
delamination propagation criterion was developed to predict
delamination growth along the fibre orientations to singly
indented CFRP laminates. The equation for the criterion for delam-
ination growth is

2
013
=) =1 1
(82) 1)
where o3 is the local transverse shear stress at the ply interface;
the 1-axis is parallel to the fibre orientation of the lower ply (ply
further away from the indentation site) of the considered ply inter-

face, and the 3-axis is aligned with the z-axis depicted in Fig. 1. S;3
is the out-of-plane (interlaminar) shear strength of the correspond-
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Fig. 1. Cartesian coordinate systems: global coordinate systems (black x-y-z and
(X)45--(¥)as--z) and local coordinate system (red 1-2-3). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

ing unidirectional laminate made from M30SC/DT120 prepreg
(Table 1).

Eq. (1) shows that along the lower ply fibre direction, delamina-
tion grows when the out-of-plane shear stress o3 is greater than
the out-of-plane shear strength S;3. In this context, the out-of-
plane shear strength can be considered the effective delamination
growth threshold in the considered direction. Consequently,
changes in this delamination growth threshold value can be used
to assess the influence of pre-existing damage on the propagation
of subsequent adjacent damage.

3.2. Description of FE model

Clearly, the accuracy of the indentation stress field is critical for
predicting the delamination growth using the proposed criterion.
To determine the indentation stress field of the single-indented
CFRP laminates, as shown in Fig. 2, an M30SC/DT120 carbon/epoxy
composite laminate with layup [45/0/-45/90],s and dimensions of
150 mm x 300 mm x 2.5 mm was modelled. The material property
parameters used in the FE model were obtained from material data
sheets [39,40] and were shown in [38,41] to be sufficiently accu-
rate for the purposes of this investigation. For convenience, they
are summarised in Tables 1 and 2. To improve the simulation accu-
racy, geometric nonlinearity was considered, and the 25-mm-
diameter steel hemispherical indenter was assumed to be a rigid
body. The contact between the indenter and plate was modelled
as the surface-to-surface type in which the normal behaviour
was treated as ‘Hard’ and tangential behaviour was characterised
using the penalty method with a friction coefficient of 0.3 [38]. A
sensitivity investigation that changed the friction coefficient from

Table 1
Unidirectional laminate strengths of M30SC/DT120 (quasi-static loading condition)
[39].

Strength Test standard Test result [MPa]
Xt ASTM D 3039 3010

Xc ASTM D 6641 1020

Yr ASTM D 3039 39

Yc ASTM D 6641 138.0

Zr - 39

S12 EN 6031 95.6

S13 (S23) EN 2563 77.2

Note: Z; is estimated based on Yr, the 1-direction is parallel to the fibre direction,
the 2-direction is in-plane and normal to the fibre direction, and the 3-direction is
parallel to the out-of-plane direction, S; (i = 1, 2, 3; j = 1, 2, 3, i # j) are the shear
strength parameters, X is the strength parallel to the fibre direction, Y and Z are the
strengths normal to the fibre direction with Z out-of-plane, C and T refer to com-
pressive and tensile, respectively.
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Fig. 2. Details of the FE model used to predict single-indentation stress field [38].

Table 2
Elastic material properties for M30SC/DT120 prepreg [40].

p =1.76 g/cm®

Eyy = 155 GPa, Es» = Es3 = 7.8 GPa,
Gra = Gy3 = 5.5 GPa, Gys = 3.25 GPa*
V1o = 13 = 0.27, 153 = 0.2*

Density
Young’s modulus of material

Poisson’s ratio

" Gy is estimated, and 2,3 is calculated by assuming that the 2-3 plane is
isotropic.

0.2 to 0.4 indicated no significant differences in the force-deflec-
tion curves of the simulated laminates.

