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Delamination initiation in fully clamped rectangular CFRP laminates 
subjected to out-of-plane quasi-static indentation loading 
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A B S T R A C T   

To further investigate the effects of in-plane and out-of-plane stresses on the delamination initiation for com-
posite laminates under out-of-plane loading, this paper reports a joint experimental and numerical study, in 
which the fully clamped rectangular CFRP composite laminates were subjected to out-of-plane quasi-static in-
dentations. The results show that the combination of the out-of-plane shear and in-plane tensile stresses together 
determined the initiation of delamination, whereas the influences of the out-of-plane compressive stress on the 
delamination initiation can be neglected. For the purpose of understanding the effects of deformations on the 
out-of-plane shear and compressive stress distributions, a concise analytical model was developed, which was 
validated against the numerical and experimental results. As a key take-away, this study reveals that the common 
impact tests at the geometric centre of the panel may not resemble sufficient similitude with stiffened panels 
where panel flexure is suppressed by various geometrical stiffening concepts.   

1. Introduction 

Fibre reinforced polymer composite laminates are used these days in 
many engineering applications for their high strength-to-mass and 
stiffness-to-mass ratios [1–3]. In aeronautics, both Boeing and Airbus 
have developed a modern commercial aircraft made of carbon fibre 
reinforced composites up to approximately 50 % of their total mass 
[4,5]. Despite the evident advantages, the great weakness of composite 
laminates is their vulnerability to out-of-plane loading, or more specif-
ically to out-of-plane impact or indentation loading, due to the lack of 
through-thickness reinforcement [6]. This has led to an abundant 
amount of studies into the damage behaviours of composite laminates 
under such kind of loading [7–12]. These works showed that the impact/ 
indentation damages are generally a mixture of matrix cracking, 
delamination, and fibre breakage [13–15], and among those three 
damage modes, delamination is the major one which have attracted the 
attention of many researchers [16–20]. 

It is known that the impact delaminations are triggered by matrix 
cracks [14], therefore, the initiation of such delaminations is usually 
referred to as the initiation of these special matrix cracks. In order to 
properly model/predict the initiation of impact delaminations, a thor-
ough understanding about the initiation driving forces for these special 

matrix cracks is necessary. Over the past few decades, efforts have been 
made towards this direction and several delamination initiation criteria 
have been proposed. Some of these criteria are summarized in Table 1, 
they are separately adopted/developed by Brewer and Lagace [21] in 
1988, by Choi and Chang [22] in 1992, by Hou et al. [23] in 2000, and 
by Hou et al [24] in 2001. 

The major conclusion that can be drawn from Table 1 is that there is 
still no consensus on exactly which in-plane and out-of-plane stress 
combination induced the initiation of the delamination. Brewer and 
Lagace [21] claimed that only the out-of-plane stress components 
contribute to delamination initiation. Hou et al [24] also supported this 
view, but they emphasized that delamination cannot initiate from the 
high normal compressive stress zone, they believed that the out-of-plane 
compression delayed delamination initiation. In contrast, Choi and 
Chang [22] and Hou et al. [23] suggested that the in-plane normal stress 
also contributed to the initiation of delamination, but they did not 
consider and follow whether the out-of-plane normal stress affects the 
delamination initiation as well. 

Such disagreements about the driving forces for the delamination 
initiation are essentially attributable to the different stress distribution 
assumptions adopted by various researchers in the development of their 
own criteria. Completely overcoming this issue first requires a more 
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direct way to correctly determine the stress fields. Then, the clarification 
of the relationship between the specific stress combination(s) and the 
initiation of matrix crack which will subsequently trigger delamination 
becomes possible. To that end, this paper reports a combined experi-
mental and numerical study in which the rectangular multidirectional 
CFRP composite laminates with four-side clamped boundary conditions 
were subjected to quasi-static indentations. The choice of quasi-static 
indentation over impact loading is motivated by the desire to avoid 
extra signal noise imposed by the dynamic response of device and 
coupons during the testing. Besides, an analytical model was developed 
to help understand the relationship between the laminate deformations 
and stress field distributions. 

More specifically, multiple indentations were applied to the clamped 
laminates following a pattern covering the entire plate to effectively 
measure the critical indentation force for the delamination initiation 
and to identify a key parameter for the development of the analytical 
model. With the measured critical force, several specimens were 
indented once at their geometric centre to create a damage state that 
closest to the case where the delaminations just initiate. Ultrasonic C- 
scanning and optical microscopy were utilized to establish the damage 
state post-mortem. For the single central indented composite laminates, 
finite element analysis in ABAQUS which considered damage-induced 
material property degradations were used to determine the indenta-
tion stress fields, to be related to the experimental damage observed. 

2. FE model and quasi-static indentation test 

2.1. FE model 

With current stress measurement techniques, it is impossible to 
directly measure the stress field of the indented composite laminates. 
Alternatively, a calibrated finite element (FE) model can be imple-
mented as a stress meter to determine the stress field distribution. The 
specific steps are then:  

– Determine the critical indentation force for delamination initiation 
experimentally.  

– Obtain the coordinates where delamination onset is observed 
experimentally.  

– Measure the stresses numerically: by tracking point with the same 
coordinates in the calibrated FE model.  

– Evaluate the effect of in-plane and out-of-plane stresses on the 
initiation of delamination by using the material failure theories, for 
example, the well-known maximum principal stress theory. 

