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A B S T R A C T   

Accurate determination of mode III interlaminar fracture toughness is paramount in composite materials due to 
its critical role in edge delamination, which nonetheless remains a significant challenge encountered. As such, 
this study focused on the investigation of mode II and III interlaminar fracture behavior of carbon fiber (CF)/ 
epoxy composite laminates using four-end notched flexure (4ENF) tests and four-point bending plate (4PBP) 
tests, respectively. In particular, a cohesive zone model was employed for the simulation of the delamination 
process via finite element analysis (FEA). The mode II fracture toughness of CF/epoxy composites was deter-
mined to be 1.41 N/mm in experimental work. Additionally, experimental data in relation to force-displacement 
curves were in good agreement with numerical simulation results, which validated this simulation approach to 
successfully capture the mechanical response of composite laminates. In a similar manner, mode III delamination 
fracture toughness for CF/epoxy composites was numerically estimated to be 2.1 N/mm. Microscopic analysis 
indicated shear cusps were observed in both mode II and III specimens, as opposed to existing flakes discovered 
in mode III specimens only. Overall, this research enlightens a simple and effective way to estimate pure mode III 
fracture toughness and corresponding delamination behavior with respect to crack initiation and propagation.   

1. Introduction 

At present, the use of composite materials has seen a significant in-
crease in various industries such as automobiles, aerospace, energy and 
marine engineering due to inherent high-strength-to-weight ratio, 
corrosion resistance and ease of manufacture of composite materials. 
Unfortunately, it is worth noting that composite materials are also sus-
ceptible to different types of mechanical damage comprised of matrix 
failure, fiber-matrix debonding, delamination and ultimately fiber fail-
ure. Among these, delamination is deemed as the most critical damage 
owing to its detrimental effect on the deterioration of load bearing ca-
pacity [1–4]. Consequently, it is vital to develop reliable methods for 
accurate prediction of edge delamination in a composite material 
system. 

To date, the characterization of mode I, II and their mixed-mode 

interlaminar (delamination) failure is of a great concern in classical 
fiber composites reinforced with carbon fibers [5–7] and glass fibers [8]. 
Hosseini et al. [3,4] inserted mat layers at the delamination interface of 
twill woven glass/epoxy composites. Both initiation and steady-state 
fracture toughness of mat layers inserted into composites appeared to 
possess a decreasing trend under both mode I and II delaminations. 
Moreover, mode I delamination behavior was simulated using cohesive 
elements with different traction-separation law. The linear exponential 
law was found to be the best compared to superposed bilinear and 
exponential laws [3]. By conducting mode I and mode II delamination 
tests of woven carbon/epoxy composites in temperature range from 
− 30 ◦C to 60 ◦C, Sabaghi et al. [9] reported that 175 thermal cycles 
deteriorated both initiation and steady-state fracture toughness of such 
composites. Finite element simulation using cohesive elements accord-
ing to bilinear law was able to achieve good comparison between 
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experimental data and numerical results for force-displacement curves 
in relation to both mode I and mode II delamination. Bilinear law was 
also used to simulate debonding effect between Kevlar/polyester face-
sheets and polyurethane foam core [10], which revealed a good agree-
ment between experimental and numerical results for 
force-displacement curves. 

On the other hand, testing approaches with respect to mode II frac-
ture characterization consist of three-point end-notched flexure (3ENF) 
tests [11], end-loaded split (ELS) tests, as well as four-point end-notched 
flexure (4ENF) tests [12,13]. In particular, 4ENF tests are preferred 
owing to the robustness of such a testing method used in delamination 
propagation process [14]. 

As far as mode III delamination is concerned, there is not yet a 
standardized test despite the use of several testing techniques and 
methods for the characterization of mode III delamination fracture. 
These include split cantilever beam (SCB), simplified SCB (SSCB), 
modified SCB (MSCB), crack rail shear (CRS), anticlastic plate bending 
(ACPB), edge crack torsion (ECT), six ECT (6ECT), four-point bending 
plate (4PBP), shear torsion bending (STB) and split-shear torsion (SST) 
tests [15]. 