In addition, each layer had a thickness of 0.15 mm and was
meshed using C3D8I (8-node linear brick, incompatible elements)
to address any potential convergence issues. All degrees of freedom
of the corresponding regions whose inner boundaries were within
15 mm and 42.5 mm from the numerical plate edges were con-
strained (Fig. 2); these regions are denoted as ‘fixed’. Lastly, this
model accounted for damage-induced mechanical property degra-
dation by incorporating the Puck failure criteria [42] and the con-
stant stress exposure (CSE) progressive stiffness degradation
technique [43]. The delamination and its effect on the indentation
stress field distribution were not considered; this simplification
was supported by the results. The FE model can accurately predict
the indentation stress field of the indented composite laminates, as
shown in [38], because of the good agreement between the pre-
dicted and experimentally measured delamination sizes.

3.3. Determination of delamination length

The delamination length in the direction of the fibres is defined
as the maximum length of all single delaminations at different ply
interfaces:

Lo = max{lo1,loz, - lon}, ® = 0,45 ,90",—45"} )

where g, is the maximum delamination length at the n ply inter-
face (the first one is closest to the indented surface) along the fibre
direction ®. To demonstrate the determination of delamination
lengths using this concept, the determination of length Lys. for a
composite laminate under an indentation force of 3000 N is illus-
trated in Fig. 3. Note that Lss- = I45-11 in this case indicates that
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Fig. 3. Determination of delamination length Lys-: (a) shear stress distribution on eleventh ply interface determined by the FE model; the single delamination length in the
45¢ fibre direction has the maximum value at the eleventh interface [38]; (b) definition of Lss- of the C-scan projected delamination area; the coordinate system is shown in

Fig. 1.

the eleventh ply interface delamination length is the maximum in
the 45° direction [38].

As shown in Fig. 3(a), the value of the delamination length I45-11
is equal to the distance between the points on the out-of-plane
shear stress profile, whose absolute values are equal to the inter-
laminar shear strength (S;3), covering the region in which the shear
stress exceeds its ultimate strength value. As the eleventh ply
interface delamination has the maximum value in the 45° fibre
direction [38], the projected delamination length Lys- is taken as
the value of l45.11. Two additional stress points with the same abso-
lute value as the interlaminar shear strength can be noticed
between the minimum and maximum stress points of the shear
stress profiles. During the static indentation, delamination cannot
propagate in that region, as the out-of-plane compression stress
induced during the indentation process prevents delamination
from propagating.

4. Experimental details
4.1. Material and test fixture

For consistency with an earlier study [38], the CFRP panels were
fabricated with the same hand lay-up process using the unidirec-
tional carbon/epoxy prepreg M30SC/DT120 supplied by Delta-
Tech S. p. a. The CFRP panels were placed in an autoclave and cured
for 90 min at 120 °C and a pressure of 6 bar. The resulting panels
were cut with a diamond saw into rectangular specimens with
dimensions of 150 mm x 300 mm and a nominal thickness of
2.5 mm, consistent with the FE model (Fig. 2). The specimens
had a quasi-isotropic layup [45/0/-45/90],s in which the 0° fibre
direction was aligned with the short edges (the x-axis direction,
as shown in Fig. 1). Prior to testing, all specimens were ultrasoni-
cally C-scanned; only those free of flaws were used in the tests.

In this study, a test fixture with a 120 mm x 215 mm rectangu-
lar window was used, as shown in Fig. 4(a). Using this fixture, the
short edges of the specimen were fastened with bolts that passed
through it, and the two long edges were clamped by the contact
pressure. As this study considers two identical indentations
applied at separate locations and investigates the effect of damage
associated with the first indentation on the formation of the sec-
ond indentation delaminations, the two indentations must be
applied to regions with similar damage behaviours. To ensure that
only the first indentation damages directly or indirectly influence
the formation of the second indentation delaminations, the factors
(primarily the target plate geometry effect [24]) that could poten-
tially influence the damage behaviour should remain the same
whenever a single indentation is applied to these regions. Accord-
ing to a previous study by Huo et al. [41] on composite laminates

subjected to eccentric indentations, using the test fixture depicted
in Fig. 4(a), the multiple indentations should be applied to the cir-
cular central region of the specimen with a diameter of at least
30 mm.

