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A B S T R A C T   

The paper presents a systematic experimental study of the interlaminar delamination behaviour of a carbon 
composite subjected to Mode I, Mode II and Mixed-mode delamination at both quasi-static (QS) and high-rate 
(HR) conditions, which were conducted on a screw-driven test machine and in-house Hopkinson bar systems, 
respectively. A methodology integrating digital image correlation and the compliance-based beam theory was 
employed to circumvent the challenges in measuring the loads at HR tests and maintain good consistency during 
the data analysis of all delamination tests. The results demonstrated a positive rate-dependent delamination 
behaviour, with the HR Mode I, Mode II and Mixed-mode fracture toughness properties being 1.56, 1.66 and 1.60 
times their QS counterparts, respectively. The cause of such a dependency was revealed following a detailed 
fractographic analysis, which highlighted that the observed dependency was associated with the transition of the 
predominant failure mechanisms in the QS and HR conditions.   

1. Introduction 

Compared to metallic counterparts, fibre-reinforced polymer (FRP) 
composites can offer various benefits including high specific strength 
and stiffness. Owing to their high structural efficiency, FRP composites 
are extensively employed in the aerospace industry to manufacture 
high-performance components, such as aircraft fuselage, wings and 
engine blades [1]. However, FRP composites are also known for their 
susceptibility to interlaminar delamination, which is one of the most 
detrimental failure modes that may cause significant degradation of 
structural integrity or even catastrophic failure. Therefore, obtaining a 
clear understanding of the resistance to interlaminar delamination (also 
known as interlaminar fracture toughness or critical energy release rate 
(ERR), Gc) by performing fracture toughness characterisation testing is 
of paramount importance for developing load-bearing structures based 
on FRP composites. 

The characterisation of interlaminar fracture toughness of FRP 
composites is an intricate experimental problem as interlaminar 
delamination is a complex failure phenomenon commonly involving 

Mode I (opening) separation, Mode II (shear) separation and Mixed- 
mode I/II separation i.e., a combination of Mode I and Mode II delam
ination. This problem can be further complicated by the rate sensitivity 
of FRP composites. Over the past several decades, considerable efforts 
have been devoted to characterising interlaminar fracture toughness 
properties of various FRP composites subjected to Mode I [2–13], Mode 
II [14–22], and Mixed-mode I/II loading conditions [18,23,24]. The 
published studies demonstrated that the interlaminar fracture toughness 
properties of FRP materials can be insensitive to the loading rate or may 
exhibit positive or negative rate dependency on the loading rate. After 
reviewing much of the published work on this topic, Jacob et al. [25] 
highlighted a lack of consensus on the rate dependency of the fracture 
toughness properties of composite materials, which was associated with 
the rate-sensitivity of polymer matrix and the presence of failure mode 
transition in the fracture process zone (FPZ) at different loading rates. In 
the reviews recently conducted by May and colleagues [26,27], the 
presence of inconsistent findings on the rate-dependent interlaminar 
fracture behaviour of composites was attributed to the lack of estab
lished test methods for high-rate (HR) fracture testing. Indeed, various 
challenges arise in HR fracture toughness testing of composites, which is 
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primarily due to the difficulty in accurately obtaining the necessary data 
(particularly the load history) for calculating the fracture toughness. 
Although various experimental approaches have been proposed to 
address the HR fracture toughness characterisation of composites, they 
come with both advantages and limitations from the perspectives of 
specimen geometry, test setup and data acquisition [26,27]. 

To address the challenges in HR fracture toughness testing of com
posites, a few recent studies focused on the development of 

methodologies capable of circumventing the measurement of the load 
data in HR tests [13,28–30]. Isakov et al. [13] proposed a combined 
experimental-analytical approach to obtain the HR Mode I fracture 
toughness of a carbon fibre-reinforced polymer (CFRP) composite. Based 
on a loading wedge that was geometrically shaped with a round head 
followed by a constant cross-section, a modified wedge-loaded double 
cantilever beam (WDCB) was introduced to delaminate the specimen of 
testing, and the deformation history of the specimen adherents was 

Nomenclature 

Symbols Description 
α Power of the power law criterion 
δ Opening displacement or beam deflection (mm) 
η Power of the Benzeggagh-Kenane criterion 
a Crack length (mm) 
a0 Initial crack length (mm) 
ae Effective crack length (mm) 
Δa Crack length increment (mm) 
b Specimen width (mm) 
c Wave velocity (mm/s) 
C Compliance (mm/N) 
C0 Initial compliance (mm/N) 
E1 Longitudinal elastic modulus (MPa) 
E3 Transverse elastic modulus (MPa) 
Ef Flexural modulus (MPa) 