A study by de Morais and Pereira [16] summarized major challenges 
in effectively characterizing mode III fracture using existing methods. 
Initially, split cantilever beam (SCB) specimen was employed to measure 
critical strain energy release rate GIIIC [17]. However, subsequent FEA 
revealed the presence of mode II components with unreliable results. 
Great attempts were made to modify SCB tests in order to eliminate 
spurious mode II effects though high stiffness of the specimens hindered 
the determination of accurate data reduction for mode III fracture 
toughness [18]. Similar issues were also observed in alternative crack 
rail shear (CRS) tests [19]. 

Nevertheless, recent advances enable to employ enhanced data 
reduction techniques for the purpose of accurate determination of 
initiation values of GIIIC [20,21]. However, it was revealed that CF/e-
poxy composites possessed a typical behavior of substantial 
non-linearity prior to reaching the maximum load point, which induced 
a challenge to defining the initial point. With the existing difficulties 
associated with mode III fracture characterization, an alternative 
approach was adopted by means of 4PBP tests [16]. Despite 4PBP has a 
simple setup at the moderate cost, such a method is incapable of utilizing 
a data reduction method to facilitate the calculation of the GIIIC. Instead 
it requires the alternative method of FEA for the prediction of GIIIC. 
Nevertheless, it is worth noting that the reliability of the FE model is 
critical in numerical simulation work, which could be built based on a 
validated FE model with the adoption of similar test setup (four-point 
bending) using a data reduction method. In view of this, 4ENF is 
considered to be the best option. To our best knowledge, there is very 
limited work on using a validated 4ENF model to predict the GIIIC and 
delamination behavior of 4PBP test. Due to a high demand to focus on 
the determination of pure mode III fracture toughness of composite 
materials using reliable and accurate testing methods, this study mainly 
investigated the evaluation of mode II and III delamination behavior for 
unidirectional (UD) CF/epoxy composite laminates. 

In this present work, mode II and III fracture behavior were pre-
sented along with microstructural morphologies at failure. The defor-
mation and failure of such composite materials were also numerically 
simulated with the aid of FEA using a cohesive zone model (CZM) under 
4ENF and 4PBP mode II and III loadings, respectively. CZM was first 
validated by comparing the force-displacement response between the 
experimental result and the FE model established for the 4ENF spec-
imen. Afterward, the same FEA methodology was implemented for the 
4PBP specimen. The GIIIC value was estimated by comparing the 
experimental and numerical force-displacement curves. The evolution of 
the crack growth in both 4ENF and 4PBP specimens was also presented 
and discussed. The findings from this study are expected to contribute to 
an overall understanding of delamination failure, leading to a simple 
and effective way to estimate the pure mode III fracture toughness and 

the corresponding delamination behavior. 

2. Materials and methods 

2.1. Materials and specimen geometry 

CF/epoxy composite laminates used in this study were supplied by X- 
plas Singapore, which consisted of UD prepregs (nominal ply thickness: 
0.15 mm). Average fiber diameter and fiber volume fraction were 
determined to be 6.8 μm and 65.7 ± 6.3 % [22]. A UD composite plate 
with a [0]20 layup configuration was manufactured using the hand 
lay-up technique for 4ENF tests, as opposed to the fabrication of a 26-ply 
[(902/0)2S/0]S composite laminate in the size of 500 × 420 mm2 for 
4PBP tests. To initiate the delamination process, a thin layer of poly-
tetrafluoroethylene (PTFE) film (thickness: 15 μm) was inserted be-
tween plies at the mid-plane of both ends. Further curing process was 
carried out with a hot press machine for the consolidation of composite 
laminates with the thicknesses of 3.0 mm and 3.9 mm, respectively, in 
preparing the 4ENF and 4PBP specimens. Such laminates were allowed 
to cool down under ambient conditions. Finally, composite plates were 
cut into specimens by using a Computer Numerical Control (CNC) ma-
chine in the sizes of 155 × 20 and 155 × 68 mm2 for 4ENF and 4PBP 
tests accordingly. 