In this work, an M30SC/DT120 carbon/epoxy composite laminate 
with the dimension 150 mm × 300 mm × 2.5 mm and a quasi-isotropic 
layup sequence [45/0/− 45/90]2s is used for the modelling. This FE 
model considered geometric nonlinearity. All degrees of freedom are 
constrained for the regions close the plate edges and dimensions of these 
constrained (fixed) regions are shown in Fig. 1 (a), the associated co-
ordinate system is illustrated in Fig. 1 (b). In the analysis, eccentric load 
cases are evaluated, through four indentation locations and each loca-
tion was indented once, which are marked as I, II, III, and IV (Fig. 1 (a)), 
where location I is on the centre of the laminate, and II, III and IV are on 
the centre-line parallel to the short edge. The reason for choosing these 
four locations is to improve the computational efficiency, while ensuring 
that the vital information about the eccentric stress variations can be 
obtained. Noted that this FE model only considered single indentation, 
to achieve the simulation goal, four independent FE models are needed 
in total. 

The occurrence of damages in composite laminate may significantly 
alter the indentation stress field distribution, in order to improve the 
prediction accuracy, these damages should be properly modelled. 
Because this work intended to determine the stress field of the laminate 
at the delamination initiation stage, the indentation damages need to be 
well considered are matrix cracking and fibre breakage. Consequently, 
this FE model was applied with a published ABAQUS user defined ma-
terial subroutine UMAT [25] to account for material stiffness degrada-
tion due to matrix cracks and fibre failures. The Puck failure criterion 
[26] and constant stress exposure gradual stiffness degradation method 
were coded in that UMAT. 

The elastic and strength properties used for simulations are tabulated 
in Tables 2 and 3, respectively, and the strength parameters were pro-
vided by the material supplier. The steel hemispherical indenter with a 
diameter of 25 mm was assumed as a rigid body. The contact between 
indenter and CFRP laminate was modelled as a surface-to-surface con-
tact, for which the normal behaviour is set as ‘Hard’ and tangential 
behaviour is treated as penalty friction type with a friction coefficient 
0.3. A sensitivity study which changed the friction coefficient from 0.2 
to 0.4 was conducted, only small variations were found in the simulation 
force–displacement curves. The thickness of each layer is 0.15 mm and 
was meshed with C3D8I (8-node linear brick, incompatible models) el-
ements to address potential convergence issues. The contact part of this 
model is meshed with a higher mesh density than other regions, and the 
corresponding element size is 2.0 × 2.0 × 0.15 mm. This mesh size was 
selected due to the mesh sensitivity study (the mesh sizes adopted were 
4.0 × 4.0 × 0.15 mm, 2.0 × 2.0 × 0.15 mm, and 1.0 × 1.0 × 0.15 mm) 
has shown that with this mesh size the computational time was minimal 
and simulation result (i.e. the force–displacement curve) was close to the 
cases which with higher mesh density. 

2.2. Quasi-static indentation test 

The quasi-static indention test had three purposes: to validate plate 
deflection predicted by the FE model, to introduce damages into the 
laminate, and to determine a critical parameter for the analytical stress 
prediction model. The force–displacement curves obtained during the 
test were compared with the curves predicted with the FE model. When 
these two curves have similar curvatures, the absolute value error had to 
less than 10 %. 

2.2.1. Material and test fixture 
To be consistent with the FE model, the CFRP panels were made by 

hand-lay-up using unidirectional carbon/epoxy prepreg M30SC/DT120 
supplied by Delta-Tech S. p. a. After hand layup, the panels were put in 
an autoclave and cured for 90 min with a temperature of 120 ℃ under a 

Table 1 
Some of the delamination initiation criteria proposed in literature.  
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≤ σ33 < 0 [24] 

No delamination σ33 ≤ −

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(σ2
13 + σ2

23)/8
√ [24] 

Note: some criteria have been simplified for illustrative purposes, the 1-direc-
tion is parallel to the fibre direction, 2-direction is in-plane and normal to the 
fibre direction, and 3-direction is parallel to the out-of-plane direction, Sij (i = 1, 
2, 3, j = 1, 2, 3, i ∕= j) are the shear strength parameters, Y and Z are separately 
the transverse and out-of-plane strength parameters, T and C refer to tension and 
compression, respectively, ‘+’ means tensile stress, whereas ‘-’ for compressive 
stress. 
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pressure of 6 bar. After curing, the panels were cut with a diamond saw 
to the final dimensions of the specimen: 150 mm × 300 mm, while the 
nominal thickness is 2.5 mm, with a quasi-isotropic layup sequence [45/ 
0/− 45/90]2s, where the 0◦ fibres are aligned along the short edge of the 
specimen. Prior to testing, all specimens were ultrasonically C-scanned, 
those without defects were used for the tests. 

Since the test fixture recommended by the ASTM standards D7136/ 
D7136M-20 [28] and D6264/D6264M-17 [29] cannot provide a 
boundary condition like that of the FE model, a new test clamp was 
designed, which is illustrated in Fig. 2 (a). With this fixture, the short 
edges of the plate were clamped with the use of bolts, while the other 
two long edges were clamped by friction induced by high clamping 
pressure only. The boundary conditions imposed by stiffeners in a 
stiffened are captured with this test fixture as suggested by Verstraeten 
[30]. 