F Opening or bending force (N) 
G13 Shear modulus (MPa) 
Gc Fracture toughness (N/mm) 
GI Mode I strain energy release rate (N/mm) 
GIc Mode I fracture toughness (N/mm) 
GII Mode II strain energy release rate (N/mm) 
GIIc Mode II fracture toughness (N/mm) 
GI/IIc Mixed-mode I/II fracture toughness (N/mm) 
GT Total strain energy release rate (N/mm) 
h Half specimen thickness (mm) 
L Characteristic specimen length (mm) 
Ls Total specimen length (mm) 
tC Support reaction time (s) 
tR Reference time (s) 
tT Characteristic time (s)  

Fig. 1. WDCB, ENF and SLB specimen geometry and dimensions (mm).  
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tracked using a high-resolution camera. By fitting the beam theory to the 
optically tracked results, the HR fracture toughness was computed 
without any force data from the experiment. Liu et al. [28,29] developed 
a hybrid numerical-experimental approach for the HR Mode I fracture 
toughness characterisation of CFRP composites. In their work, a Hop
kinson bar system containing two identical incident bars was employed 
to perform the HR Mode I tests. Combining the opening displacement 
history obtained using a high-speed camera and the crack length data 
derived using a wire-based electric gauge, a finite element (FE) simu
lation with user-defined cohesive elements was conducted to predict the 
opening load and subsequently to calculate the fracture toughness based 
on an energy balance technique, avoiding the need for experimentally 
measuring the opening load. Recently, Ponnusami et al. [30] investi
gated the dynamic Mode-I fracture properties of CFRP composites by 
using an integrated numerical-experimental strategy. The experimental 
part involved testing WDCB specimens using a split Hopkinson pressure 
bar (SHPB) to obtain the strain-displacement response, the opening 
displacement history and the crack length data. Following the experi
mental tests, numerical simulations with different inputs for the fracture 
toughness property of the cohesive elements were conducted. Without 
deriving the force history of the experiment, the Mode I fracture 
toughness property was identified by fitting the numerical results 
against the experimental data. Here, it should be kept in mind that the 
outline methodologies were developed for determining the HR Mode I 
fracture toughness of CFRP composites. Their applicability to the frac
ture toughness characterisation of HR Mode II and Mixed-mode 
delamination still needs to be evaluated and understood. 

The literature review above suggests further need for investigating 
the rate-dependent interlaminar delamination behaviour of FRP com
posites. Therefore, the present research was aimed at deepening our 
understanding of this research topic by conducting Mode I, Mode II and 
Mixed-mode I/II fracture testing of a commercial CFRP composite at 
both QS and HR loading conditions. Three strategic measures were taken 
to maximise the outcome. First, all delamination tests of the present 
research were undertaken in a single experimental programme and 
performed by the same researchers, attempting to minimise the poten
tial discrepancies associated with different testing programmes and 
operators. Second, an experimental methodology integrating digital 
image correlation (DIC) and the compliance-based beam method 
(CBBM), which was developed by Liβner et al. [31,32] for adhesively 
bonded structures, was adapted to the present experimental programme. 
The integrated DIC-CBBM methodology was proposed to circumvent the 
challenge of measuring the load of HR fracture testing and was proven to 

be valid for both QS and HR testing of different delamination modes. The 
primary purpose of adapting this methodology to the present research 
was to avoid the possible inconsistencies that originated from using 
different approaches for different types of fracture tests. Third, a 
detailed fractographic analysis based on 3D optical metrology and 
scanning electron microscopy (SEM) was conducted as supplementary 
material to validate the proposed experimental study, as well as to 
correlate the rate-dependent delamination behaviour of the CFRP 
composite with the physical mechanisms that occurred at the delami
nation interface. The remainder of this paper is structured by describing 
the experimental methods in the second section, discussing the results in 
the third section and lastly concluding the findings and contributions of 
the present research. 

2. Experimental methods 

2.1. Material & specimen preparation 

The material investigated in the present research was based on a 
Hexcel toughened epoxy prepreg, which is a high-performance carbon 
fibre-reinforced epoxy matrix system developed for composite aircraft 
structures. All specimens were cut from a unidirectional (UD) laminated 
panel fabricated from 16 layers of the prepreg aligned in the 0◦ direc
tion. Following the recommended temperature profile [33], the panel 
was cured at dwelling temperatures of 110 ◦C for 60 min and 180 ◦C for 
120 min, resulting in an average panel thickness of 4.15 mm. A 13 μm 
polytetrafluoroethylene (PTFE) film was inserted between the 8th and 
9th plies to form a pre-crack. WDCB, ENF and single leg bending (SLB) 
specimens were used for the Mode I, Mode II and Mixed-mode I/II 
fracture toughness testing, respectively. As illustrated in Fig. 1, all three 
types of specimens had a total width of 20 mm and an overall thickness 
of 4.15 mm. The WDCB specimens had a 50 mm pre-crack along with a 
small notch machined at the pre-crack end to ensure that the sharp tip of 
the loading wedge can be accurately positioned in the middle plane of 
the beam. The initial crack lengths of the ENF and SLB specimens were 
the same and equal to 45 mm. For all three cases, one side of each 
specimen was sprayed into a matt white background with black speckles 
on the top to create a fine DIC pattern to facilitate the observation of 
crack propagation during testing and allow for post-test DIC analysis of 
the recorded video. 