2.2. Mode II and mode III delamination test 

Fig. 1(a) illustrates 4ENF test configuration for mode II delamination 
according to Martin and Davidson [13], as opposed to 4PBP tests in 
Fig. 1(b) in response to mode III delamination developed by de Morais 
and Pereira [16]. An Instron universal testing machine 5982, located at 
the Materials and Structures Laboratory, Universiti Teknologi Malaysia 
with a load cell capacity of 5 kN, was utilized for both tests at the 
crosshead speed of 1 mm/min. Fig. 2 shows the physical setup of the 
four-point bending test with the displacement applied vertically from 
the top. Initial crack lengths were set to 30 and 24 mm for 4ENF and 
4PBP tests, respectively. To achieve good testing reproducibility, four 
specimens were used for 4ENF tests, as compared to three specimens for 
4PBP tests. 

2.3. Morphological characterization 

A Scanning Electron Microscope (SEM) Hitachi Model S–3400 N was 
used to examine the fracture morphology of CF/epoxy composite lam-
inates. Prior to that, delaminated surfaces were gold coated by Bio-Rad 
E5100 sputter coater to avoid negative surface charging issues, as well as 
enhance the emission of secondary electrons [23]. 

2.4. Mode II data reduction 

GIIC was calculated using the compliance calibration method [12, 
13], shown in Eq. (1): 

GIIC =
P2

C

2B

(
dC
da

)

(1)  

where PC is the critical load, B is the specimen width, and dC
da is the slope 

obtained based on a least squares fit of the compliance dC, as a function 
of crack length a. In this study, a cubic compliance function was used: 

C=C2a3 + C1 (2)  

in which C2 and C1 are obtained through the curve fitting of the C – a3 

plot. Additional specimens were tested at different crack lengths of 20, 
25, 35 and 40 mm within the linear load-displacement region to 
generate the compliance plot. 
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3. Numerical modelling approach 

3.1. Finite element models 

Fig. 3 illustrates the finite element model of a 4ENF test specimen. 
The loading and boundary conditions were applied directly on the 
specimen at a distance as described in Fig. 3(a). The composite laminates 

were modeled using 8-node quadrilateral scheme in plane general- 
purpose continuum shell elements (SC8R). Since laminate damage is 
not simulated, the main concern in composite laminate modeling is to 
have accurate laminate properties, and to capture the bending behavior 
of composite materials. The laminate properties determined previously 
are listed in Table 1. 

To represent the delamination behavior at the mid-plane interface, 

Fig. 1. Test setup and geometry of (a) 4ENF specimen and (b) 4PBP specimen (all dimensions are in mm).  
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cohesive elements in the form of 8-node three-dimensional cohesive 
elements (COH3D8) were employed. These cohesive elements were 
incorporated into the numerical simulation with a thickness of 10 μm to 
prevent any interpenetration issues [24]. Along the x-axis, the delami-
nation region of interest was meshed with an element size of 0.1 mm to 
allow for the computation of accurate strain energy release rate [16]. In 
comparison, the remaining region was coarsely meshed with an element 
size of 2 mm. In the width direction (y-axis), it was discretized into an 
element size of 0.5 mm. Four elements were discretized in the thickness 
direction, which has been shown to sufficiently capture the bending 
behavior of identical composite materials under three-point bending 
[22,25]. Altogether the model was established based on a large quantity 
of 47,760 elements, in which 38,720 SC8R elements represented the 
composite laminate and 9040 COH3D8 elements denoted the 

Fig. 2. Physical four-point bending test setup on an Instron 5982 universal testing machine: (a) without specimen; (b) with specimen in place; and (c) a 
loading mechanism. 

Fig. 3. Finite element model of a 4ENF specimen: (a) front view and (b) top 
view with the loading and boundary conditions. 

Table 1 
Mechanical properties for CF/epoxy composites used in this study [22,25].  

Properties Symbol Value 

Longitudinal elastic modulus E11 103 GPa 
Transverse elastic modulus E22 6.7 GPa 
In-plane shear modulus G12 2.7 GPa 
Out-of-plane shear modulus G13 2.7 GPa 
Out-of-plane shear modulus G23 2.5 GPa 
In-plane Poisson’s ratio ν12 0.24  
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delamination interface. It is worth mentioning that finite element 
modeling was based on the same approach on the same material under 
3ENF tests [22,25]. The comparison was carried out between 3D solid 
and continuum shell elements, and also the number of elements across 
the thickness direction of the specimen. In addition to that, the influence 
of the direct application of the loading and boundary conditions, when 
compared with that applied through rollers was also investigated. Apart 
from the direct comparison of force-displacement curves, a holistic 
analysis was conducted to ensure that the crack front stress field and 
crack propagation profile could be comparable. All finite element sim-
ulations were carried out using commercial ABAQUS software. The 
procedure type was Static, General with time period of 240 s and 600 s 
for 4ENF and 4PBP models, respectively. To ensure a reasonable amount 
of data to be captured, an increment size of maximum 1 s was set. 

