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Effect of pre-existing damage on delamination growth in repeatedly 
indented composites 
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A B S T R A C T   

Improvements in current design approaches require further studies of the damage interaction effects of com
posite materials subjected to repeated out-of-plane concentrated loads. To that end, a combined simulation and 
experimental investigation on composite laminate under repeated indentations is reported. The repeated in
dentations consist of seven identical peak-force indentations that are separately applied to the centre of the 
laminate. The results show that delaminations grow in all seven indentations, which can be interpreted as a 
continuous degradation of the effective delamination growth threshold with each subsequent indentation. More 
specifically, the second indentation effective delamination growth threshold is 62.4 MPa, which is about 19 % 
lower compared to the first one (77.2 MPa). Subsequently, the delamination growth threshold degraded 
approximately linearly with indentation. This effective delamination growth threshold reduction can be asso
ciated with the occurrence and evolution of the crack-rich zone preceding the delamination front.   

1. Introduction 

Fibre-reinforced polymer composite (FRP) laminates are susceptible 
to out-of-plane loading owing to their low through-thickness strength 
[1]. Several studies have investigated the damage behaviour of FRP 
laminates under such loading conditions, which can be classified into 
quasi-static indentation [2–8], low-velocity impact [9–11], and high- 
velocity impact [12–15]. The out-of-plane loads involved in these 
studies are generally applied once at the geometrical centres of the 
composite targets, and the damage resistances of various composite 
materials are evaluated or compared. However, such single impacts or 
indentations may not be sufficient to represent the real-world loading 
conditions experienced by a composite structure during its entire service 
life. Foreign objects, such as hailstones, are prone to strike randomly and 
multiple times on the exposed surfaces of composite structures [16]. 

A review by Sadighi and Alderliesten [17] showed that extensive 
studies have been conducted on the damage behaviour of FRP laminates 
subjected to a more complicated loading condition, namely repeated 
impacts. This kind of impact loadings considered in previous studies can 
be roughly divided into two major categories: single impacts at different 
locations [18,19] and repeated impacts (more than twice) at the same 
location [20–24]. In the former case, when the two impacts do not occur 

simultaneously, the damage induced by the first impact can degrade the 
stiffness and strength properties of the composite targets, which in turn 
affects the formation of the second impact damage, as described in [25]. 
The latter is characterised by damage accumulation effects, wherein 
single impacts may induce minor damages that can accumulate, 
resulting in significant stiffness and strength property reductions. In this 
case, the formation of new damage during subsequent impacts is 
potentially affected by damage-accumulation-induced stiffness and 
strength property degradation. 

For FRP laminates under repeated impacts, researchers usually 
evaluate the laminate responses in terms of peak impact force versus 
impact number, peak impact force versus impact energy, impact dura
tion versus impact number, crater diameter or depth versus impact 
number, projected delamination area versus impact number, residual 
bending stiffness versus impact number [26]. However, what remains 
unclear is that how a specific damage mode evolves with subsequent 
impact load cycles (note that the projected delamination area is usually 
a superposition of several single delaminations at different ply in
terfaces, its development cannot reflect how a single delamination 
grows). According to the authors, the complexity of impact damage, the 
opaque (CFRP) or translucent (GFRP) natures of the FRP laminates, the 
transient nature of the impact events, and the unclear one-to-one 
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correspondence between the initiation and propagation of specific 
damage and impact signal features are the main reasons [2,27–30]. 
These factors together determine the difficulty of observing the 

initiation and propagation of various impact damage in-situ with current 
damage detection techniques. To overcome this issue, more directly 
related parameter(s), such as various damage thresholds, than the 
impact signal features should be employed to describe damage initiation 
and propagation, to evaluate the development of a specific repeated 
impact damage with impact numbers. 