Fig. 2. WDCB, ENF and SLB setups for QS (1 mm/min) fracture toughness testing.  
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2.2. Experimental procedures 

All three types of fracture toughness characterisation tests at QS 
loading rates were conducted on a screw-driven test machine (Zwick
Roell Z050) at a displacement rate of 1 mm/min. High-resolution 
cameras were employed to record videos for post-test DIC analysis at a 
recording rate of 2 frames per second (fps) and with a resolution of 2456 
× 900 pixels, as illustrated in Fig. 2. For WDCB testing, the specimens 
were aligned vertically with their lower end supported by a notched 
cylindrical holder which was further fixed to the platen of the machine, 
as indicated in Fig. 2a. The loading wedge, which has a sharp tip with an 
angle of 30◦, was positioned near the specimen notch and moved 
downward by the upper crosshead of the machine to crack the specimen. 
For ENF and SLB testing, the specimens were horizontally rested on two 

steel supports and transversely loaded by the loading wedge connected 
to the upper crosshead, as shown in Fig. 2b and c, respectively. Both the 
loading wedge and support blocks were manufactured with a cylindrical 
tip having a radius of 2.5 mm. It should be noted that although the in
tegrated DIC-CBBM methodology [31] does not require the load data 
from the test machine for the calculation of fracture toughness proper
ties, the load data of both ENF and SLB tests were recorded for subse
quently justifying and validating the methodology, which will be 
addressed in Section 3.1. 

For the fracture toughness characterisation testing at HR loading 
rates, all three types of tests were performed at an impact velocity of 
approximately 6 m/s by using modified SHPB systems, as illustrated in 
Figs. 3 and 4. For HR WDCB testing, the specimens were horizontally 
placed in an SHPB system consisting of a 2.7-m striker, a 2.5-m input bar 

Fig. 3. SHPB setups for HR WDCB, ENF and SLB fracture toughness testing.  
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screwed with a sharp-tip loading wedge, and a 3-m output bar connected 
with a notched cylindrical holder (Fig. 3a). During testing, two high- 
speed cameras (Fig. 4a) were utilised to record the HR test event. Spe
cifically, the separation of each specimen at the free end was captured by 
a Photron camera at a frame rate of 100,000 fps and with a resolution of 
320 × 192 pixels, while the propagation of the crack was monitored by a 
Specialised Imaging Kirana camera at a frame rate of 250,000 fps and 
with a resolution of 924 × 768 pixels. For HR ENF testing, tests were 
conducted on the SHPB system (Fig. 3b), which was modified from the 
HR WDCB SHPB system by using an input bar having a cylindrical-tip- 
based loading wedge and replacing the output bar with an in-house- 
made fixture to hold the specimen of testing vertically. The tip radii of 
the loading wedge and support blocks were the same and equal to 2.5 
mm. During testing, the Photron camera was used to record the move
ment of the loading wedge at the same frame rate and resolution as HR 
WDCB testing, while the Kirana camera was employed to capture the 
propagation of the crack at a frame rate of 400,000 fps and with a res
olution of 924 × 768 pixels (Fig. 4b). In terms of HR SLBtesting, the 
SHPB system, fixture and camera setups (Fig. 3c and 4c) were almost 
identical to those used in HR ENF testing, except that the height of one 
support block was augmented by two thin metal pads so that the spec
imens can be aligned perpendicularly to the impact direction. All the 
SHPB bars used have a diameter of 16 mm and were made from titanium 
alloy Ti–6Al–4V, with the elastic modulus, Poisson ratio and density 
being 114 GPa, 0.34 and 4.43 g/mm3, respectively. 

It should be noted that the SHPB systems were employed exclusively 
to generate HR loading conditions, and no attempt was made to apply 
the theory of SHPB to approximate the applied dynamic load. This was 
because the load calculated based on the strain gauge readings is 
believed to be not an accurate representation of the force acting on the 
specimen, owing to several inherent challenging factors of the experi
ments including I) a relatively large specimen size, II) profound geo
metric mismatch among the bars, loading wedge, specimen and support, 
and III) potential inertial effects of the specimen before and during crack 
propagation. Additionally, the load applied to the specimen has a small 
magnitude, and the accuracy of load measurement tends to be affected 
by the noise of the experiments. Given that the SHPB-theory-computed 
load is not sufficiently representative of the actual force, the integrated 
DIC-CBBM methodology was adopted to analytically calculate the 
applied dynamic load and HR fracture toughness property of each test 
based on the DIC data derived after performing DIC analysis of the 
recorded videos. 