As for the 4PBP model, only a quarter specimen was modeled owing 
to the specimen geometry and lay-up symmetry to save computational 
time shown in Fig. 4. Specific loading and boundary conditions for this 
model are illustrated in Fig. 4(a) while the operation of symmetric 
boundary conditions to x- and y-planes of a quarter model is demon-
strated in Fig. 4(b). Similar to a 4ENF specimen, composite laminate was 
modeled with SC8R elements while 10 μm-thick COH3D8 was employed 
to simulate the delamination along the mid-plane interface with the 
region of interest in element size of 0.5 × 0.5 mm2. The outer region was 
meshed with a size of 1.5 mm in the x-axis direction. Four elements were 
discretized in the thickness direction. The 4PBP test was modeled using 
41,888 elements, among which 39,168 SC8R type elements represented 
the composite laminate, and 2720 COH3D8 type elements were used for 
delamination interface. 

3.2. Cohesive zone model 

Cohesive elements were assigned to potential crack growth paths 
along an interface, and their behavior could be defined by the traction- 
separation law. Various traction-separation laws have been imple-
mented, and custom-user subroutines can be integrated to handle 
cohesive elements with non-standard traction-separation laws [26]. A 
commonly used traction-separation law in numerical simulations is 
bilinear cohesive traction-separation law, which is very popular for its 
simplicity and adaptability. This model consists of an initial elastic re-
gion up to a full interface strength, followed by a softening region until a 

complete nodal pair separation is achieved at zero traction [27]. 
In Fig. 5, interfacial elements are characterized by several parame-

ters including initial elastic stiffness Ki, cohesive strength tu,i and critical 
separation δf,i. The subscript i denotes the degree of mode-mixity (i.e. 
pure mode II, mode III, or mixed mode II and III). When subjected to an 
opening traction ti, the interface undergoes elastic opening with the 
initial stiffness until the traction reaches the cohesive interface strength 
(ti = tu,i) with a clear sign of damage initiation. The interface state is 
interpreted by a damage parameter D ranging from 0 to 1. The evolution 
of this damage parameter is governed by a specific damage evolution 
rule as follows: 

D=
δf ,i

(
δi- δo,i

)

δi
(

δf ,i- δo,i
) (3)  

where δo,i = tu,i/Ki is corresponding separation for damage initiation and 
δi is instantaneous separation for the interface element. When the 
interface element is partially damaged (0 < D < 1), the opening stress is 
related to the opening displacement linearly given by: 

ti =(1 - D) Kiδi (4)  

When combining Eq. (3) and Eq. (4), it is specified that the stress de-
creases linearly with the separation (δo,i < δi ≤ δf ,i ): 

ti = tu,i
δf ,i − δi

δf ,i − δo,i
(5)  

when δ ≥ δf,i, D = 1 and ti = 0, the interface element is fully damaged. 
As seen from Fig. 5, fracture energy GiC can also be defined as 

GiC=
1
2

tu,iδf ,i (6)  

Note that penalty stiffness Ki = 4.5 × 105 MPa/mm was used for both 
mode II and III in this study [22,25]. 

4. Results and discussion 

4.1. Experimental mode II force-displacement curves 

Fig. 6 presents the compliance plots of 4ENF tests. Note that the best 

Fig. 4. Finite element model of a 4PBP specimen: (a) a front view with the 
loading and boundary conditions and (b) a top view to illustrate symmetric 
boundary conditions. Fig. 5. Bilinear traction-separation law for pure mode delamination.  
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fit parameters are also included in Fig. 6. Mode II force-displacement 
curves for CF/epoxy composite laminates are depicted in Fig. 7 where 
an obvious dramatic drop can be seen upon reaching the peak force, 
indicating delamination initiation. 