2.2.2. Test details 
A Zwick Roell 20 kN servo-hydraulic test machine was used to 

conduct the quasi-static indentation tests, which is schematically shown 
in Fig. 2 (b). The out-of-plane indentation load was applied with a 25 
mm diameter hemispherical steel nose on the top surfaces of the speci-
mens according to the indentation pattern illustrated in Fig. 2 (c). The 
distance between any two adjacent locations is 15.83 mm. The force-
–displacement signals were recorded directly through the transducer. 
For the multiple indented specimens, the indentations started with po-
sition #01, and proceeded in sequence until #91. Each site was indented 
once with a constant indentation rate of 15 mm/min. Whereas for the 
single indented specimens, only their geometric centres (i.e. position 
#46) were indented once at the same loading rate. The indentation tests 
were executed in displacement control and each indentation was applied 
up to a predefined indentation force, after which the specimens were 
unloaded. In this paper, the predefined indentation forces for different 
specimens were 1500, 2000, and 2500 N, respectively. The test details 
are tabulated in Table 4. 

2.2.3. Damage detections 
To obtain information on the state of damages in the laminates, non- 

destructive and destructive damage inspections were conducted. The 
projected delamination areas were obtained through ultrasonic C- 
scanning, after which the specimens were sectioned along the cutting 
path illustrated in Fig. 2 (c) to ensure that locations #43, #44, #45, and 
#46 were cut. These four sites correspond to the locations I, II, III, and IV 
in the FE model (see Fig. 1 (a)). Subsequently, the damage cross-sections 
were ground with sandpapers with grain sizes of 82, 46.2, 18, 8, and 5 
μm successively. Afterwards, the samples were polished with diamond 
pastes. Finally, the cross-sectional damage images were obtained 
through the KEYENCE laser microscope with 5 times magnification and 
then were post-processed through the AutoCAD 2021 software for 
illustrating purposes. 

3. Results and discussion 

3.1. FE model validation and verification 

To validate the FE model, the predicted force–displacement curve at 
the indentation location of I (see Fig. 1 (a)) was compared with that of 
the single central indented composite laminate, as shown in Fig. 3, 
following the validation practice adopted by many researchers, such as 

Fig. 1. (a) Panel dimensions of the FE model to calculate single central and eccentric indentation stress fields, (b) coordinate systems used in this study: global 
coordinate system (black x-y-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.) 

Table 2 
Elastic material properties for M30SC/DT120 composite laminate [27].  

Density ρ = 1.76 g/cm3 

Young’s 
modulus 

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

3.25 GPa* 
Poisson’s ratio v12 = v13 = 0.27, v23 = 0.2*  

* Value is estimated. 

Table 3 
Unidirectional laminate strengths of M30SC/DT120 composite (quasi-static 
loading condition).  

Strength Test method Test result [MPa] 

XT ASTM D 3039 3010 
XC ASTM D 6641 1020 
YT ASTM D 3039 39 
YC ASTM D 6641 138.0 
ZT*  39 
S12 EN 6031 95.6 

S13 (S23) EN 2563 77.2  

* Value is estimated according to YT. 
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[31–34]. The correlation demonstrated that the simulation curve is in a 
good agreement with that obtained from the tests, both in curvature and 
absolute values. The difference may be attributed to the simplifications 

that made in the development of the FE model, such as the simplification 
in contact between the indenter and plate, and no plastic deformations 
were considered for the matrix. 

To further demonstrate the validity of the FE results, the distribution 
of the out-of-plane normal stress along the thickness predicted with the 
FE model is shown in Fig. 4 (the associated Cartesian coordinate system 
is shown in Fig. 1 (b)). The variation of the out-of-plane normal stress 
was then compared with Talagani’s analytical model which had been 
proven to be capable of predicting the distribution of the out-of-plane 
normal stress in the thickness direction within the contact zone of a 
single central indented multidirectional composite laminate. Fig. 4 
shows that FE and the analytical results are fit quite well, combined with 
the reasonable plate indentation response approximation, the authors 

Fig. 2. Details of the quasi-static indentation test.  

Table 4 
Test matrix.  

Test Number of 
specimens 

Predefined indentation 
force [N] 

Indentation 
sequence 

QSI_01 1 1500 From #01 to #91 
QSI_02 1 2000 From #01 to #91 
QSI_03 1 2500 From #01 to #91 
QSI_04 3 2500 #46 (single 

indentation)  

Fig. 3. Comparison between the FE model predicted force–displacement curve 
with that of the single central indented test, the indentation location was I 
(Fig. 1(a)) for the FE model and #46 (Fig. 2 (c)) for the specimen. 

Fig. 4. Comparison of the distribution of the out-of-plane normal stress σzz 
along the thickness direction of the laminate directly beneath the indenter 
predicted with the FE model and analytical model [35] at position I as show in 
Fig. 1 (a) (# 46 in Fig. 2 (c)), under an indentation force of 2500 N. 
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believe that this model can correctly predict the stress field of the 
composite laminates under the quasi-static indentation loading. 

3.2. Delamination initiation stage determined by ultrasonic C-scan 

To determine the load level at which delaminations just initiate, the 
C-scan images from the experiments were evaluated. Once the critical 
delamination initiation load level was determined, the delamination 
initiation stress state of the laminate was established using the FE model. 
The relationship between the initiation of delamination and specific 
stress combinations was obtained through comparing the cross-sectional 
damage morphologies with the stress field. 

The C-scan images are given in Fig. 5, illustrating that under the 
indentation load of 1500 N, no damages were observed, while for the 
laminate under the indentation load of 2000 N, damages initiated in the 
areas close to the clamped edges. For the indentation load of 2500 N, 
more damages developed in other areas, whereas the damages near the 
clamped edge merged into larger ones. This means that under the load 
level of 2000 N, damages started to form in the clamped edge area, while 
for other regions, the corresponding indentation load is near 2500 N. 