2.3. DIC data analysis 

As demonstrated in the previous section, the primary raw data of the 
QS and HR experiments were test videos. To enable the application of 
the theories that will be described in Section 2.4 to analytically calculate 
the QS and HR fracture toughness properties of the material, the 
recorded videos of each test were analysed according to the DIC-based 
procedures previously established by the authors [31,34]. To calculate 
the Mode I fracture toughness, DIC analyses were performed on the 
WDCB test videos to extract two types of data, i.e., the opening 
displacement at the loading point (δ) and the crack length (a). The 
opening displacement was obtained by setting up a virtual extensometer 
(represented by line A0B0 in Fig. 5a) and measuring the extension of the 
virtual extensometer. In terms of the crack length of WDCB testing, it 
was determined by employing the DIC procedure illustrated in Fig. 5b. 
This approach is based on the use of a set of point pairs symmetrically 
placed on both sides of the expected crack path, where the first pair of 
points (A1, B1) is located at the initial crack tip. By tracking the dis
placements of these point pairs when performing a DIC analysis, the 
position of the current crack tip at a given frame time t can be roughly 
identified as in between the kth and (k+1)th point pairs if the following 
conditions are satisfied: 

Δuk(t) =
⃒
⃒ΔuAk (t) − ΔuBk (t)

⃒
⃒ ≥ ΔuTH (1a)  

Δuk+1(t) =
⃒
⃒ΔuAk+1 (t) − ΔuBk+1 (t)

⃒
⃒ ≤ ΔuTH (1b)  

where ΔuTH is a displacement-based threshold for crack tip identifica
tion. Once the two point pairs are identified, the crack length can be 
computed by considering the x-coordinates of lines A1B1, AkBk and 
Ak+1Bk+1, as well as the displacement differences Δuk(t) and Δuk+1(t): 

a(t) = a0 + xAk − xA1 +
ΔuTH − Δuk(t)

Δuk+1(t) − Δuk(t)
(
xAk+1 − xAk

)
(2) 

To derive the Mode II fracture toughness properties, DIC analyses of 
the ENF test videos were conducted to generate two types of data, i.e., 
the displacement of the loading wedge (δ) and the crack length (a). The 
former was obtained directly when analysing the test video, while the 
latter was extracted following a DIC procedure modified from the one 
used for the WDCB case. In the DIC procedure for analysing ENF test 
videos, the y-displacements of pre-defined point pairs were used instead 
of their x-displacement components to identify the crack tip position and 
compute the crack length at time t. Given the high similarities between 
the ENF and SLB experiments, the same DIC procedures were employed 

Fig. 4. WDCB, ENF and SLB setups for HR (6 m/s) fracture toughness testing.  
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to analyse the SLB test videos to derive the displacement of the loading 
wedge (δ) and the crack length (a) for the sake of calculating the Mixed- 
mode I/II fracture toughness properties. Therefore, the equations for the 
crack tip identification and crack length calculation of ENF and SLB tests 
are the same and defined by: 

Δvk(t) =
⃒
⃒ΔvAk (t) − ΔvBk (t)

⃒
⃒ ≥ ΔvTH (3a)  

Δvk+1(t) =
⃒
⃒ΔvAk+1 (t) − ΔvBk+1 (t)

⃒
⃒ ≤ ΔvTH (3b)  

a(t) = a0 + xAk − xA1 +
ΔvTH − Δvk(t)

Δvk+1(t) − Δvk(t)
(
xAk+1 − xAk

)
(3c)  

2.4. Fracture toughness calculation 

With the DIC-based results obtained by using the procedures 
described above, the fracture toughness properties of different delami
nation modes can be analytically computed using the compliance-based 
beam methods presented in Ref. [31]. For completeness and to 
demonstrate how the fracture toughness of a delamination mode can be 
derived entirely by using the DIC data (without the force data), the 
fundamental aspects of these methods are described in this section. For 
conciseness, the meaning of each variable in the mathematical equations 
that will be presented below has been summarised in the “Nomencla
ture” section and Fig. 1. 

By employing the Timoshenko beam theory to deduce the elastic 
(bending and shear) energies stored in the specimen and applying the 
Castigliano second theorem, the compliance can be derived for Mode I 
(WDCB) [35], Mode II (ENF) [36] and Mixed-Mode I/II (SLB) [37] ex
periments, as follows: 

Mode I : C=
8a3

Efbh3 +
12a

5G13bh
(4)  

Mode II : C=
3a3 + 2L3

8Efbh3 +
3L

10G13bh
(5)  

Mixed − mode : C =
28a3 + L3

32Efbh3 +
3(a + L)
20G13bh

(6)  

where the flexural moduli for Mode I [35], Mode II [36] and 
Mixed-mode I/II [37] are defined by: 

Mode I : Ef =
8(a0 + Δ)

3

bh3

(

C0 −
12(a0 + Δ)

5G13bh

)− 1

(7)  

Mode II : Ef =
3a3

0 + 2L3

8bh3

(

C0 −
3L

10G13bh

)− 1

(8)  