The average initiation GIIC was determined to be 1.41 ± 0.16 N/mm 
(CV: 11 %), which is consistent with the previous work by Low et al. [22] 
based on the same composite material. Note that the result is also 
consistent with previous results for a similar testing method and com-
posite configuration [14,28]. It should be noted that the effect of friction 
was negligible in this case in accordance with [29–31]. Alternatively, 
the mode II interfacial strength can be determined using Eq. (7) [32], as 
shown below: 

tu,s =

̅̅̅̅̅̅̅̅̅
GIIC

GIC

√

tu,n (7)  

where tu,n is the normal interfacial strength (mode I), tu,s is the shear 
interfacial strength (mode II), GIC and GIIC refer to the mode I and mode 
II fracture toughness, respectively. Using Eq. (7), the mode II interfacial 
strength was calculated to be tu,s = 84 MPa, along with tu,n = 35 MPa and 
GIC = 0.245 N/mm, as reported by Low et al. [33] for a UD CF/epoxy 
composite laminate, which was the same material used in this study. 

4.2. Experimental mode III force-displacement curves 

Fig. 8 shows the force-displacement curves obtained from the mode 
III 4PBP tests. Similar to the 4ENF tests, the force in 4PBP tests increases 
linearly up to the peak load of approximately 3 kN, following which a 
sudden drop can be observed indicating crack Mode II crack initiation at 
the initial stage. Note that all specimens displayed a similar force- 

displacement response. Table 2 presents the peak force PC, slope k 
(within the force range of 1000–2000 N), as well as corresponding 
crosshead displacement dC when peak force was attained. 

4.3. Mode II morphological analysis 

One of essential fractographic features in a mode II-dominated fail-
ure is shear cusps, which appear on the fracture surfaces as inclined 
platelets [34]. A larger (or thicker) cusp size can be detected depending 
on some factors such as fiber volume fraction. In addition, the 
morphology of the cusps could also provide insight to the direction of 
crack growth [34]. As illustrated in Fig. 9, the cusps formation is 
generally small, which implies that composite laminates have a rela-
tively high fiber volume fraction as well as minimal resin-rich area in 
each laminate. In general, shear cusps are attributed to the relative 
movement of upper and lower surfaces leading to matrix cleavage [35]. 
In addition, the inclination of shear cusps also plays an essential role in 
determining the shearing direction. When the shear cusps are inclined to 
the left, the shearing direction may tend to move from the left to the 
right by assumption [34]. 

Furthermore, fiber imprints are observed particularly near matrix- 
dominant areas, as well as the residues of broken fibers on fracture 
surfaces according to Fig. 9. Such imprints suggest that mechanical 
failure prevalently occurs at the fiber/matrix interface under mode II 
loading. As such, clean fiber tracks remain on the matrix-dominant side 
of fracture surfaces where those fibers could often be found to be 
stripped of the matrices with small-sized cusps scattering around frac-
ture surfaces. It should be evident that final GIIC of composite laminates 
can be influenced by matrix cracking, fiber-matrix debonding, as well as 
further fiber failure [36]. 

4.4. Mode III morphological analysis 

Fig. 10 presents the fractographic images of delaminated surfaces 
under mode III loading. The presence of broken fiber ends is manifested, 
which suggests that fiber bridges may be generated between fracture 
surfaces in good accordance with Bertorello et al. [37]. Additionally, the 

Fig. 6. Compliance plot of mode II 4ENF test.  

Fig. 7. Mode II experimental force–displacement curves in 4ENF tests.  

Fig. 8. Mode III force–displacement curves in 4PBP tests. An example of the 
definition of PC, k and dC is labeled on Specimen 2. 

Table 2 
Data summary of mode III 4PBP tests.  

Specimen No. PC (N) k (N/mm) dC (mm) 

1 2957.46 413.23 7.83 
2 2982.95 388.87 8.11 
3 2955.07 406.98 7.83 
Average 2965.16 403.03 7.93 
S.D 15.45 12.65 0.16 
C.V (%) 0.52 3.14 2.05  
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existence of flakes is indicative of a typical saw-teeth feature [38,39] in 
mode III failure. The flakes appear to be oriented at an angle of 45◦ with 
respect to the fiber axis in the specimens as a result of dominant 
tangential stresses acting in the fiber direction or perpendicular to their 
orientation. Because of such a stress distribution, main stresses are 
aligned with the bisector of the angle formed in the fiber direction [37]. 
Shear cusps observed can be taken as the indicator of typical mode III 
fracture characteristic [39,40]. 