An interesting point learned from the C-scan results is that the 
minimum indentation load that is required for initiation of damage is 
not identical for all locations. In general, the area close to the clamped 
edge is more susceptible to damage formation than other areas. The 
implication of this observation for studying cross-sectional damages was 
that only the plate loaded by the indentation load of 2500 N could be 
used, to ensure that the central areas of the composite laminates are at 
damage initiation stage. 

3.3. Stress state corresponding to delamination initiation 

To further assess the effect of in-plane and out-plane stresses on the 
initiation of delamination, the stress state at the point where delami-
nation nucleation just occurs should be fully understood. Fig. 6 illus-
trates the basic feature of most of the delaminations observed in this 
study, i.e. the matrix cracks connected to the delaminations have a 45◦

incline from the normal direction. Moreover, all delaminations nucleate 
at the layers with 90◦ fibre orientation: the 9th and 13th layers (labelled 
L09(90◦) and L13(90◦)). As a matter of fact, this is a typical delamina-
tion initiation mode for a composite laminate under out-of-plane 
concentrated loading: delamination triggered by matrix crack with 
fracture planes parallel to the fibre direction [14]. Therefore, in this 
paper, the initiation of delamination refers to the initiation of the matrix 
crack which is capable of inducing delamination. 

Because Fig. 5 shows that under the indentation force of 2500 N, 
most of the central area loading points are nearly at delamination 

initiation phase, the stresses at the delamination onset points of the 
single central indented composite laminates with indentation force of 
2500 N were obtained through the FE model and were summarized in 
Table 5, and their standard deviations were given in Table 6. The 
indentation damages in the multiple indentations case were not 
considered, mainly due to the neighbouring damages caused by the 
previous indentations may affect the considered stress field distribu-
tions, and the present FE model failed to account for such potential in-
fluences. In addition, it should be noted that, as illustrated in Fig. 7, the 
delamination initiation stress state is represented by the average stresses 
of the ply interface nodes of the FE model closest to a and b, these two 
points are the intersections or potential intersections of the intraply 
crack with the ply interfaces. 

Table 5 shows that the stress states corresponding to the onset of 
delaminations are complex. Note for example that the stress σ22 at the 
delamination initiation points of all 9th layers is close to 0 MPa, whereas 
their counterparts in all 13th layers are about 31 MPa. Considering that 

Fig. 5. C-scan damage images, all 91 loading points in Fig. 2 (c) were indented once, Fmax refers to the predefined indentation force.  

Fig. 6. Typical feature of the indentation delamination nucleation: a 45◦

incline from the normal direction. 

Table 5 
Stress state corresponding to delamination initiation.  

Layer σ11 

[MPa] 
σ22 

[MPa] 
σ33 

[MPa] 
|σ12 |

[MPa] 
|σ13|

[MPa] 
|σ23 |

[MPa] 

#46_01_L09 145.23 − 0.51 − 74.72 3.70 0.50 70.19 
#46_02_L09 146.66 − 0.52 − 76. 3.77 0.44 70.27 
#46_03_L09 141.35 − 0.52 − 70.56 3.52 0.62 70.62 
#46_01_L13 650.08 32.50 − 23.08 3.95 2.27 47.67 
#45_02_L13 664.52 33.54 − 27.62 4.07 2.02 46.32 
#46_03_L13 685.09 34.27 − 32.20 4.24 1.51 40.55 

Note: the average stress component here refers to the average of the stress of the 
delamination initiation points at the same interfaces, 01, 02, and 03 are used to 
mark different specimens. 
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the in-plane normal stress σ11 is parallel to the fibre direction, its effect 
on the initiation of delamination is negligible due to the constraints of 
fibres. In addition, the out-of-plane shear stress σ23 dominates all the 
shear stress components. Therefore, the stresses potentially contributing 
to the initiation of delaminations are mainly the in-plane normal stress 
σ22, out-of-plane normal stress σ33, and out-of-plane shear stress σ23. 

To determine which stress led to the initiation of the delamination, 
all possible combinations of the potential stresses were interpreted with 
the well-known maximum principal stress theory. These maximum 
principal stress form stress combinations and their average values of 
different initiation points at the 9th and 14th layers are summarised in 
Table 7. 

The critical stress combination for the delamination initiation should 
be equal to the effective delamination initiation threshold, which should 
just be related to the strength properties of the laminate. For the de-
laminations in different interfaces, the effective initiation threshold 
must be the same. Table 7 shows that for all stress combinations, only 
the combination of σ22 and σ23 can obtain similar stable values for 
different layers. The detailed values for the stress combination σ22 and 
σ23 at each delamination initiation point is shown in Fig. 8. Fig. 8 shows 

that the stable value for most of the delaminations is about 68.69 MPa (i. 
e. the mean value of all data points excluding #03_R_Layer_13), which is 
close to the interlaminar shear strength of the unidirectional CFRP 
laminates made from M30SC/DT120 (Table 3). Therefore, the physical 
meaning of that stable value is suggested as the interlaminar shear 
strength of the unidirectional laminate. 