The effective damage threshold can be defined as a critical strength 
value below which a target laminate is unlikely to damage, and is 
classified into effective matrix crack initiation threshold, effective fibre 
tensile and compressive failure thresholds, and effective delamination 
growth threshold [25]. Therefore, the effective damage threshold is a 
concept used to describe whether a damage initiates or propagates, and 
how changes in its value with impact number could be used to quantify 
the effect of pre-existing damage on damage initiation and propagation. 
As an initial step to addressing how a specific damage mode evolves with 
loading cycles in a FRP laminate through changes in effective damage 
threshold, the damage behaviour of delamination growth is considered 
in this study. The variation in the effective delamination growth 
thresholds with indentation number is investigated and quantified using 
an updated delamination failure prediction approach proposed in a 
previous study of the authors [25]. That method conceptually assumed 
that the delaminations along the fibre direction grow as long as the out- 
of-plane shear stress σ13 exceeds the effective delamination growth 
threshold S13. Furthermore, because damage usually results material 
property degradation, the hypothesis of this work is that the effective 
delamination threshold is degraded owing to the previously generated 
damage in composite laminates under repeated impacts. As a result, 
continuous degradation of the effective threshold with each loading 
cycle indicates a continuous delamination growth. 

Note that the repeated out-of-plane load considered in this study 
consists of seven consecutive indentations with similar peak forces. The 
repeated quasi-static indentations were first chosen over repeated im
pacts primarily because they provide better control over exact loading 
location than impact, as well as the ability to avoid additional signal 
noise associated with dynamic vibrations. More specifically, rectangular 
multidirectional CFRP laminates with four-side clamped boundary 
conditions were subjected to seven identical indentations exactly at their 
centre. Ultrasonic C-scanning and cross-sectional damage analysis were 

Table 1 
Unidirectional laminate strengths of M30SC/DT120 (quasi-static loading con
dition) [31].  

Strength Test method Test result [MPa] 

XT ASTM D 3039 3010.0 
XC ASTM D 6641 1020.0 
YT ASTM D 3039 39.0 
YC ASTM D 6641 138.0 
ZT* – 39.0 
S12 EN 6031 95.6 
S13 (S23) EN 2563 77.2 

* value is estimated according to YT. 
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Fig. 1. Cartesian coordinate systems used in this study: global coordinate 
systems (black x-y-z, (x)-45◦-(y)-45◦-z) and (x)45◦-(y)45◦-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.) 
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Fig. 2. Details of the FE model used to determine the indentation stress field 
associated with the single indentation, the layup is [45/0/− 45/90]2s [25]. 

Table 2 
Elastic material properties for M30SC/DT120 prepreg.  

Young’s 
modulus 

E11 = 155 GPa, E22 = E33 = 7.8 GPa, G12 = G13 = 5.5 GPa, G23 =

2.6 GPa* 
Poisson’s ratio v12 = v13 = 0.27, v23 = 0.5* 

* v23 is estimated, and G23 is obtained by assuming that the 2–3 plane is 
isotropic. 
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Projected 
delamination area

1st indentation 2nd indentation

Fig. 3. Illustration of delamination propagation with damage interaction effect 
in the multiple indented composite laminates. 

Delamination front

Delamination growth direction

Fig. 4. Illustration of delamination propagations in the composite laminates 
subjected to repeated indentations at the same point (point-repeated 
indentation). 
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used to determine the damage state of the repeatedly indented com
posite laminates. In addition, to simulate that repeated loading condi
tion, the proposed finite element (FE) model [25] is upgraded with 
additional indentation cycles accordingly. 

Lead screw

Force & displacement 
sensor

Indenter
Sample
Clamps

Support

Indenter fixing device

(b) Illustration of the test  device (c) Indentation location

(a) Test clamp. Clamped test specimen is
indicated by the hatched area
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200

21
5

30
0

45°

Fig. 5. (a) details of the test clamp, (a) repeated quasi-static indentation test device, and (c) the indentation plan; the adopted global coordinate system is shown 
in Fig. 1. 

Table 3 
Test matrix.  