4.5. Mode II finite element analysis 

Fig. 11 presents typical force-displacement response obtained from 

numerical simulation with the comparison of experimental data. In 
general, finite element model is demonstrated with good prediction to 
experimental data for most of force-displacement curves with the 
maximum error being less than 7 %, thus proving the validity of 
developed numerical model in this finite element approach. 

Fig. 12 characterizes the crack growth when peak force is acquired. 
Due to the symmetric crack growth profile with respect to the width 
direction, only a half of the specimen is shown. The mid-width location 
is labeled y-symmetry where the crack is extended by 5.6 mm. The crack 
extension across the width exhibits a distinctively reversed thumb-like 
pattern with slightly faster propagation at the free edge with the crack 
extension by 6 mm. 

4.6. Determination of mode III strain energy release rate GIIIC 

A range of GIIIC values were selected and numerical results were well 
compared with experimental data to be in good agreement with exper-
imental load-displacement curves obtained in mode III tests. Initial GIIIC 
values were estimated from previous studies on mode III characteriza-
tion of UD CF/epoxy laminates [16,41]. Table 3 lists numerical results 
using five different GIIIC values in an input range of 2.0–2.2 N/mm. It 
should be noted that mode III interface strength tu,t is estimated ac-
cording to Eq. (8) below, which is similar to mode II based on Eq. (7). 

tu,t =

̅̅̅̅̅̅̅̅̅̅
GIIIC

GIC

√

tu,n (8)  

where tu,n is the mode I interfacial strength, and tu,t is the mode III 
interfacial strength. GIC and GIIIC indicate the mode I and mode III 
fracture toughness, respectively. 

This means that corresponding mode III interface strength is sug-
gested to be adjusted according to each estimated GIIIC. The subscript t 

Fig. 9. (a) Fracture surface of CF/epoxy composite laminate under a mode II loading (Black arrow indicates the shearing direction) and (b) Close-up view of the 
fracture surface. 

Fig. 10. Scanning electron micrographs of the mode III 4-PBP specimen.  

Fig. 11. Experimental and numerical comparison of force-displacement curves 
in 4ENF tests. 
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refers to the tearing mode, commonly known as mode III delamination. 
In Table 3, the maximum error refers to the most significant difference 
among the three specimens listed in Table 2. It was found that GIIIC = 2.1 
N/mm yielded the experimental peak force with the best correlation 
where the numerical peak force of 2940.80 N was kept to be lower when 
compared with corresponding experimental data. The numerical peak 
force was chosen to be the closest, but lower than the experimental 
counterpart for the purpose of conservative numerical prediction. The 
relevant numerical k of 388.22 N/mm and dC of 7.54 mm are also well 
compared with experimental data, resulting in maximum errors ob-
tained only up to approximately 6 % and 7 %, respectively. It should be 
noticed that bilinear cohesive formulation does not take any fiber- 
bridging effect into account, which may contribute to actual experi-
mental fracture toughness. Fig. 13 exhibits experimental and numerical 
force-displacement curves in 4PBP tests. Moreover, the analytically 
derived compliance curve from a simple beam theory relationship [42] 
is used for comparison. 

In case of mode III, though the test method currently selected re-
quires FEA to predict GIIIC, it can be considered as a faster and more cost- 
effective method, as opposed to other testing methods depending on 
extensive sample preparation. Apparently, GIIIC obtained in this study 
coincides with those detected in other studies with a similar configu-
ration of composite materials [16,41]. 

Crack propagation of cohesive element along the x-axis and y-axis 
were measured at three different instances: i) when the first element 
reaches the interface strength, which is indicated as D = 0 in Fig. 5; ii) 
when the first element reaches total failure, labeled D = 1 in Fig. 5; and 

iii) when the peak force is attained. The corresponding crosshead 
displacement in these three instances is also labeled in Fig. 13, including 
1.8, 5.5 and 7.5 mm. Fig. 14 shows the respective crack growth contour 
at the three selected instances. The same delamination region of interest 
shown in Fig. 4(b) is taken into consideration. Fig. 14(a) reveals that the 
crack is initiated at the edge of the crack front. This is consistent with the 
observation reported in Ref. [16]. Subsequently, crack propagation 
takes place along both x and y axes undergoing a faster rate in the y-axis 
(43.5 mm), as compared to the x-axis (1 mm) according to Fig. 14(b). At 
the peak force, Fig. 14(c) shows that the lengths of crack propagation 
along the y-axis and the x-axis were determined to be 47.5 and 2.0 mm, 
respectively. 