In short, the initiation of delamination is driven by the combination 
of the in-plane tensile and out-of-plane shear stresses (σ22 and σ23). The 
results shown in Table 7 and Fig. 8 demonstrate that the out-of-plane 
normal stress (σ33) have negligible effects on the initiation of de-
laminations. Joshi and Sun [36] performed an analytical stress analysis 
on composites under low velocity impact, and they also suggested that 
out-of-plane normal stresses were insignificant in the delamination 
initiation. Although Choi et al. [37] believed that the out-of-plane 
normal stress can be neglected owning to its value is very small. 

3.4. Role of the out-of-plane compressive stress in the formation of 
delamination 

In general, delamination formation consists of delamination initia-
tion and its propagation. In the above section, it has been demonstrated 
that the out-of-plane compressive stress has negligible effect on the 
delamination initiation. To illustrate its influence on the delamination 
propagation, the correlation between the post-processed cross-sectional 
damages of indentation locations #43, #44, #45, and #46 and distri-
bution of σ33 predicted by the FE model are shown in Fig. 9. The results 
show that just beneath the contact area, the normal compression 
induced high negative σ33, delaminations and other damages were 
observed in the regions where σ33 became less negative or even positive. 
This indicates that high negative σ33 can prevent the propagation of 
delamination or delamination cannot propagate in the high normal 
compression zone. 

3.5. Comparison of the delamination lengths at different locations of 
loading 

The total delamination lengths on the right and left sides of the 
centreline of the damaged cross-sections which are shown in Fig. 9 were 
measured and plotted in Fig. 10. This figure shows that, in general, when 
the plate is loaded eccentrically, it produces critical damages at the side 
closest to the edges, compared to the centre load case, especially for the 
load location closest to the clamped edge. The delamination lengths on 
the other side show less of such trend. That is, under the same load level, 
the damage in the centre of the laminate smaller than the off-centre 
cases, especially for the areas nearest to the clamped edge. This sug-
gests that the damage size caused by central loading ends up uncon-
servative relative to the eccentric locations where the clamped edge 
suppresses flexure. Therefore, the common impact tests at the center of 

Table 6 
Standard deviations for the average stress components.  

Layer σ11 

[MPa] 
σ22 

[MPa] 
σ33 

[MPa] 
|σ12|

[MPa] 
|σ13 |

[MPa] 
|σ23 |

[MPa] 

#46_01_L09 1.97 0.06 2.32 0.98 0.11 1.06 
#46_02_L09 0.54 0.07 0.89 1.05 0.06 1.13 
#46_03_L09 4.73 0.00 4.86 0.82 0.23 0.26 
#46_01_L13 2.71 0.35 2.55 0.03 0.08 4.55 
#45_02_L13 8.34 1.17 6.22 0.07 0.11 5.86 
#46_03_L13 22.81 1.52 9.23 0.18 0.51 11.57  

Fig. 7. Illustration of the stress state determination for the delamination 
initiation point, the stress state is represented by the average stresses of the FE 
model nodes closest to a and b. 

Table 7 
Maximum principal stress form combinations of the potential stresses for the 
delamination initiation.  

Potential stress combinations for delamination 
initiation 

Average of the maximum 
normal stresses [MPa] 

Layer_09 Layer_13 

σ22/2 +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(σ22/2)2
√ 0.00 (0.00) 33.43 (1.33) 

σ33/2 +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(σ33/2)2
√ 0.00 (0.00) 0.00 (0.00) 

̅̅̅̅̅̅̅

σ2
23

√ 70.36 (0.93) 44.65 (8.63) 

σ22/2 +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(σ22/2)2
+ σ2

23

√ 70.10 (0.90) 64.55 (7.07) 

σ33/2 +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(σ33/2)2
+ σ2

23

√ 42.57 (1.67) 33.38 
(10.40) 

(σ22 + σ33)/2+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

[(σ22 − σ33)/2]2
√

− 0.52 
(0.05) 

33.43 (1.33) 

(σ22 + σ33)/2+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

[(σ22 − σ33)/2]2 + σ2
23

√ 42.19 (1.65) 57.69 (7.14) 

Note: the number combination refers to average value (standard deviation), e.g. 
33.43 (1.33) means that the average maximum principal stress is 33.43 MPa and 
corresponding standard deviation is 1.33. 

Fig. 8. Combination of the out-of-plane shear and in-plane tensile stresses (σ22 
and σ23) interpreted with the maximum principal stress theory, σmax = σ22/2 +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(σ22/2)2
+ σ2

23

√

, L and R mean left and right, the loading condition was single 
central indentation (the loading point is #46 in Fig. 2 (c)) with indentation 
force of 2500 N, #01, #02, and #03 are used to distinguish different specimens. 
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the panel may not resemble sufficient similitude with stiffened panels 
where panel deflection is supressed by various geometrical stiffening 
concepts. 

3.6. Analytical model used to elucidate the underlying cause of the out-of- 
plane stress 

The results presented in the above sections show that the out-of- 
plane stresses are crucial for the formation of delamination. To under-
stand the underlying causes of out-of-plane stresses, an analytical model 
was developed, which predicts the stress variations (σ13 and σ33) in the 
mid-plane of the laminate along the specific directions. 

In general, the stresses in a plate are induced by the combination of 
various deformations. For a plate under out-of-plane loading, this 
deformation combination refers to deflection. Besides, the composite 
laminate used in this study can be defined as thin plate according to the 
laminated plate theory [38], due to its aspect ratio is 120, which belongs 
to the thin plate category as it suggested. Considering that the deflection 
of a thin plate generally consists of global bending deformation and 
contact induced local contact deformation [39], the deviation of this 
analytical model should consider these two deformations appropriately. 
Further, some assumptions have to be made to enable the derivation of 
such a model, and the analytical model is based on the following 
assumptions:  

– The indenter is assumed as rigid body, which is reasonable for a steel 
indenter considering that the hardness of the steel is much larger 
than that of the CFRP laminate.  