Test group Number of specimens Predefined indentation force [N] 

QSI_01 3 3500 
QSI_02 9 4500 
QSI_03 3 5500 

Note: eight specimens from the test group QSI_02 were used for the microscopic 
observation (see Fig. 9 and Fig. 10 below). The remaining one specimen and 
those corresponding to the images demonstrated in Fig. 9(d) and Fig. 10(d) were 
also used for the ultrasonic C-scan purpose. 
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Fig. 6. Comparison of the first and seventh indentation projected delamination areas for the composite laminates under the point-repeated indentations with 
different peak indentation forces: (a) 3500 N, (b) 4500 N, and (c) 5500 N, the associated global coordinate system is shown in Fig. 1. 
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2. Basis of the proposed delamination growth prediction 
method 

2.1. Prediction of fibre direction delamination growth under single 
indentation 

The proposed method of the authors [25] for evaluating delamina
tion growth in fibre direction is based on the principle of strength of 
materials, and the delamination growth criterion associated with this 
method is as follows: 
(

σ13

S13

)2

= 1 (1)  

where σ13 is the ply interface out-of-plane shear stress and the 1-axis is 
parallel to the lower ply (i.e., the ply farther away from the indentation 
site) and the fibre orientation of any two adjacent layers with different 
fibre directions. S13 is the interlaminar shear strength of the unidirec
tional laminate, which is 77.2 MPa according to the datasheet provided 
by the manufacturer (Table 1).  

The indentation stress profile used to calculate the delamination size 
was numerically determined using a calibrated FE model, whose di
mensions and boundary conditions are presented in Fig. 2. The adopted 
elastic and strength material properties are summarised in Table 1 and 
Table 2, respectively. The FE modelling was conducted on an M30SC/ 
DT120 carbon/epoxy composite panel with a layup sequence of [45/0/ 
− 45/90]2s and a geometry size of 150 mm × 300 mm × 2.5 mm. The 
mesh size is 1.74 mm × 1.74 mm × 0.156 mm in the central square 
region with dimensions of 150 mm × 150 mm × 2.5 mm. The inden
tation load was applied at the centre of this square region. A mesh 
sensitivity study was conducted (the mensh sizes considered were 3.48 
mm × 3.48 mm × 0.156 mm, 1.74 mm × 1.74 mm × 0.156 mm and 
0.87 mm × 0.87 mm × 0.156 mm), which indicated that the FE model 
with the mesh size of 1.74 mm × 1.74 mm × 0.156 mm had the most 
acceptable balance between computational time and precision. The 
boundary condition of this FE model is four-side clamped, i.e., all de
grees of freedom (DOF) in the corresponding regions (see Fig. 2, which 
were marked as ‘Fixed’) were constrained. Geometric nonlinearity was 
considered in this model to improve the computational accuracy. The 
steel hemispherical which with a 25 mm diameter was treated as a rigid 
body and meshed using R3D4 elements. The contact type between the 
indenter and composite panel was surface-to-surface, for which the 
tangential behaviour was described using the penalty method with a 0.3 
friction coefficient [32]. Layers of the composite were meshed with 
C3D8I elements at a thickness of 0.15 mm, in order to precisely calculate 
the in-plane and out-of-plane stresses using this FE model. Besides, the 
contact region in the composite laminate was meshed using a higher 
mesh density compared to other regions. To account for damage- 

induced stiffness degradation, the model was applied with a published 
UMAT ABAQUS subroutine [33], which was coded with the Puck failure 
criterion [34] and the Constant Stress Exposure (CSE) gradual stiffness 
degradation principle. 

The good agreement between the predicted and experimentally 
measured delamination lengths shown in [25] can well demonstrate the 
feasibility of the proposed method in predicting the delamination 
growth along fibre direction. Note that the composite laminate has 
fifteen ply interfaces in total, and the delamination length in a specific 
fibre direction is regarded the greatest length among all single de
laminations along this direction: 

LΘ = max{lΘ1, lΘ2⋯lΘn},Θ= {0◦

,45
◦

,90◦

, − 45◦

} (2)  

where lΘn is the maximum straight-line length of the single delamination 
at the nth ply interface (the first ply interface refers to that closest to the 
indentation point) in the fibre direction Θ. Furthermore, a full discussion 
of the determination of the delamination length can also be found in 
[25]. 