4.2. Multiple quasi-static indentation test

The multiple quasi-static indentation tests were performed
using a Zwick Roell 20-kN servo-hydraulic test machine, as illus-
trated in Fig. 4(b). The out-of-plane indentations were applied ver-
tically on the front surfaces of the specimens at a constant
indentation rate of 15 mm/min using a steel hemispherical inden-
ter with a diameter of 25 mm, in accordance with the indentation
plan depicted in Fig. 4(c). The two loading points were antisym-
metric about the centrelines of the specimen (the x- and y-axes,
as illustrated in Fig. 1). The first indentation position was I, fol-
lowed by I,; each site was indented once. The primary objective
of such an indentation arrangement is to maximise the use of space
on the specimens with similar single indentation damage beha-
viours. The indentation tests were conducted under displacement
control, with each indentation applied up to a predefined indenta-
tion force before the indented specimens were unloaded. In this
study, the predefined indentation forces for the specimens were
3000 N, 4000 N, and 5000 N. The summary of these test details is
shown in Table 3.

4.3. Damage detection

After conducting the quasi-static indentation tests, ultrasonic C-
scanning was performed to determine the projected delamination
areas. The specimens were ultrasonically C-scanned using a
through-transmission method: the coaxial cylindrical acoustic
wave transmitter and receiver were mounted on opposite sides
of the composite specimen immersed in water. OLYMPUS supplied
the transmitter and receiver, which were both designated as V311-
SU. The ultrasonic inspection settings were configured using an
OLYMPUS EPOCH 650 digital ultrasonic flaw detector. To automate
the damage detection, the software NI LabVIEW 2018 SP1 was
employed for the stepper motor driver control, data acquisition,
and imaging. The chosen speed for the direct vertical axis was
200 mmy/s, whereas the speed for the direct horizontal axis was
1 mm/s. Subsequently, one specimen from each test group (Table 3)
was sectioned along the red line, as shown in Fig. 4(c), and the
exposed cross-sections were progressively ground using sandpaper
with grain sizes of 82 pm, 46.2 pm, 18 pm, 8 um, and 5 pm. After
that, diamond pastes were used to polish each sample. Lastly, the
cross-sectional damage micrographs were obtained using a Key-
ence VK-X3000 microscope at 5x and 15 x magnifications and then
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Fig. 4. Overview of multiple quasi-static indentation test and ultrasonic C-scan equipment.

Table 3

Test matrix.
Test group Number of coupons Predefined indentation d [mm]

force [N]

QSI_01 3 5000 5
QSI_02 3 5000 12
QSI_03 3 5000 17
QSI_04 3 5000 22
QSI_05 3 5000 27
QSI_06 3 3000 12
QSI_07 3 4000 17

post-processed using AutoCAD 2021 software for illustration
purposes.

5. Results and discussion

In this section, the C-scan damage recordings for the multiple-
indented composite laminates under an indentation force of 5000
N and different loading distances were used to illustrate the
delamination link-up effects. Subsequently, the delamination
link-up effects were investigated using the proposed method pre-
sented in Section 3. Finally, the conditions for generalising this
study are discussed along with some limitations.

5.1. Characteristics of multiple indentation damages and assessment of
delamination interaction

C-scan records of the specimens with two successive identical
indentations were used to examine the possible interactions. The
C-scan results of the specimens indented with an identical peak

force of 5000 N and loading distances (d) ranging from 5 mm to
27 mm are presented to highlight the typical characteristics of all
multiple indentation damages. The C-scan results are given in
Fig. 5, using the coordinate system shown in Fig. 1.

As shown in Fig. 5, the link-up of the two projected delamina-
tion areas of both indentations is of particular significance. Beyond
d > 22 mm, these two single delamination areas were no longer
connected, as shown by the two separate C-scan damages (Fig. 5
(e)). Consequently, the loading distance d = 22 mm is an approxi-
mation of the critical distance for the delamination area link-up,
indicated in this study as d.;.. Note that, based on the accuracy
of the C-scan equipment, which has been determined to be on
the order of 1-2 mm for normal damage sizes, the exact critical
distance is likely greater than 22 mm.