Mixed − mode : Ef =
28a3

0 + L3

32bh3

(

C0 −
3(a0 + L)
20G13bh

)− 1

(9)  

where the initial compliance C0 of each mode was determined after 
conducting a simulation of the composite material under the corre
sponding mode of delamination, and the symbol Δ in Eq. (7) is a term 
accounting for the root rotation effect at the crack tip and given by Refs. 
[38,39]: 

Δ= h

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Ef

11G13

[

3 − 2

(
1.18

̅̅̅̅̅̅̅̅̅̅
EfE3

√

G13 + 1.18
̅̅̅̅̅̅̅̅̅̅
EfE3

√

)2]
√
√
√
√ (10)  

where it should be noted that Eqs. (7) and (10) do not yield an explicit 
expression for the Ef of Mode I, and the value of Ef can be numerically 
determined following an iterative solution procedure. 

Based on the Irwin-Kies equation 
(

Gc =
F2

2b
dC
da

)
and the compliance 

formulae given above, the fracture toughness of each delamination 
mode can be defined by Refs. [31,36,37]: 

GIc(a,F)=
12a2F2

Efb2h3 +
6F2

5G13b2h
(11)  

GIIc(ae,F)=
9a2

eF2

16Efb2h3 (12)  

GI/IIc(a,F)=
21a2F2

16Efb2h3 +
3F2

40G13b2h
(13)  

where ae in Eq. (12) is the crack length corrected by including the FPZ 

Fig. 5. DIC-based extraction of opening displacement and crack length for WDCB testing.  
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effect and can be defined by Ref. [36]: 

ae =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Cc

C0c
a3

0 +
2
3

(
Cc

C0c
− 1
)

L33

√

(14)  

where Cc and C0c are two intermediate variables given by: 

Cc =C −
3L

10G13bh
,C0c = C0 −

3L
10G13bh

(15) 

To bypass the measurement of force data in the fracture toughness 
characterisation experiments, the forces in Eqs. (11)–(13) can be 
replaced by considering the relationship among the applied load (F), the 
displacement (δ) and the compliance (C) of the beam: 

F = δ/C (16) 

Based on Eqs. (4)–(6) and by replacing the forces in Eqs. (11)–(13) 
with Eq. (16), the Mode I, Mode II and Mixed-mode I/II fracture 
toughness properties can be completely expressed as functions of the 
DIC-based data described in Section 2.3, i.e., the total crack length (a), 
the opening displacement or beam deflection (δ). This avoids the need 
for measuring the force data directly. Here, it should be noted that the 
equations above were originally developed for QS loading conditions, 
and their applicability to HR loading scenarios needs to be justified and 
will be addressed in Section 3.1. The material properties used for 
calculating the fracture toughness properties were extracted from the 
Hexcel data sheet [33]: E1 = 182 GPa, E3 = 9.0 GPa and G13 = 4.5 GPa. 

3. Results & discussion 

3.1. Validation of experimental methodology 

Since the integrated DIC-CBBM methodology was developed origi
nally for adhesively bonded structures, the use of this methodology to 
study the fracture behaviour of CFRP composites needs to be justified. 
The applicability of this methodology for QS loading conditions was 
directly evaluated by comparing the load-displacement response ob
tained using the DIC-CBBM method and that measured based on the load 
cell. Fig. 6 illustrates that the load-deflection curves derived using the 
two different approaches match perfectly with each other, validating the 
integrated DIC-CBBM methodology for both ENF and SLB testing at QS 
loading conditions. Here, it should be noted that the validation of the 
proposed approach for QS WDCB testing cannot be performed due to the 
difficulty of measuring the opening force in a WDCB test. However, 
given that the integrated DIC-CBBM methodology is valid for QS Mixed- 
mode I/II (SLB) testing, which contains a large portion of Mode I 
delamination, it can be assumed that this methodology is also applicable 
to QS Mode I (WDCB) testing in the present research. 

As described in Ref. [31], the principle for evaluating the validity of 
the proposed methodology for calculating the fracture toughness of an 
HR test is to examine whether the HR test exhibits a pseudo-QS response, 
which is characterised by the HR test achieving force equilibrium and 
the specimen undergoing a deformation pattern similar to that in a QS 
test. For force equilibrium, it can be determined by comparing the 
reference time (tR - test duration) against the characteristic time (tT - the 
duration of the elastic wave in the loading pin travelling through the 
whole specimen thickness) and the support reaction time (tC - twice the 
duration of the elastic wave travelling from the impact location to 
supports) [40]. Table 1 details the different times of the three types of 
HR delamination tests. It is evident that both the characteristic time and 
support reaction time were significantly smaller than the reference time, 
suggesting that dynamic force equilibrium was achieved in these HR 
tests. Fig. 7 shows the deformation histories of typical QS and HR WDCB 
tests. Here, a good match between the QS and HR deformation patterns 
implies a pseudo-QS response in HR delamination tests. Based on the 

above, it is assumed that the integrated DIC-CBBM methodology is also 
valid for the HR delamination tests of the present work. 