2.2. Prediction of fibre direction delamination growth under multiple 
indentations 

The proposed approach can also be used after adding another 
indentation to predict delamination growth of composite laminates 
subjected to two single consecutive indentations [35]. These two in
dentations with identical peak forces were applied transversely at 
different distances to composite laminates. As shown in Fig. 3, the sec
ond indentation delamination is more likely to propagate in the region 
between the first and second indentation sites, resulting in a longer 
delamination length compared to the corresponding single indentation 
case. This can be regarded as the effective second indentation delami
nation growth threshold being reduced owing to the pre-existing first 
indentation damage (matrix cracking and fibre breakage). 

To predict the second indentation delamination growth in the region 
between the first and second indentation sites along the blue line di
rection, the criterion was calibrated and updated by taking into account 
the effective delamination threshold degradation with its form as fol
lows: 
(

σ13

ζS13

)2

= 1, ζ = 0.63 (3)  

where the value of 0.63 provided the best fit with the second indentation 
experiments. 

Combining this updated delamination growth criterion with the out- 
of-plane shear stress profile determined by the FE model, the eleventh 
ply interface second delamination growth in the critical cases (i.e., the 
cases where the delaminations were just connected) of the multiple 
indented composite laminates under various indentation forces can be 
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precisely predicted. 

3. Concept of point-repeated indentation 

As a continuation of the prior studies, the proposed method is 
extended by adding additional indentation load cycles to quantify the 
variation in the effective delamination growth threshold with loading 
cycles for CFRP laminates subjected to the repeated indentations. With 
this study the effect of pre-existing damage on delamination growth is 
investigated in how the effective delamination threshold varies with the 
presence and development of damage. The hypothesis here is that the 
effective delamination growth threshold is degraded as a result of the 
damage that formed in the previous indentations, resulting in continued 
delamination growth in the repeated identical indentations, which can 
be proven or falsified using the proposed methodology. 

Fig. 4 illustrates the case of repeated indentations investigated in this 
study, which consisted of seven consecutive identical peak-force in
dentations applied at the centre of the laminates. In this study, the 
repeated indentation is known as point-repeated indentation. This type 
of repeated indentation scenario is considered representative of the 
practical loading condition that composite structures will experience. 

For the point-repeated indentation case, as shown in Fig. 4, de
laminations formed in previous indentations will continue to grow 
diametrically outward of the contact region during each subsequent 
indentation. In this loading condition, along any of the black arrows 
shown in Fig. 4, delamination formed in subsequent indentation always 
propagates away from the pre-existing one. In contrast, for the multiple 
indentation case (Fig. 3), the second indentation delamination grows 
towards the pre-existing one in the area between two indentation sites. 
This shows that the considered growth directions of the new 
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delaminations respect to the pre-existing delamination of these two 
cases (Figs. 3 and 4) are opposite. Different relative growth directions 
could indicate different pre-existing damage influences on the propa
gation of new delamination. As a result, the point-indentation delami
nation problem investigated in this study is also primarily concerned 
with how pre-existing damage influence the formation of new de
laminations. It was also investigated using the method proposed in [25] 
by adding corresponding number of indentations. 

4. Experimental details 

4.1. Specimen fabrication and test fixture configuration 

For consistency with the FE model, the 150 mm × 300 mm × 2.5 mm 
(nominal dimensions) rectangular CFRP specimens have a quasi- 
isotropic layup of [45/0/− 45/90]2s with a 0◦ fibre direction parallel 
to their short edges. These specimens were cut from a large hand-laid-up 
square CFRP panel with dimensions of 1000 mm × 1000 mm made of 
M30SC/DT120 carbon/epoxy prepreg supplied by Delta-Tech S.p.A. The 
panel was placed in an autoclave and cured for 90 min at 120 ℃ and 6 
bar. To ensure that the specimens were free of defects (i.e., no defects 
were found in the indentation area of the composite laminates according 
to the C-scan results), they were ultrasonically C-scanned prior to the 
test. Note that the thickness of the raw carbon/epoxy prepreg is 0.25 
mm, after curing, the average thickness of each layer of the composite 
laminate has been reduced to 0.16 mm owing to the flow of the epoxy 
resin during the curing process. A new test fixture was designed (Fig. 5 
(a)) for the repeated quasi-static indentation tests. Under this test 
fixture, the short edges of the specimen were clamped using bolts, as the 
long edges were fixed by clamping pressure, and the exposed surfaces of 
the clamped composite specimens had dimensions of 120 mm × 215 
mm. 

