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A B S T R A C T

This work focuses on investigating the effect of short-term changes of temperature on the mode I and mode II 
glass fibers woven composite interleaved with layers of chopped strand mat (CSM). Existing experimental and 
numerical methods are critically applied to characterize and model the delamination of the woven-CSM com
posite laminate. Double cantilever beam (DCB) and end notched flexure (ENF) tests are performed in non-post 
cured and post cured specimens at room temperature (21 ◦C), and the operational conditions are investigated 
on post cured specimens tested in low (− 10 ◦C) and high (70 ◦C) temperatures. The fracture behavior is char
acterized using the compliance-based beam method (CBBM) while crack length estimations based on the spec
imen compliance are compared to direct measurements from digital image correlation (DIC). Then, a failure 
analysis was performed using an optical profilometer and scanning electron microscopy (SEM). Temperature 
changes affected the preferential crack path for the woven composite delamination in mode I loading conditions. 
However, the crack path in mode II fracture remained independent of the testing temperature. Fractography 
results revealed temperature-dependent failure mechanisms, with an increase of fiber/matrix interface 
debonding and matrix deformation in higher temperatures. The higher matrix ductility translated into an 
improvement of the delamination fracture toughness in both mode I and mode II loading conditions. Finally, non- 
linear cohesive models directly derived from experimental results were capable to accurately reproduce the mode 
I and mode II delamination fracture behavior of the woven-CSM composite in different temperatures.

1. Introduction

Fiber-reinforced polymers (FRPs) are increasingly popular in struc
tural applications due to their excellent strength-to-weight ratio and 
design flexibility. These composite materials are manufactured using 
long fiber plies stacked together with a polymeric resin matrix. Novel 
materials, manufacturing processes and lay-up designs have been 
introduced as extensive research is required to evaluate and identify the 
best possible combination of parameters to optimize the performance of 
composite structures for real-life applications [1]. To achieve this goal, it 
is fundamental to understand the relationship between material, me
chanical properties and environmental effects.

Several methods have been developed to characterize the mechani
cal properties of composite materials under delamination. It assumes 
that the structure is not continuous, considering manufacturing imper
fections or any damage caused during operational life. These imper
fections are often regions of stress concentration, and, therefore, 
initiation points for a crack to initiate, propagate and cause failure of the 

structure [2]. The fracture mechanics approach assumes that a crack 
develops in one or a combination of three different loading modes: 
opening, or mode I; in-plane shear, or mode II; and out-of-plane shear, or 
mode III. Analytical methods based on fracture mechanics are reliable 
and straight-forward but limited to simple geometries.

The pure mode I fracture of composite materials is usually charac
terized by the double cantilever beam (DCB) test. In pure mode II frac
ture conditions, the end notched flexure (ENF) test is the most common 
method. In these tests, the fracture toughness can be defined by the 
energy release rate (ERR) and calculated from analytical methods based 
on linear elastic fracture mechanics [2]. In particular, the method pro
posed by De Moura et al. [3,4], the compliance-based beam method 
(CBBM), allows calculating the mode I and mode II fracture toughness of 
a specimen directly from experiments. The CBBM estimates the crack 
length and the elastic modulus of the material based on the specimen 
compliance (δ/P) and test geometry. Therefore, it is expected to 
implicitly accounts for the fracture process zone (FPZ) and changes in 
the material properties.
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For structural design, the flexibility of finite element modelling 
(FEM) presents more appropriate solutions. In particular, damage 
modelling is still an innovative field under intense development [1]. The 
damage mechanics approach is applied to model the ductile behavior of 
a composite delamination. In the cohesive zone modelling (CZM), a 
relationship between the traction and separation of two surfaces is 
implemented in FEM, allowing the prediction of the performance of 
structures with complex geometries. Several works addressed the 
cohesive behavior of bonded interfaces in mode I fracture [5–7]. Pereira 
et al. [5] obtained consistent results of a fracture in a bovine cortical 
bone tissue using both direct and inverse methods. The direct method 
consists of a differentiation of the relationship between the fracture 
energy and the crack tip opening displacement, monitored by video 
extensometers or digital image correlation (DIC) technique. The inverse 
method is based on a calibration of the CZM with an optimization al
gorithm of the numerical results. Although the shape of the 
traction-separation function was different, both methods produced 
similar global responses from experiments. Huo et al. [6] showed the 
correlation between the global loading response from DCB tests and the 
local displacements of ductile adhesive interface. The shape of the 
damage evolution curve was accurately modelled with DIC and verified 
with experimental results. Moreover, the experimental study performed 
by Gorman and Thouless [7] in steel bonded DCB specimens showed that 
the magnitude of the cohesive behavior measured with DIC is consistent 
with the analytical predictions based on linear elastic fracture me
chanics (LEFM). Application of the direct method leading to derivation 
of non-linear traction separation laws of the cohesive zone models is 
common for mode I behavior but less implemented so far for the mode II 
due to difficulty of accurately determining the crack tip slip 
displacement.