Thus, the two delamination areas merged at approximately
d = 22 mm. The question is whether the merging of delamination
areas is simply the superposition of two distinct delamination
areas or whether actual link-up effects occur, that is, whether the
second indentation delamination area is affected by the existence
of the first one. To determine whether delamination areas merely
merge or whether actual link-up effects occur, the C-scan results
were analysed following the concept presented in Fig. 6. In Fig. 6,
3L refers to the maximum length of the connected projected
delamination areas along the 45° direction if d < d;¢; otherwise,
3L is simply the sum of the major axis lengths of the two isolated
oval delamination areas.

The delamination areas shown in Fig. 5 were quantified and
plotted in Fig. 7, where Eq. (3) defines how the two delaminations
merge without link-up effects. If there are no interactions between
the first and second indentation delamination areas, as shown in
Fig. 5, 2L should be a simple superposition of the corresponding
single delamination length Lys.; in this instance, (Lss:); =



L. Huo, C. Kassapoglou and R.C. Alderliesten

Materials & Design 227 (2023) 111723

Fig. 5. Ultrasonic C-scan damage morphologies of the specimens subjected to two consecutive indentations with an identical indentation force of 5000 N and different
loading distances: (a) d =5 mm; (b) d = 12 mm; (c¢) d = 17 mm; (d) d = 22 mm; (e) d = 27 mm.
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Fig. 7. Comparison of the calculated and experimentally measured XL; the
indentation force was 5000 N. (dcrit)non-interact Iefers to the critical loading distance
for delamination area link-up without potential link-up effects. The C-scan device
accuracy is on the order of 1-2 mm for typical damage sizes.

(Lgse)2 = Lyse. The delamination superposition implies a linear
increase from Lys- to 2L4s- at link-up, with a value of 2L4s- beyond
that point.

d+ Lo d< Ly
ZL:{ + 45 45 (3)
2L d> Ly

The single delamination length, which was measured from the
C-scan record and used to calculate XL, was obtained from a previ-
ous study [38] by the authors.

As the specimens were C-scanned using the same equipment
with the same settings, the errors should be comparable for differ-
ent C-scan results (the C-scan machine accuracy is on the order of
1-2 mm for typical damage sizes). Thus, the discrepancy between
the data and the curve shown in Fig. 7 illustrates the possibility of
link-up effects. The variation of XL with d is linear between (d;)-
non-interact aNd dcit, Which is easily understood by altering the defi-
nition of XL in Eq. (3) with d < Lys- replaced by d < d.. In addition,
XL attains its maximum value at the critical loading distance. How-
ever, without further investigation, it is unclear exactly how XL
precisely changes immediately after d. is reached. In fact, the
damage interaction is also present even when the two delamina-
tion areas are no longer connected. This causes XL to reach its
maximum value at d = d;; and then gradually return to (ZL)yon-
interact = 40 mm (Fig. 7).

The C-scan records are two-dimensional, showing only an
envelope image of the outer borders of multiple delaminations.
Thus, cross-sectional damage analysis was used to actually demon-
strate the essence of the delamination area link-up. The cross-
sectional damage morphologies of the specimens sectioned along
the path shown in Fig. 4(c) are illustrated in Fig. 8. It can be seen
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Fig. 8. Cross-sectional damage morphologies of the specimens subjected to two successive indentations with identical indentation force of 5000 N and different loading
distances: (a) d =5 mm; (b) d = 12 mm; (¢) d = 17 mm; (d) d = 22 mm; (e) d = 27 mm; (f) the original damage micrograph of case (e). The definition of XL is in terms of
delamination length, where (Lss-); and (Lss:), refer to the isolated delamination lengths of the first and second indentations in the 45° direction. The left and right
indentations in (b) - (e) refer to the first and second indentations, respectively, as in (a).

from Fig. 8 that the delamination area link-up shown in Fig. 5 is
essentially the connection, at the same single interface, of delami-
nations emanating from two different indentation sites and propa-
gating from opposite directions. The delaminations at the eleventh
ply interface of the multiple-indented laminates are generally the
largest; and XL can be represented by the lengths of the longest
delaminations (d < d) or the sum of the two isolated delamina-
tion lengths (d > dct).