– The local contact deformation of the plate is symmetric about the 
central line of the contact area, which is acceptable except for load 
locations closest to the clamped edge. 

z

xO

Fig. 9. Correlation between the post-processed cross-sectional damages and distribution of σ33 predicted by the FE model.  

Fig. 10. Total delamination length variations of different indentation locations; 
note that the location close to the clamped edge #43, produces delaminations 
twice the length of that at the laminate centre #46. 
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– The contact between the hemispherical steel indenter and CFRP 
laminate is treated as Herzian contact type.  

– The coupling effect of the global and local contact deformations on 
the formation of stress field is not considered, the stresses caused by 
global and local contact deformations are treated independent of 
each other.  

– The out-of-plane concentrated load is assumed as point load, which is 
acceptable due to the contact area is negligible compared to the plate 
dimensions. 

3.6.1. σ13 and σ33 induced by global deformation 
The global deformation of the plate can be represented by the mid- 

plane deflection w(x,y). For a fully clamped orthotropic rectangular 
thin plate with length a and width b, as illustrated in Fig. 11, subjected to 
eccentric load at point (αa, βb), where 0 ≤ α ≤ 1, 0 ≤ β ≤ 1 are the 
location control parameters, its deflection can be expressed as [40] 

w(x, y) =
4
ab

∑∞

m=1

∑∞

n=1
wmn(sinαmx)(sinβny), (m = 1, 2, ..., n = 1, 2, ...) (1)  

where wmn are the coefficients to be determined, and αm = mπa− 1 and 
βm = nπb− 1. 

The relation between the applied point load q and mid-plane 
deflection w(x,y) can be represented as [41,42] 

Dx
∂4w
∂x4 + 2H

∂4w
∂x2∂y2 +Dy

∂4w
∂y4 = q (2)  

where Dx and Dy are the flexural rigidities and Dxy the torsional rigidity, 
and H is the effective torsional rigidity, the detailed explanations about 
these parameters can be found in [40]. 

The out-of-plane load is assumed to be a point load, that is, the loads 
applied at the points other than the loading point are considered to be 
zero, thus, the load, q, can be expressed as 

q =

{
C x = αa, y = βb;
0 x ∕= αa, y ∕= βb. (3) 

In addition, the relation between the out of plane shear force Vx (see 
Fig. 12) and mid-plane deflection w(x,y) can be represented as 

Vx = −
∂
∂x

[
D1

v2

∂2w
∂x2 +

(
D1 + 2Dxy

) ∂2w
∂y2

]

(4) 

For any point A on the path y = βb (Fig. 11), Eq. (2) can be rewritten 
as 

w(x, βb) =
4
ab

∑∞

m=1

∑∞

n=1
Anwmn(sinαmx) (5)  

w(x, βb) is only the function of x, thus, the expression of Eqs. (2) and (4) 
can be reduced to 

D1

v2

∂4w
∂x4 = q (6)  

Vx = −
D1

v2

∂3w
∂x3 (7) 

Therefore, the general expression of Vx can be obtained by inte-
grating Eq. (6), following 

Vx = −

∫

qdx (8) 

By substituting the point load defined in Eq. (3) into Eq. (8), the 
general expression of shear force Vx can be obtained 

Vx =

⎧
⎨

⎩

C1 x < αa;
− qx + C2 x = αa;
C3 x > αa.

(9) 

Eq. (9) only shows that the distribution of Vx along the path y = βb is 
constant, but the exact distribution cannot be known without mea-
surement. However, this measurement cannot be performed due to the 
limitations of such technique. A feasible method is to obtain the 
expression of shear force distribution equivalently through the beam 
theory. This approximation method will be introduced in detail below. 

The path y = βb on the four-side clamped plate can be treated as a 
beam with fixed–fixed boundary condition, for which the two long edges 
are constrained by adjacent materials. Such constraint of the adjacent 
materials can be quantified by the deflection difference between this 
equivalent beam and real fixed–fixed beam. By analogy with the fix-
ed–fixed beam theory, one can obtain and describe the shear force 

a

b

a - a

y

x

b

- b

A x, b

O

Fig. 11. Definition of dimensions of fully clamped orthotropic rectangular 
plate under eccentric point load application, where A is any point on the path y 
= βb. 

x

y

z

Vx

O
xz

zx

h

Vy

zy

yz

Fig. 12. Out of plane shear forces and out-of-plane shear stresses.  
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distribution along the path y = βb with 

Vx =

⎧
⎨

⎩

μq(1 − α)2
(1 + 2α) x < αa;

0 x = αa;
− μqα2(3 − 2α) x > αa.

(10)  

where μ is the parameter that is used to compromise the deflection 
difference between the plate and beam, which can be determined by the 
deflections of the plate and beam at the load point by using 

μ =

[
wp(x = αa, y = βb)

wb(x = αa)

]1.5

(11) 

In Eq. (11), index p and b refer to plate and beam, respectively, wp(x 
= αa, y = βb) can be measured through test, and wb(x = αa) can be 
obtained through the fixed–fixed beam theory, as 

wb(x = αa) =
qα3(1 − α)3a3

3EbI
(12)  

where Eb and I are the Young’s modulus and moment of inertia of the 
beam, respectively. 