4.2. Repeated quasi-static indentation testing and damage detection 

The repeated quasi-static indentation tests were performed using a 
Zwick Roell 20 kN servo-hydraulic test machine, which is schematically 
shown in Fig. 5 (b). The indentation loads were applied vertically on the 
front surface centre of the specimens through a hemispherical steel 
indenter with a diameter of 25 mm. All indentations were performed at 
an identical loading rate of 15 mm/min, and the indentation site was 
indented severn times. Furthermore, the repeated indentation test was 
in displacement control. A transducer mounted on the top of the 
indenter fixture was used to directly record the force–deflection signals, 
and each indentation started unloading as the predefined indentation 
forces were reached. The predefined indentation forces were 3500, 
4500, and 5500 N. The major test details are listed in Table 3. 

The point-repeatedly indented specimens were all ultrasonically C- 
scanned after each indentation to record the evolution of the projected 
delamination area with indentation. Note that all the settings were done 
by the technicians at the Delft Aerospace Structures and Materials 
Laboratory (DASML), who helped determine the thresholds for the C- 
scans as well. Subsequently, the specimens with an indentation force of 
4500 N were separately indented one, three, five, and seven times and 
then sectioned along the blue and red lines (Fig. 5(c)) to determine the 
internal delamination evolution with indentation. The exposed cross- 
sections were ground using sandpapers with different grain sizes of 
82, 46.2, 18, 8, and 5 μm and polished with diamond paste. Finally, all 
the prepared samples were observed under a Keyence VK-X3000 mi
croscope at 5× and 50× magnification, through which damage 
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Fig. 9. − 45◦ direction cross-sectional damage morphologies of: (a) after the 
first indentation; (b) after the third indentation; (c) after the fifth indentation; 
(d) after seventh indentation; (e) real micrograph of case (d); the indentation 
force was 4500 N for all cases. 
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Fig. 10. 45◦ direction cross-sectional damage morphologies of: (a) after the 
first indentation; (b) after the third indentation; (c) after the fifth indentation; 
(d) after the seventh indentation; (e) real micrograph of case (d); the indenta
tion force was 4500 N for all cases. 
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Fig. 11. Illustration of the loading cycles adopted by the FE model used to determine the first to seventh indentation out-of-plane shear stress profiles.  
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micrographs were obtained directly. To illustrate the cross-sectional 
damage morphologies better, these micrographs were post-processed 
using the AutoCAD 2021 software package. 

5. Results and discussion 

5.1. Delamination behaviour associated with the point-repeated 
indentation 

5.1.1. Basic features of the indentation delamination 
To learn information about the basic propagation feature of the 

point-repeated indentation delaminations, the specimens were ultra
sonically C-scanned after each indentation, and the first and seventh 
indentation projected delamination areas were compared (Fig. 6). Fig. 6 
shows that all of the seventh indentation delaminations had greater 
projected reas than the first ones, indicating that the delaminations 
continued to grow after the first indentations, despite the fact that the 
peak indentation forces are the same for all indentations. This differs 
with Lee and Zahuta [36] who believed that the first indentation 
delamination would only grow if the subsequent indentations had rising 
peak forces. Furthermore, the seventh indentation delaminations did not 
grow equally in all directions as compared to their first counterparts. For 
example, the directions with the greatest delamination growth (i.e., the 
directions along which the maximum difference between the first and 
seventh indentation delaminations can be measured) are almost 45◦ (or 
225◦) for all cases. In contrast, the directions with smallest delamination 
growth under the indentation forces of 3500 and 5500 N are about 67.5◦

(or 247.5◦), whereas 135◦ (or the 315◦) for the 4500 N indentation case. 
As a result, all of these delamination areas are irregular ellipses, with the 
semi-major and semi-minor axes parallel to the 45◦ and 135◦ directions 
(or the 225◦ and 315◦ directions), respectively. Note that all specimens 
were ultrasonically C-scanned using the same equipment with the same 
setups (the C-scan machine has an accuracy on the order of 1–2 mm for 
common sizes) and therefore the measurement resolutions for the 
various cases are comparable. 