Note that the stress profile during the second indentation
yielded low stresses in the area of the first indentation delamina-
tion. Thus, the link-up constituted only the extra growth of the sec-
ond indentation delamination, as illustrated in Fig. 9. The
underlying cause for this added growth in the second indentation
could be interpreted as a reduction in the effective delamination
threshold.

5.2. Prediction of critical loading distance for delamination link-up

Using the prediction model described in Section 3 to predict
both the first and second indentations would yield identical delam-
inations, as if the damage interaction effects were not considered.
To predict a longer delamination length with the critical loading
distance, the delamination criterion in Eq. (1) suggests that either
the stress is higher or that the effective threshold strength
decreases. In the critical case, XL = d.j; + Lss, where Lgso = Ig5011
and is the sum of the semi-major lengths of the delamination areas

link-up effect. Therefore, in this case, the prediction of XL is essen-
tially equivalent to predicting dcyit.

5.2.1. Similarity between out-of-plane shear stress profiles of second
indentations with and without first indentation damages

By adjusting the indentation locations accordingly, the first and
second indentation out-of-plane shear stress profiles were deter-
mined using the calibrated FE model. The peak stresses associated
with the delamination link-up can be compared with the pristine
interlaminar shear strength of the material. To substantiate the
validity of the FE model in predicting the second indentation defor-
mation behaviour from the first indentation damages was first
demonstrated by the good agreement between the experimental
and simulation force-displacement curves (Fig. 10). The indenta-
tion force was 5000 N with d = dj = 22 mm and d = 27 mm.
The excellent curve matching suggests that the major features of
the global second indentation stress field distribution can be cap-
tured by this FE model [38].

Subsequently, the eleventh-ply interface numerical stress pro-
files for the first and second indentations were obtained, as shown
in Fig. 11. The second indentation stress profiles were separately
predicted with and without the first indentation matrix cracking
and fibre breakage damages to highlight the stress distribution
anomalies (indicated by the red arrows in Fig. 11). To accomplish

next to the regions A and C (Fig. 9), and is not influenced by the 6000
5000 —— Test d=d ;=22 mm ,
-=-=-- Simulation_d = d_; =22 mm 42
Lase Lase 4000 ——— Test d=27 mm LA
Z ---- Simulation_d =27 mm
3 3000
: -
2000 %7
A C 1000 ==
0
— XL > 2450 0 1 2 3 4 5 6 7

1¥ indentation 2™ indentation

Fig. 9. Illustration of the extra second indentation delamination growth influenced
by the link-up effects.

Displacement [mm]

Fig. 10. Comparison of loading phase of the second indentation force-displacement
curves predicted by the FE model with first indentation damages and those
obtained from the test, with an indentation force of 5000 N.
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Fig. 11. Out-of-plane shear stress profiles of the first and second indentations along the delamination link-up direction at the eleventh-ply interface with an indentation force
of 5000 N; the associated coordinate system is shown in Fig. 1. The red arrow indicates the stress profile anomaly caused by the first indentation damages (matrix cracking
and fibre breakage), and note that without damage interaction, the first and second indentation stress profiles are symmetrical about the original point O. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

this, two consecutive indentations were simulated with and with-
out the UMAT subroutine.

The simulation results (Fig. 11) revealed that, for both cases,
such stress profile anomalies were restricted to the first indenta-
tion centre regions, whereas the second indentation delamination
front shear stresses were only marginally affected. More specifi-
cally, the absolute stress values of the second indentation delami-
nation fronts for d = 27 mm with and without the first indentation
damages (Fig. 11(a)) were 77.2 MPa and 76.1 MPa, respectively;
their d = dgiy = 22 mm counterparts were 48.7 MPa and
44.3 MPa (Fig. 11 (b)). In particular, the simulation results for the
critical case showed only marginal changes in the stress profiles
due to the pre-existing damages, whereas a lower stress value
was found at the second delamination front, such that the value
of |C;1C;| was equal to d (Fig. 11(b)).