The out-of-plane shear stress changes parabolically through the 
thickness of plates as shown in Eq. (13) 

σxz, g(z) = −
6Vxz
h2

(
1 −

z
h

)
(13)  

where h is the thickness of the plate (Fig. 12). From Eq. (13) one can 
deduce that the maximum out-of-plane shear stress occurs at the mid- 
plane of the plate. Hence, the variations of out-of-plane shear stress on 
the mid-plane can be represented as 

σ13, g = σxz, g(x, z = h/2) = −
3Vx

2h
(14)  

where index g refers to global deformation. 
Since the classical thin plate theory disregard the out-of-plane 

normal stress, the normal stress caused by global deformation is 
assumed to be zero 

σzz, g = 0 (15)  

3.6.2. σ13 and σ33 induced by local contact deformation 
When the indenter and plate start to contact, the local contact 

deformation can be represented by a simplified model which is illus-
trated in Fig. 13. 

The maximum shear stress along the x direction in the mid-plane can 
be obtained through the equation represented by 

σxz, l(x, z = h/2)max =
q

2πrh
(16)  

where r is the radius of the contact area, the index l refers to local contact 
deformation. This maximum value is reached at the mid-plane region 
which is closed to the boundary of the contact area, that is, at the lo-
cations where x  = αa ± r, which are illustrated as dashed lines in 

Fig. 13. Then, this maximum decrease with 1/x away from the contact 
area [43], and decrease linearly within the contact area. Finally, the 
shear stress variations in the mid-plane along the x direction can then be 
expressed as 

σ13, l = σxz, l(x, z = h/2)

=

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

q
πrh

1
( − x + αa − r)

x < αa − r − 1;

q
2πrh

αa − r − 1⩽x⩽αa − r;

q
2πr2h

(αa − x) αa − r < x < αa + r;

−
q

2πrh
αa + r⩽x⩽αa + r + 1;

−
q

2πrh
1

( − x + αa + r)
x > αa + r + 1.

(17) 

In addition, the contact pressure between the indenter and plate can 
induce out-of-plane normal stress in the contact region, and the 
maximum normal stress induced by contact pressure can be calculated 
using 

(σzz, l)max =
3q

2πr2 (18)  

and this maximum value is reaches at the point just beneath the 
indenter. This contact pressure induced normal stress can be assumed to 
linearly decrease through thickness of the plate and eventually vanishes 
on the rear surface. Thus, the normal stress in the mid-plane of the plate 
can be calculated through 

σzz, l(z) =
z
h
(σzz, l)max (19) 

For the distribution of the normal stress along the x direction, one 
can assume that this stress linearly decreases in the contact area and 
disappears outside the contact region. According to this assumption, the 
trend of the normal stress in the mid-plane along the x direction can be 
expressed as 

σ33, l = σzz, l(x, z = h/2) =

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

0 x < αa − r;

−
pmax

2r
(x − αa + r) αa − r⩽x⩽αa;

pmax

2r
(x − αa − r) αa⩽x⩽αa + r;

0 x > αa + r.

(20) 

Based on the geometric relation shown in Fig. 13, the radius of the 
contact area r can be represented as 

r =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ε(2R − ε)

√
(21)  

where R is the radius of the indenter and ε is the depth of the local 
contact deformation which can be determined by the Herzian contact 
law as 

q = kε1.5 (22)  

k =
4
3
QE

̅̅̅
R

√
(23)  

where QE is the effective out-of-plane stiffness and can be decided by 
using Eq. (24) 

1
QE

=
1

QP3
+

1
QI

(24)  

and the indexes P and I refer to the plate and indenter. In Eq. (24), QP3 
and QI can be decided through the equations shown in Eqs. (25) and (26) 
respectively 

r

z

x

q

h

C

R

O

Fig. 13. Illustration of the deformation of the plate due to contact.  
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QP3 =
E33

(1 − v13v31)
(25)  

QI =
EI

(1 − v2
I )

(26)  

where E33, v13, and v31 are the Young’s modulus in the out-of-plane 
normal direction and corresponding Poisson’s ratios of the orthotropic 
plate, respectively, EI and vI are the Young’s modulus and Poisson’s ratio 
of the indenter, respectively. 

3.6.3. Analytical model verification 
The analytical model can be verified by comparing the predicted 

stress distributions with those calculated with the FE model without 
considering damages. Prior to this verification, the compromise 
parameter μ needs to be determined. To that aim, the multiple in-
dentations were applied following a pattern covering the entire plate 
front surface, with the same maximum indentation loads of 1500, 2000, 
and 2500 N, respectively. 

Three regions can be identified according to the bending stiffness (i. 
e. the initial slope of the force–displacement curve [44]):  

– Flex (red).  
– Medium (green).  
– Stiff (cyan). 

These three regions are illustrated in Fig. 14. The purpose of classi-
fying these three regions is to facilitate the subsequent analytical model 
verification. 

Based on the test results, μ can be calculated by using Eq. (11) 
directly. The equivalent beam is approximated as an isotropic one (Eb =

E11) with a rectangular cross-section, and its moment of inertia can be 
calculated through I = ch3/12, where c is the width. The recommend 
value for c is 1 mm in this study, to ensure that the width of the 
equivalent beam is negligible compare to the dimensions of the plate. 
Besides, the Young’s modulus and Poisson’s ratio of the steel indenter 
are EI = 220 GPa, vI = 0.28, respectively, which are acceptable for most 
carbon and alloy steels [45]. The calculations show that the range of μ is 
between 0.007 and 1.0, in general, the closer to the clamped edge, the 
larger the value of μ. The range of μ for different stiffness regions are 
tabulated in Table 8. 