Azevedo el al [8]. investigated the mode II shear fracture of adhe
sively bonded joints between high-strength aluminium adherends. They 
estimated the shear fracture behavior by a curve fitting procedure to a 
bilinear cohesive law. Ouyang and Li [9] investigated interface fracture 
behavior of adhesive joints using ENF tests with varied initial crack 
length. They compared different traction-separation functions and 
observed that, unlike the mode I fracture, the shape of the cohesive law 
becomes relatively important under shear loading conditions. Fernandes 
et al. [10] investigated the mode II cohesive behavior from unidirec
tional carbon-epoxy composite bonded joints using ENF tests. They 
derived a non-linear traction-separation function directly from the ex
periments and successfully adjusted it to a trapezoidal shape. Arouche 
et al. [11] showed the use of a layer of glass fiber chopped strand mat as 
a toughening mechanism to improve the performance of composite 
structures. These studies are applied to the characterization of bonded 
interfaces and can be generally extended to composite delamination. 
However, the complex failure mechanisms of composite materials must 
also be considered.

The type of material and composite lay-up shows a major effect on 
the mechanical behavior of composite structures [1]. De Baere et al. [12] 
investigated the mode I and mode II interlaminar fracture of carbon 
fabric composites with a weaving pattern using DCB and ENF tests. They 
showed the consistency of analytical models based on LEFM to calculate 
the fracture toughness of laminates with woven plies. The cohesive 
behavior of unidirectional fiber composites with extensive fiber bridging 
were successfully calibrated by Höwer et al. [13] from experiments with 
DIC in mode I, mode II and mixed-mode loading conditions. The 
development of new lay-up designs with optimized mechanical prop
erties is fundamental to the expansion of the composite materials 
technology.

Several authors have suggested the use of interleaved laminates to 
improve the delamination fracture toughness of composites [14–18]. An 
early study obtained significant toughening effect of a carbon fiber 
composite by using thick adhesive interleaves [14]. Saghafi et al. [15] 
investigated combinations of interleaved composite nanofibrous mats in 
unidirectional glass/epoxy laminates. They showed a significant 

improvement of the ERR, particularly in mode II condition. Zheng et al. 
[16] also used sandwiched layers of modified polymers to increase both 
mode I and mode II interlaminar toughness of carbon fiber composites. 
Idrees et al. [17] showed a strongly influence of the resin properties and 
resin rich layers in the achievable fracture toughness of interleaved 
woven glass fiber laminates. Moreover, the work of Hosseini et al. [18] 
revealed that the presence of a mat interlayer can also reduce the 
delamination fracture properties compared to the composite without 
mat. They pointed out that the dominant mechanism to increase the 
mode II fracture toughness is related to the fiber-matrix interface 
interaction. These experimental works addressed the delamination 
failure mechanisms at microscopic scale to present insight on the me
chanical behavior obtained from fracture tests in coupon specimens. 
However, the correlation of experimental analysis and numerical 
modelling is still required to the development of primary structural 
applications of composite materials.

Understanding the effect of environmental conditions on composite 
materials is a fundamental aspect for ensuring the structural integrity. In 
particular, short-term changes of temperature have a significant effect 
on the delamination of unidirectional fiber composites [19–23]. Fer
nandes et al. [19] investigated the mode I and mode II fracture of 
carbon-epoxy bonded joints between 0 and 50 ◦C. The cohesive behavior 
was derived from a numerical fitting of experimental results using a 
trapezoidal function. Although this inverse approach is able to capture 
the global changes of the mechanical behavior of the specimens, it is not 
able to account for the physical changes in the material failure caused by 
the different conditions of temperature. Ibrahim and Albarbar [20] 
carried out a numerical study to address the effect of temperature on the 
CZM of a composite delamination. They detected the development of 
underlying toughening mechanisms in the damage initiation at cryo
genic conditions. Low temperatures tend to slightly increase the longi
tudinal elastic modulus and strength of structural composites [23].

Cao et al. [21] investigated the effect of temperatures on the cohesive 
behavior in mode I delamination using a trilinear function. They 
expressed a temperature-dependent CZM based on a trilinear model 
from Mohammadi et al. [24]. Their work showed that temperature 
affected the damage onset and critical opening displacements, as well as 
the bridging traction. Denser fiber bridging and higher bridging traction 
were observed with a more ductile matrix fracture at higher tempera
tures. The temperature effect on the elastic properties of the composite 
needs to be considered to guarantee model accuracy. A 
temperature-dependent elastic modulus was proposed by Mivehchi and 
Varvani-Farahani [25] to model the delamination process at an arbitrary 
temperature.

Machado et al. [22] observed an increase of the mode II fracture 
toughness of composite laminates with the increase of temperatures. 
They obtained good agreement from the global response between nu
merical models and experiments using bilinear cohesive functions esti
mated from the onset of delamination initiation and propagation. 
Changes on the cohesive behavior of a composite delamination in 
different temperatures are usually attributed to the embrittlement of the 
resin matrix. Generally, this effect is modelled by calibration of exper
imental results using simplified functions of the traction-separation 
relationship. However, the underlying mechanisms of the composite 
delamination of the composite material remain unclear. When consid
ering the complex delamination behavior of real-application composite 
lay-ups, a reliable prediction of the effect of temperature is fundamental 
for the implementation of new technologies.