As the indentation force steadily increased from O N to 5000 N
in the second indentation, the eleventh ply interface delamination
progressively propagated toward the first indentation site until
link-up. At the point where the delaminations were just connected,
the absolute stress of the second indentation delamination front
can be regarded as the effective delamination growth threshold,
which was 48.7 MPa, as illustrated in Fig. 11(b). This indicates that
the effective second delamination growth threshold decreased
from 77.2 MPa to 48.7 MPa (~37 % decrease from its initial value),
providing a possible explanation for the gap between the calcu-
lated and measured XL at the critical distance in Fig. 7.

5.2.2. Development of delamination growth criterion

As the effective second indentation stress profile at the eleventh
ply interface was minimally affected by the first indentation dam-
ages for d = d., the second indentation stress profile without the

pre-existing damages was used to determine the delamination
size. Consequently, the second indentation stress profile can be
determined via the origin symmetry relationship with the first
indentation stress profile, with a significant increase in computing
efficiency.

With an effective delamination threshold of 77.2 MPa, the sec-
ond delamination did not link with the first one; to explain the test
results, the effective delamination growth threshold must be
reduced from 77.2 MPa to 48.7 MPa (Fig. 11(b)). Therefore, at an
indentation force of 5000 N, the criterion for predicting the growth
of the second indentation eleventh ply interface delamination in
the critical case is:

2
(ﬂ> —1, (=063 4)
{S13 5000N, 11th

where ( is the effective reduction factor, which was deduced by
combining the test results with the finite element simulation.

w Cracks =

[ TR S S .

Fig. 12. Microcracks at the delamination front observed at the fifth ply interface of
the specimen with an indentation force of 5000 N, and to the right end relative to
the indentation centre.
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Fig. 13. Representative cross-sectional damage morphologies of the specimens: (a) with an indentation force of 3000 N, d = d; = 12 mm; (b) with an indentation force of
4000 N, d = d.ir = 17 mm; (c) the original damage micrograph of case (b). The left and right indentations in (b) refer to the 1st and 2nd indentations, respectively, as in (a).

Several microcracks were observed in advance of the delamina-
tion fronts; a representative photomicrograph is shown in Fig. 12.
These cracks are the prelude to the indentation delamination
growth [38] and are regarded as the underlying reason for the
reduced effective delamination growth threshold. Intuitively, the
second indentation delaminations are more likely to propagate in
those crack-rich zones. However, additional research is required
to determine how these cracks affects the effective delamination-
growth threshold.

5.2.3. Validation of indentation force independence for delamination
growth criterion

To generalise the delamination growth criterion presented in
Eq. (4), further investigation is required to demonstrate its inde-
pendence from a number of possible parameters, including the
laminate configuration, ply interface, and indentation force. In this
study, it was hypothesised that to use this criterion to predict d.;
for any indentation force, it must be shown that the criterion is
independent of the indentation force. Applying Eq. (4) with the
effective reduction to the eleventh ply interface yields

013 2
913) _1, (=063 5
(Csl3>llth : ®)

To demonstrate the validity of the delamination growth crite-
rion, which is independent of indentation force, shown in Eq. (5),
the critical loading distances for delamination link-up with inden-
tation forces of 3000 N and 4000 N were measured in the test. The
results showed that the critical loading distances related to inden-
tation forces of 3000 N and 4000 N were approximately 12 mm and
17 mm, respectively. The corresponding representative cross-
sectional damage morphologies are shown in Fig. 13, and were
used to determine the interface at which delamination link-up first
occurred. These specimens were sectioned along the red line, as
shown in Fig. 4(c).

Fig. 13 shows that connected delaminations at the eleventh-ply
interfaces of both specimens (blue numbers 1 and 2) and at the
fifteenth-ply interface of the cases with an indentation force of
4000 N (blue 3). In addition, with an indentation force of 5000 N,
the eleventh-ply interface was the interface at which delamination
link-up first initiated (Fig. 8(d)). Therefore, the eleventh ply inter-
face is regarded as the critical delamination link-up interface for
various indentation forces. The expression for d is

desit = (lys*11)1 '5 (s 11), (6)

where 4511 is defined by Eq. (2), and the subscripts 1 and 2 refer to
the first and second indentations, respectively. In this study, (I45-11)1
and (l45011) Were separately predicted by combining the delamina-
tion growth criteria shown in Egs. (1) and (5) using the out-of-plane
shear stress profiles of the eleventh ply interface.