It is worth noting that, when using the DIC-CBBM methodology for 
new dynamic delamination tests, the validation process above always 
needs to be performed. Also, this methodology can be applied only when 
1) the characteristic time and support time of the dynamic test are way 

Fig. 6. Validation of the integrated DIC-CBBM methodology for computing QS 
(1 mm/min) fracture toughness properties via a comparison of typical load- 
deflection curves obtained by using the Zwick load cell and the DIC- 
CBBM method. 

Table 1 
Summary of the reference time, characteristic time and support reaction time of 
the three modes of HR (6 m/s) delamination tests.  

Mode tR [μs] tT [μs] tC [μs] 

HR WDCB 280 0.8 56 
HR ENF 200 0.8 26 
HR SLB 220 0.8 26  

Fig. 7. Validation of the integrated DIC-CBBM methodology for computing HR 
fracture toughness properties via a comparison of the deflections of typical 
WDCB tests at QS (1 mm/min) and HR (6 m/s) conditions. 
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smaller than the reference time and 2) the corresponding specimen 
shows a pseudo-QS deformation pattern. 

3.2. Interlaminar delamination behaviour 

By employing the DIC analysis procedure described in Section 2.3 
and the CBBM-based approach in Section 2.4, the load-displacement 

response of each delamination test can be obtained. Fig. 8a shows the 
load-displacement curves of the WDCB tests. It is evident that both the 
QS and HR WDCB results have good repeatability, with the QS and HR 
loads peaking at 88.29 N and 103.86 N, respectively. In terms of the ENF 
results (Fig. 8b), all load-deflection curves coincided at the initial elastic 
region. Although there was some scatter in the results, the maximum 
loads of the HR ENF tests were higher than those of the QS ENF tests, 

Fig. 8. Load-displacement response of a) Mode I: WDCB, b) Mode II: ENF, and c) Mixed-mode I/II: SLB tests at QS (1 mm/min) and HR (6 m/s) conditions.  
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with an average peak value of 1740.93 N for the HR condition and 
1344.02 N for the QS rate. The load-deflection results of the SLB tests are 
plotted in Fig. 8c. Despite that one of the QS tests exhibited a lower 
stiffness, the QS tests again demonstrated lower peaks than the HR tests, 
and the corresponding average values of the QS and HR peak loads were 
332.17 N and 430.07 N, respectively. The load-displacement results in 
Fig. 8 suggest that, compared to QS rates, a higher load was needed to 

trigger delamination at HR conditions. This indicates that the CFRP 
material of investigation has at least a rate-dependent behaviour at the 
point of delamination initiation. 

To quantify the delamination behaviour of the composite, the frac
ture toughness of each test was calculated using Eqs. (11)–(13). The 
results of the WDCB tests (Mode I delamination) are illustrated in 
Fig. 9a, where each curve represents the variation of the fracture 

Fig. 9. Fracture behaviour of a) Mode I: WDCB, b) Mode II: ENF, and c) Mixed-mode I/II: SLB tests at QS (1 mm/min) and HR (6 m/s) loadings.  
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toughness against the crack growth. It can be seen that, compared to the 
HR cases, the QS WDCB tests had higher fracture toughness from the 
onset of delamination to a crack growth of approximately 15 mm. The 
average QS and HR fracture toughness values at crack initiation are 
about 0.38 N/mm and 0.60 N/mm, respectively. It is worth noting that 
the QS WDCB tests exhibited mild fluctuations of the fracture toughness 
against the crack growth. However, the curves of the HR WDCB tests 
showed monotonic decreasing trends, with the fracture toughness 
gradually dropping to a level similar to the QS results at a crack growth 
of approximately 18 mm. The fracture toughness results of the ENF tests 
(Mode II delamination) are presented in Fig. 9b. Similar to the corre
sponding load-deflection curves (Fig. 8b), there was some scatter in the 
computed fracture toughness. However, there is no doubt that the HR 
tests showed considerably higher resistance to delamination in the full 
range of the crack growth, and the average QS and HR toughness values 
at delamination initiation are about 2.89 N/mm and 4.78 N/mm, 
respectively. Here, it should be noted that the linear decreasing trends of 
the curves were found to be a result of unstable crack propagation. In 
terms of the SLB tests (Mixed-mode delamination), the corresponding 
results are given in Fig. 9c. Again, the HR toughness curves are higher 
than the QS cases, with the average values at fracture initiation being 
1.01 N/mm and 0.63 N/mm, respectively. As indicated in the QS curves, 
unstable crack propagation also occurred in the QS SLB tests. 