Owing to that basic oval shape feature, the delamination areas could 
be expressed by the product of the major and minor axis lengths (L45◦

and L-45◦) using the ellipse area formula 

A =
πL45◦L− 45◦

4
(4) 

The comparison of the calculated and directly measured areas is 
shown in Fig. 7. What Fig. 7 shows is that the projected delamination 
regions were mostly formed during the initial indentations and 
continued to increase during the next six indentations. Furthermore, the 
good agreement between the measured and calculated areas revealed 
that the prediction of the projected delamination area can be simplified 
to predicting the L45◦ and L-45◦. The underlying cause for the continuous 
increase of the delamination lengths could be the increased stress or 

reduced effective delamination growth threshold, as suggested by Eq. 
(1). 

To quantify how the delamination area grows with indentation, the 
delamination growth rate in the 45◦ and − 45◦ directions is defined as: 

ΔL
ΔN

= (LΘ)N − (LΘ)N− 1,Θ= {45◦

, − 45◦

},N ≤ 7 (5)  

where LΘ is the same as defined in Eq. (2), and N refers to the nth 

indentation, which is not greater than seven in this study. With Eq. (5), 
the delamination growth rates were calculated and illustrated in Fig. 8. 
Here, the initial indentation delamination growth rates were corre
spondingly the largest among all seventh indentations. In contrast, the 
second growth rates are significantly lower than the first ones, and 
following growth rates tend to be smaller but more constant throughout 
the next five indentations. 

Because the projected delamination area is a superposition of single 
delaminations at various ply interfaces, the cross-sectional damage 
morphologies (Figs. 9 and 10) were used to highlight the correlation 
between single delaminations and the delamination growth behaviours 
shown in Fig. 8. The microscope samples belonged to the specimens 
under the indentation force of 4500 N and were sectioned along the red 
and blue lines shown in Fig. 5 (c) after their first, third, fifth, and seventh 
indentations. Figs. 9 and 10 indicate that the sixth and eleventh ply 
interface delaminations have the biggest sizes in the − 45◦ and 45◦ di
rections, respectively. This suggests that the growth characteristics of L- 

45◦ and L45◦ presented in Fig. 8 are essentially associated with the 
evaluations of l-45◦6 and l45◦11 for each indentation. 

5.1.2. Determination of the shear stress profile and effective delamination 
growth threshold 

To determine the out-of-plane shear stress profiles in the point- 
repeated indentation case, additional loading cycles were added to up
date the FE model (Fig. 2). As shown in Fig. 11, the modelling strategy 
used was to simply numerically indent the composite laminate seven 
times by setting up seven successive loading cycles with identical peak 
forces. Through this way, the effects of damage formed in the previous 
indentations on the shear stress profiles of the subsequent indentations 
can be properly modelled, making the determination of the second to 
seventh indentation stress profiles more realistic using the FE model. 
Note that the FE model was developed to simulate the damage process of 
the point-repeatedly indented composite laminates; thus, the seven in
dentations were not a simple repeat of the first indentation in terms of 
damage formation. This means that, for example, the second indentation 
should cause additional damage to the first indentation damage. 

In this section, the 4500 N indentation delamination growth in the 
45◦ direction was employed to demonstrated how to determine the 
effective delamination growth threshold using the numerically deter
mined stress profile and experimentally measured delamination length. 
To that aim, the loading phases of the test and simulation 