5. Further discussion 

GIIC values were very similar at 1.41 and 1.35 N/mm for 4ENF tests 
and 3ENF tests [22] despite admittedly significant disparity taking place 
in predicted crack extension at the peak force via FEA. From the FEA 
results, 4ENF specimen had a mid-width crack growth of 5.6 mm, as 
opposed to the extension of 3.8 mm for a 3ENF specimen with a 
remarkable difference of approximately 50 %. The specific methodology 
used for validated 4ENF model was also implemented for 4PBP model, 
resulting in an estimated average GIIIC of 2.1 N/mm. It further led to the 
ratio of mode III to mode II fracture toughness GIIIC/GIIC at 1.49. In 
contrast, GIIIC/GIIC ratio for UD CF/epoxy composite laminates was 
determined to be 1.94 by de Morais and Pereira [16] where GIIC = 0.8 
N/mm and GIIIC = 1.55 N/mm. It is worth noting that predicted GIIC of 
1.55 N/mm in 4PBP model becomes higher when compared with that 
characterized by ECT tests in a range of 0.85–1.1 N/mm [20]. As a 
whole, it can be concluded that mode III strain energy release rate ex-
ceeds mode II counterpart in spite of the variation of GIIIC values ac-
quired from different testing methods. 

6. Conclusions 

Current work presents a holistic characterization of mode II and III 

Fig. 12. Crack growth profile at the peak force for a 4ENF specimen.  

Table 3 
Data summary for the load-displacement curves based on GIIIc inputs using cohesive zone damage model.  

GIIIC (N/mm) tu,t (MPa) PC (N) Max % difference k (N/mm) Max % difference dC (N) Max % difference 

2 100 2890.79 3.09 387.13 6.32 7.41 8.65 
2.05 101 2915.87 2.25 387.68 6.18 7.47 7.86 
2.1 102 2940.80 1.41 388.22 6.05 7.54 7.08 
2.15 104 2984.98 − 0.07 389.59 5.72 7.65 5.70 
2.2 105 3009.23 − 0.88 390.13 5.59 7.71 4.94 

Note: Negative means that the experimental value is lower than the numerical counterpart. 

Fig. 13. Experimental and numerical comparison with respect to force-
–displacement curves for GIIIC = 2.1 N/mm given in the cohesive zone model. 
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fracture toughness in CF/epoxy composites based on a combination of 
experimental and numerical techniques using four-point bending test. 
Mode II delamination test was carried out using four-point end notched 
flexure (4ENF) test, while mode III delamination was conducted using 
four-point bending plate (4PBP) test. All tests were conducted at the 
crosshead speed of 1 mm/min in ambient conditions. The surface 
morphology was characterized via scanning electron microscopy. In 
addition, the delamination behavior of both specimen types was sys-
tematically simulated via finite element analysis using cohesive ele-
ments according to bilinear traction-separation law. 

Mode II delamination behavior was indicative of an average GIIC 
value of 1.41 N/mm in 4ENF tests, which was well aligned with that 
obtained in 3ENF tests. The presence of shear cusps in microstructural 
morphology suggested that such a characteristic fracture behavior could 
be related to mode II loading failure. 

As for mode III delamination in 4PBP tests, it appeared that flakes 
were identified on fracture surfaces with a clear sign of tearing effect in 
addition to shear cusps, thus resulting in a complex fracture mechanism 
for mode III delamination. Numerical results obtained using FEA 
demonstrated a predicted GIIIC value of 2.1 N/mm. 

With the presence of distinctive fracture behavior associated with 
various mode II or III fracture toughness values, it can be clearly 
demonstrated that this study contributes to the simple setup at moderate 
cost for pure mode II and mode III characterization, as well as the 
delamination behavior simulation through reliable finite element 
models using cohesive elements. 
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