It should be noted that the presence of unstable crack propagation in 
some tests somehow affected the fracture toughness results at the stage 
of crack progression. However, it is evident that the HR fracture 
toughness curves are higher than the QS counterparts, which suggests 
that the interlaminar delamination behaviour of the composite was 
positively dependent on the loading rate, not only at the crack initiation 
point but also at the crack propagation stage. For the reader’s conve
nience, the initiation fracture toughness properties of the composite 
subjected to the three modes of delamination are summarised in Table 2. 
As quantified in this table, the HR fracture toughness properties of Mode 
I, Mode II and Mixed-mode I/II accounted for 1.56, 1.66 and 1.60 times 
the QS properties, respectively. 

To facilitate numerical modelling, both the Benzeggagh-Kenane (BK) 
criterion (Eq. (17)) and the power law (PL) criterion (Eq. (18)) were 
employed to fit against the characterised toughness properties by using 
the least squares method. The best-fitted failure envelopes based on the 
two criteria are displayed in Fig. 10, with the fitted powers being η =
2.72 and α = 1.27, respectively. This will enable design engineers to 
interpolate the fracture toughness properties of the material at the 
loading rates of interest. 

BK : Gc =GIc + (GIIc − GIc)(GII/GT)
η (17)  

PL : Gc =

[
1

Gα
Ic

(

1 −
GII

GT

)α

+
1

Gα
IIc

(
GII

GT

)α ]− 1
α

(18)  

where GT = GI + GII. 

3.3. Fractographic analysis 

Further to the QS and HR delamination tests, a detailed fracture 
analysis based on optical 3D metrology and SEM was conducted to 
investigate the failure characteristics of tested specimens and thus 

establish the relationship between the rate-dependent delamination 
behaviour of the CFRP material and the underlying failure mechanisms 
at different test conditions. For optical 3D metrology, a highly flexible 
3D optical measurement device (Alicona InfiniteFocus) was employed to 
measure the surface profiles of tested specimens near their initial crack 
tips. The optical measurement was conducted at a resolution of 
approximately 150,000 data points per square millimetre, and the re
sults are shown in Fig. 11. Here, the 3D surface profiles were directly 
measured using the Alicona device, while the 2D curves represent the 
average profile height of all measured cross-sections perpendicular to 
the direction of crack propagation. The optical data clearly illustrates 
that, for all three delamination modes, the QS specimens manifested 
rougher fracture surfaces compared to the HR specimens. It should be 
noted that, with the same failure mechanisms, a rougher fracture surface 
is generally associated with a higher degree of energy dissipation and 
thus an increased fracture toughness. The finding of the QS tests having 
rougher fracture surfaces is seemingly contradictory to the results shown 
in Section 3.2: the QS tests exhibited lower fracture toughness values. 

To understand why the QS tests manifested rougher fracture surfaces 
but yet had lower fracture toughness properties, a post-mortem SEM 
analysis of the fractured sample’s interfaces was conducted by using a 
Zeiss SEM machine. Fig. 12 shows the SEM micrographs of the WDCB 
specimens tested at QS and HR conditions, respectively. As can be seen 
clearly in the figure, the QS WDCB specimen experienced a large amount 
of fibre-matrix interface debonding and plucking of toughening parti
cles, resulting in a considerably rough fracture surface. In contrast, the 
predominant failure mode of the HR WDCB specimen was matrix 
cracking, exhibiting a smoother fracture morphology. The transition of 
the delamination failure (from a combination of fibre-matrix debonding 
and matrix cracking in the QS condition to primarily matrix failure in 
the HR scenario) was also observed by Riezzo et al. [12] in the delam
ination testing of IM7/M91. Similarly, they found that the HR fracture 
toughness properties were significantly higher than the QS values. Ac
cording to Bradley’s study of three CFRP composites (T6T145/F185, 
C6000/HX206, C6000/HX210) [41], the delamination toughness 
properties of the pure epoxy resins were much higher than those of the 
corresponding composites. In other words, for the same area of delam
ination the amount of energy dissipated in the matrix cracking mode of a 
composite material can be higher than that dissipated in the fibre-matrix 
debonding mode. Therefore, it can be argued that the presence of more 
evident fibre-matrix debonding in the QS WDCB tests accounts for the 

Fig. 10. Summary of the rate-dependent interlaminar fracture behaviour of the 
CFRP composites. 

Table 2 
Mean values and standard deviations for the initiation fracture toughness 
properties of Mode I (WDCB), Mode II (ENF) and Mixed-mode I/II (SLB) 
delamination.  

Loading rate WDCB ENF SLB 

QS Gc [N/mm] 0.382 ± 0.007 2.886 ± 0.450 0.630 ± 0.038 
HR Gc [N/mm] 0.597 ± 0.011 4.780 ± 0.365 1.009 ± 0.072 
HR Gc/QS Gc 1.56 1.66 1.60  
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Fig. 11. Typical fracture surface profiles of a) Mode I: WDCB, b) Mode II: ENF, and c) Mixed-mode I/II: SLB tests at QS (1 mm/min) and HR (6 m/s) conditions 
(Direction of crack propagation: rightward). 
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QS WDCB specimens having rougher fracture surfaces but lower fracture 
toughness values, compared to the HR WDCB counterparts. 