Fig. 14. Variation of the effective delamination growth threshold with indentation in the 45◦ direction of the point-repeated indentation case, the corresponding 
indentation force is 4500 N for all indentations. 
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force–displacement curves were first compared (Fig. 12). 
The acceptable curve matches between the test and simulation re

sults demonstrated that the primary aspects of the global second to 
seventh indentation stress profiles were captured [25] by that updated 
FE model. Note that the agreement between the test and simulation 
force–displacement curves shown in Fig. 12 is not very good (about 20 % 
disagreement up to 4 mm deflections). However, to facilitate the 
research, it is assumed that the corresponding shear stress (σ13) distri
bution can be accurately predicted using this FE model. This assumption 
was demonstrated to be valid according to the results shown in Fig. 16 
and Fig. 17. Besides, more work should be carried out to investigate how 
the indentation damage affects the global stiffness of the composite 

laminate and why the global stiffness of the FE model is smaller than that 
of the actual composite laminate when assuming a rigid indenter and 
perfectly clamped boundaries. 

The first indentation delamination growth of the point-repeatedly 
indented composite laminate was not investigated in this study, 
because the corresponding delamination problem has been addressed in 
[25]. This explains why the first indentation curves of the test and 
simulation were not compared in Fig. 12. Following that, the eleventh 
ply interface shear stress profile was obtained through the FE model. 
Note that the employed stress profile was exacted from the eleventh ply 
interface, because the largest delamination size was observed at this 
interface (Fig. 10). Finally, the detailed steps to determine the effective 
delamination threshold in the 45◦ direction, with the second indentation 
as an example, are shown in Fig. 13. 

As shown in Fig. 13, the origin symmetry attribute of the stress 
profile allows the distance between two symmetrical stress points to be 
fitted to the measured delamination length (i.e., l45◦11, and L45◦ = l45◦11). 
The absolute value at the delamination front serves as the effective 
delamination growth threshold. By following this principle, the average 
effective delamination growth threshold for each indentation was 
determined and presented in Fig. 14. 

Fig. 14 demonstrates that the average second indentation delami
nation growth threshold is 62.4 MPa, which is approximately 19 % 
lower than the first one (77.2 MPa). Subsequently, the delamination 
growth threshold degraded almost linearly with indentation, and the 
appropriate criterion for each indentation is as follows: 
(

σ13

ζS13

)2

l45◦11 ,4500 N
= 1, ζ = 0.81(n − 0.99)− 0.041

, n = 1, 2,3, 4,5, 6,7.

(6)  

where n refers to the nth indentation. Note that the reduction factor of 
the second indentation in Eq. (6) differs from that in Eq. (3), which is 
owing to the considered growth directions of the new delaminations 
respect to the pre-existing ones of these two cases are opposite (more 
detailed discussion was provided in Section 3). This means that the 
reduction factor (zeta) is not a material constant and should be calcu
lated or deduced on a case-by-case basis. 

Further, microcracks were observed at the eleventh ply interface 
delamination front after indentation in the 45◦ direction. To demon
strate their development, the delamination front photomicrographs of 
the first, third, fifth, and seventh 4500 N indentation cases were ac
quired and displayed in Fig. 15. What Fig. 15 highlights is that the crack- 
rich zone at the delamination front evolves with indentation, and the 
evolution of the crack-rich zone is considered to be the underlying cause 
of the effective delamination growth threshold degradation, owing to 
the fact that the delamination should be more likely to grow in the area 
with microcracks. 

30 μm

Cracks

30 μm

Cracks

30 μm

Cracks

30 μm

Cracks

(a) 1st indentation

(b) 3rd indentation

(c) 5th indentation

(d) 7th indentation

Fig. 15. Microcracks at the eleventh ply interface delamination front in the 45◦

direction; the indentation force was 4500 N for all the cases. 
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5.2. Indentation force and ply interface independence 

To demonstrate the generalisation of the delamination growth 
criteria in Eq. (6), additional work is required to show their indepen
dence from numerous factors, such as indentation force, ply interface, 
and laminate configuration. In this study, it was considered that those 
two criteria were independent of the indentation force and that they can 
be adopted to predict the delamination growth in the − 45◦ direction at 
the sixth ply interface and the 45◦ direction at the eleventh ply interface, 
respectively. As a result, the criterion in Eq. (6) which considered the 
effective delamination growth reduction should have more general ex
pressions as follows 
(