After the compromise parameter μ was determined, the stress dis-
tribution of each loading point was obtained. The FE results were 
compared to the analytical ones, to check whether they exhibit a similar 
trend and whether the absolute value error is less than 10 %. As μ varies 
in each stiffness region, its average value was adopted: 0.18 for the stiff 
region, 0.018 for the medium region, and 0.0065 for the flex region. 
Therefore, the value of μ for #43 is 0.18, for #44 is 0.018, and for #45 
and #46 is 0.0065, following their locations in the respective three 
regions. 

Finally, the out-of-plane shear stress variations of those four inden-
tation locations were determined with the analytical model and 
compared with the simulation results, which are shown in Fig. 15. 
Fig. 15 illustrates that the analytical model predicted out-of-plane shear 
stress profiles agree quite well with the FE results for indentations at 
#44, #45, and #46 (Fig. 15 (a), (b), and (c)). The slight differences in 
the peak values between these two curves of indentation #46 and left 
side of indentation #45 are caused by the overestimation of the contact 
radius in the analytical model. At the right side of indention #43, slight 
differences in absolute values between the curves can be distinguished: 
the analytical curve converges to − 12 MPa, while the FE curve con-
verges to zero, nonetheless, these two curves still have very similar 
global curvature. However, this is not the case for the left side of 
indentation at #43, where the differences in absolute values between 
the two curves is significant (over 10 %). The fact that qualitatively 
speaking still some similarities remain, i.e. the curve jumps up towards 
the clamped area, implies for the stiff region, that the results predicted 
by the analytical model are at most acceptable from a qualitative 
perspective. 

The out-of-plane normal stress variations at indentations #43, #44, 
#45, and #46 were obtained with the same procedure as the determi-
nation of the out-of-plane shear stress, and the comparisons are shown in 
Fig. 16. Fig. 16 shows that also here, the analytical results fit very well 
with the FE results for indentations at #45 and #46. For indentation at # 
44, the curve peak value predicted by the analytical model is higher than 

Fig. 14. Illustration of the three typical flexural stiffness regimes as observed in the experimental results: flex (red), medium (green) and stiff (cyan), the dimensions 
of the images are all in mm, Fmax refers to the predefined indentation force. (For interpretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.) 

Table 8 
Parameter μ in different stiffness regions.  

Stiffness region μ 

Flex 0.006–0.007 
Medium 0.014–0.021 

Stiff 0.15–0.2  
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that of the FE result. Despite the difference in peak values, the general 
trend of these two curves is similar. For indentation at #43, however, 
both the peak value and shape of the analytical curve are hightly 
different from the FE one, implying that the analytical model failed to 
predict the out-of-plane normal stress profile in the stiff region. This 
inability is mainly caused by the local contact deformation induced by 
contact was assumed to be always symmetrical about the contact area 
centreline but this assumption is invalid in this case. When the inden-
tation was applied on the plate very close to the clamped edge, the local 
contact deformation became significantly asymmetric. 

In summary, this analytical model can easily predict the stress var-
iations at the mid-plane of the laminates subjected to out-of-plane quasi- 
static indentation loading, and this derivations also showed that how 
global bending and local contact deformations relate to the out-of-plane 
normal and shear stress distributions. Further, the relevant works 
introduced the principles required for the derivation of analytical stress 
prediction models for thin laminate. Although the assumptions under-
neath the model highlighted that the deformation behaviours of thin and 
thick laminated plates are essentially different, the stress components 
related to the delamination formation should be similar. Therefore, one 
can hypothesize in future study that, with these principles, a stress 
prediction model can be derived for thick composite laminate with extra 
considerations. 

4. Conclusions 

The relationship between the specific stress combinations and initi-
ation of delamination of the CFRP laminates subjected to out-of-plane 
quasi-static indentation loading was investigated. This work demon-
strated that the combination of out-of-plane shear and in-plane tensile 

stresses determined the delamination initiation, whereas the effects of 
the out-of-plane compressive stress on the delamination initiation can be 
neglected. The main conclusions are as follows:  

– The out-of-plane shear stress and in-plane tensile stress (σ23 and σ22) 
together determined the initiation of delamination for the indented 
composite laminates. In contrast, the out-of-plane compressive stress 
(− σ33) had negligible influences on the delamination initiation. The 
role of the out-of-plane compressive stress in the formation of 
delamination is highlighted by the fact that the indentation de-
laminations cannot propagate in the high normal compression zone. 

– An analytical model was developed to assistant understand the un-
derlying causes of the out-of-plane normal and shear stresses. This 
model was validated with the experimental and numerical results, 
demonstrating sufficient accuracy for most load locations, except for 
those much close to the clamped laminate edges. The derivations of 
this model suggested that the out-of-plane shear stress is caused by 
the combination of global bending and local contact deformations, 
whereas the out-of-plane normal stress is only related to the local 
contact deformation.  

– When the laminates were loaded eccentrically, greater damages were 
formed compared to those which were loaded centrally. Hence, the 
common impact tests at the centre of the panels may not resemble 
sufficient similitude with stiffened panels where panel flexure is 
suppressed by various geometrical stiffening concepts. 
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