The SEM micrographs of the QS and HR ENF specimens are shown in 
Fig. 13. Although it is somewhat difficult to interpret the fracture 
morphologies (affected by the friction and relative motion between the 
lower and upper fracture faces) [42], the predominant failure mecha
nisms of both the QS and HR ENF specimens were a combination of 
fibre-matrix interface debonding and prevalent shear failure in the form 
of cusps. Also, the fracture surface of the HR ENF specimen is smoother 
compared to that of the QS ENF specimen, suggesting a reduced possi
bility of the crack propagating through fibre-matrix interfaces and thus 
increased resistance to fracture (Fig. 9b). The SEM results of the QS and 
HR SLB tests are presented in Fig. 14. Unsurprisingly, these SEM mi
crographs are similar to those of the WDCB cases (Fig. 12), which is 
because the SLB tests underwent a considerable portion of Mode I 

delamination. Again, fibre-matrix debonding was more prevalent in the 
QS specimen, which implies that less energy was needed to delaminate 
the QS SLB specimen. 

The above SEM analysis explains the seemingly contradictory finding 
obtained by the 3D optical metrology. Arguably, it was the occurrence of 
more prevalent fibre-matrix debonding in the QS tests that resulted in 
rougher fracture surfaces but lower fracture toughness values. However, 
one may question why in the HR delamination tests fibre-matrix 
debonding, which required less energy, was much less common than 
matrix cracking. It is postulated that such a phenomenon was a result of 
a notable difference in the loading rates of the QS and HR tests. In the QS 
tests, the displacement rate was so small (1 mm/min) that the crack was 
allowed to propagate at a low velocity (approximately in the order of 1 
mm/s). As a result, the damage near the crack tip was more diffused, 
leading to the migration of cracks from the inter-ply region to the fibre- 

Fig. 12. SEM micrographs of WDCB specimens fractured at QS (1 mm/min) and HR (6 m/s) conditions (Direction of crack propagation: downward).  

Fig. 13. SEM micrographs of ENF specimens fractured at QS (1 mm/min) and HR (6 m/s) conditions (Direction of crack propagation: downward).  

Fig. 14. SEM micrographs of SLB specimens fractured at QS (1 mm/min) and HR (6 m/s) conditions (Direction of crack propagation: downward).  
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matrix interfaces of the plies adjacent to the inter-ply region, as sche
matically illustrated in Fig. 15. By contrast, the displacement rate of the 
HR tests was so high (6 m/s) that the crack was forced to advance at a 
massively higher velocity (in the order of 100 m/s). At such a high 
propagation velocity, the damage near the crack tip was more confined 
within the inter-ply region, limiting the migration of cracks into the 
adjacent plies. Therefore, despite requiring less energy to be triggered, 
fibre-matrix debonding tended to become a secondary failure mode in 
the HR tests and was not as common as in the QS tests. Based on the 
above analysis, it is established that the positively rate-dependent 
fracture behaviour of the CFRP material was associated with the tran
sition of the predominant failure mechanism, featuring a decrease of 
fibre-matrix interface debonding and an increase of matrix cracking 
when the loading rate was increased. 

4. Conclusions 

This work systematically investigated the rate-dependent interlam
inar delamination behaviour of a commercial CFRP material by con
ducting Mode I (WDCB), Mode II (ENF) and Mixed-mode I/II (SLB) 
delamination tests at both QS and HR loading conditions, which were 
performed on a standard screw-driven test machine and in-house SHPB 
systems, respectively. To minimise potential discrepancies associated 
with different operators and methodologies, all three types of delami
nation tests were undertaken within a single experimental programme, 
and an integrated DIC-CBBM methodology was employed for the data 
reduction and analysis of all test results. Following the experiments, a 
detailed fractographic analysis was carried out to correlate the rate- 
dependent delamination behaviour and the underlying failure mecha
nisms. The following conclusions can be drawn from the present 
research.  

• The integrated DIC-CBBM methodology was proven to be valid for 
the data reduction and analysis of the delamination tests in the 
present work.  

• The interlaminar delamination behaviour of the investigated CFRP 
material was found to be positively dependent on the loading rate, 
with the Mode I, Mode II, and Mixed-mode fracture toughness 
properties (at the onset of delamination) under the HR loading rate 
being 1.56, 1.66 and 1.60 times the corresponding values at the QS 
loading condition, respectively.  

• The results obtained from the 3D optical metrology revealed that all 
three modes of delamination at the QS loading condition tended to 
create rougher fracture interfaces compared to their HR 
counterparts.  

• The SEM images highlighted the predominant failure mechanisms 
transiting from a combination of fibre-matrix debonding and matrix 
cracking in the QS tests to primarily matrix failure in the HR tests. 
The transition of the predominant failure mechanisms at QS and HR 
loading conditions confirms the positively rate-dependent delami
nation behaviour of the CFRP material. 
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