σ13

ζS13

)2

l− 45◦6 ,l45◦11

= 1, ζ = 0.81(n − 0.99)− 0.041
, n = 1, 2, 3,4, 5,6, 7. (7) 

Combining the delamination growth criteria shown in Eq. (7) with 
the stress profiles predicted by the FE model, the l-45◦6 and l45◦11 of the 
second to seventh indentations associated with distinct indentation 
forces were determined (Figs. 16 and 17). There, the figures demon
strate that the l-45◦6 and l45◦11 determined with the criterion and stress 
profiles closely matched the experimentally measured ones (with pre
diction errors of 10 % or less). The major error source is the signal noise 
during the ultrasonic C-scanning, which may change the dimension of 
the projected delamination area. Nonetheless, the good agreement can 
well demonstrate the validity of the proposed criteria in describing the 

sixth ply interface delamination growth in the − 45◦ direction and that at 
the eleventh ply interface in the 45◦ direction, as well as the criterion 
independence from the indentation force. This also indicates that the 
gradual reduction in the effective delamination growth threshold is the 
underlying reason for the continued delamination growth (Fig. 7(a)). 
However, to demonstrate that the criteria are also valid for the delam
ination growth at any of the interfaces in the lower ply fibre direction 
[25], adequate damage detection techniques to determine the specific 
delamination growth at a given ply interface are required. 

It is noteworthy that several investigations have been conducted to 
predict the delamination growth of composites, such as Davies and 
Robinson in 1992 [37], Suemasu and Majima in 1996 [38], Davies et al. 
in 2000 [39], Olsson in 2001 [40], Olsson in 2006 [41] and Olsson in 
2015 [42]. Davies and Robinson [37] developed a well-established 
analytical criterion for the growth of a single delamination. Suemasu 
and Majima [38] derived a more complicated approach for an arbitrary 
number of delaminations. Later, Olsson et al. (2006) extended Davies & 
Robinson’s simpler method to arrive at the same result. As demonstrated 
by Davies et al. [39], the analytical delamination criterion may also be 
combined with FE for arbitrary geometries. Olsson [40] provided ar
guments as to why delamination growth initiates with a single delami
nation, and the delamination criterion proposed by Davies and Robinson 
has been supported by numerous experimental studies. Olsson [42] 
summarised the analytical criteria for extra failure modes, such as 
intralaminar shear cracking. On the other hand, the scope of this paper is 
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currently limited to the delamination growth problem associated with 
the repeated indentations (i.e., seven identical indentations were 
applied to the centre of the rectangular composite laminate). Conse
quently, the proposed delamination growth criterion of this paper took 
into account the pre-existing damage effects on the propagation of new 
delamination, which can be used to describe the quasi-static delamina
tion growth under the repeated loading condition. That is, the biggest 
difference between this delamination growth criterion and those pro
posed in literature is that the effect of pre-existing damage on the new 
delamination growth is taken into account. 

6. Conclusions 

In this study, the delamination growth behaviour of multidirectional 
composite laminates subjected to repeated out-of-plane indentations 
was investigated. Repeated indentations were applied to the centre of 
the composite laminates. The delamination growth of the repeated 
indentation was studied using the updated delamination growth pre
diction method. The major conclusion of this study is that, for the point- 
repeatedly indented composite laminates, delaminations were primarily 
formed during the first indentation and continued to grow in subsequent 
indentations. This can be interpreted as a continuous effective delami
nation growth threshold reduction, which related to the occurrence and 
development of the crack-rich zone ahead of the delamination front. 

It is important to emphasize that damage resistance investigation 
plays a pivotal role in the design of composite structures. Understanding 
the damage mechanisms of composite materials is imperative for 
ensuring their structural integrity and long-term durability. Such 
investigation significantly contributes to composite structure design by 
guiding material selection and optimizing design parameters. Notably, 
the outcomes of this study indicate that repeated out-of-plane loads can 
exacerbate damage conditions compared to single loading scenarios. 
Designers must be mindful that damage propagation in composite ma
terials may be influenced by pre-existing damage, and conventional 
damage resistance tests under single loading conditions may not accu
rately represent scenarios involving repeated loading. 
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