The critical loading distance d; was determined using Eq. (6)
and compared to the experimentally measured d . in Fig. 14.

30
25
20

15

dcrit [mm]
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5 A Test

Prediction

0
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Fig. 14. Comparison of predicted and experimentally measured d.

Fig. 14 strongly suggests that the delamination growth criterion
shown in Eq. (5) is independent of the indentation force because
the predicted and measured d;; are in good agreement. This indi-
cates that the reduction in the effective second indentation delam-
ination growth threshold at the eleventh ply interface was
constant and independent of the indentation force. Theoretically,
this criterion should be applied to any of the interfaces, however,
to prove the validity of this independence for each single interface,
suitable damage detection techniques that can accurately differen-
tiate between delaminations at different ply interfaces are
required. Nevertheless, the research to this point indicates that
when predicting the growth of the newly formed delamination in
an already damaged composite laminate, a reduction in the effec-
tive delamination growth threshold should be considered.

The results also indicate that the size of the created delamina-
tion is larger due to the damage interaction, which is essentially
associated with the neighbouring-damage-induced delamination
threshold degradation. In this context, special attention should
be paid not only to individual delaminations but also to the possi-
bility of multiple adjacent delaminations, the combined size of
which can be greater than the sum of the individual sizes.

The mutual interactions between the three basic damage modes
of the composite laminates, namely matrix cracking, fibre break-
age, and delamination, deserve further investigation. In particular,
the fact that the size and type of new damage can be affected by
existing adjacent damage must be understood. Expanding the pre-
sented approach from coupon to structural level would help create
robust damage tolerant designs and allow more extensive explo-
ration of the design space.

6. Conclusions

The delamination propagation behaviour of multidirectional
CFRP composite laminates subjected to two identical indentations
with different loading distances was investigated. The results indi-
cate that delamination link-up is a distinguishing damage feature
for multiple-indented laminates and that the critical loading dis-
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tance for delamination link-up can be predicted using the proposed
method, accounting for the damage-induced effective delamina-
tion threshold. The primary conclusion is that the effective delam-
ination growth threshold of the newly formed delamination
associated with the second indentation was reduced due to the
pre-existing damages caused by the first indentation. This resulted
in the longest delamination length along the delamination link-up
direction in the critical case. In addition, the results suggest that
the reduction in the effective delamination growth threshold at
the critical delamination link-up interfaces was independent of
the indentation force.

It is noteworthy that this study has the limitation that the first
indentation delamination and its effects on the global critical sec-
ond indentation stress profile were not considered. In the critical
case, the second indentation delamination grew initially in the
crack-rich zone and then connected with the first indentation
delamination. This indicates that the second indentation delamina-
tion did not propagate in the delaminated ply interface and the
pre-existing delamination had no directly influence on the second
delamination growth. Moreover, the cohesive zone model (CZM)
should be the most effective way to model the delamination dam-
age. However, when modelling these damages, the interaction
between delamination and ply damages (matrix cracking and fibre
breakage) was not taken into account. To solve this problem, new
modelling techniques that account for delamination-induced ply
material degradation are necessary. At this point, the good agree-
ment between the test and simulation results (Fig. 14) can effec-
tively support the primary argument (the effective delamination
growth threshold is decreased owing to the second indentation
damages) of this study. Lastly, this study only investigated the
delamination propagation behaviour of the composite laminates
subjected to two indentations along a specific direction and inter-
face. To generalise the conclusions, additional factors, such as
stress wave, rate sensitivity of material, plate vibration, laminate
configuration, delamination growth in arbitrary directions and
ply interfaces, and more complex loading conditions consisting of
three or more indentations, should be comprehensively consid-
ered. In particular, for the investigation of composite laminates
with more than two indentations, the potential technical chal-
lenges and the modelling approach employed are comparable to
those described in this study. How the pre-existing damages are
affected in the subsequent indentations is the primary research
question associated with the more complex loading condition,
and how to significantly improve the computing efficiency is a dis-
tinct technical challenge.
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