In the construction sector, the wrapped composite joints have been 
developed as an alternative to welding for connecting steel circular 
hollow sections [26]. This new technology promises to increase the 
life-time and reduce the weight of the structure. The composite wrap is 
designed for high mechanical performance, using a vinyl ester polymer 
matrix and woven glass fibers interleaved with chopped strand mat. In 
such configuration, predicting the mechanical behavior of the material 
in operational conditions is critical to the design and implementation of 
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the technology. This requires the investigation of reliable analytical and 
numerical methods to characterize the composite delamination under 
both mode I and mode II fracture conditions.

This work investigates the effect of operational conditions of tem
perature on the composite material used in the wrapped composite 
joints. Existing experimental and numerical methods was critically 
applied to characterize and model the delamination of woven-CSM 
composite laminates. DCB and ENF tests are performed to characterize 
the mode I and mode II fracture in non-post cured and post cured 
specimens in room temperature (21 ◦C), and post cured specimens in 
low (− 10 ◦C) and high (70 ◦C) temperatures. Crack length estimations 
based on the specimen compliance are compared to direct measure
ments from DIC, and the mode I and mode II ERR are calculated using 
the CBBM. Then, temperature-dependent failure mechanisms are inter
preted by a detailed fractographic analysis. Finally, non-linear cohesive 
models of the delamination crack are developed directly from experi
mental results and implemented in FEM to predict the mechanical re
sponses under different temperatures.

2. Experimental method

2.1. Manufacturing of specimens

A glass fiber reinforced polymer (GFRP) composite plate was man
ufactured. A vinyl ester resin was applied to the hand lay-up lamination 
of glass fiber bi-directional woven plies interleaved with chopped strand 
mat (CSM), as shown in Fig. 1. A non-adhesive Teflon insert of 32 μm 
thickness was placed at the mid-plane to create an artificial pre-crack. 
The laminated plate cured in air conditions of 18 ± 1 ◦C and 50 ± 5 
% humidity. Then, the composite plate was cut to coupon specimens 
using water jet. A single specimen geometry was designed for both DCB 
and ENF tests. The woven fibers remain in the direction of the pre-crack 
and perpendicular. Finally, part of the specimens was post cured in an 
oven at 120 ◦C for 7 h. The testing specimens have a nominal length of 
230 mm, and an average width (w) and thickness (2h) of 19.68 ± 0.14 
mm and 7.68 ± 0.21 mm, respectively, measured from the average of 3 
different sections using a digital caliper. The chosen specimen geometry 
allows testing the composite delamination in both mode I and the mode 
II fracture conditions. Material properties of the composite laminate 
were obtained in a previous work [27].

2.2. Dynamic mechanical analysis

A dynamic mechanical analysis (DMA) was carried out on non-post 
cured and post cured specimens to check the curing condition of the 
composite material. Samples were heated from 25 to 175 ◦C at a con
stant rate of 5 ◦C/min while a torsion vibration of 1 Hz was applied, in 
accordance with standard ISO 6721-11 [28]. Fig. 2 shows the storage 
modulus (decreasing curve) and damping factor (increasing curve) 
resulted from the DMA of 3 samples tested in each condition. The glass 
transition temperature (Tg) was obtained from the onset point of the 
storage modulus. In non-post cured specimens, the Tg is obtained from 

the first slope of the storage modulus curve, that represents the transi
tion from a glassy to a rubbery state. The second slope is relative to the 
post curing of the sample during the DMA. In the case of fully post cured 
specimens, only one slope is developed during the heating process, 
meaning that the material is fully cured. The average Tg of 68 ± 2 ◦C and 
111 ± 2 ◦C were obtained for the non-post cured and post cured speci
mens, respectively.

2.3. Fracture tests

A thin layer of white matt paint was coated and a random black 
speckle pattern was applied to the measurement surface of the specimen. 
A high resolution camera (50.6 MPx) and a blue LED light source were 
positioned to the measurement surface to acquire the full field dis
placements by DIC. Photos were synchronized with load measurements 
from the testing machine. For the image processing, surface points were 
recognized by a small neighborhood of a square with a side length of 19 
pixels and a step size of 11 pixels set in the DIC software.

DCB and ENF tests were performed to evaluate the effect of tem
perature on the mode I and mode II fracture delamination of the com
posite material. Experiments were carried out in an universal testing 
machine coupled with a 15 kN load cell. Table 1 shows the test matrix. 
Non-post cured (NPC) and post cured (PC) specimens were tested at the 
room temperature (RT) of 21 ± 1 ◦C. In addition, a climate chamber was 
used with the test set up for testing post cured specimens in the low 
temperature (LT) of − 10 ± 1 ◦C and the high temperature (HT) of 70 ±
1 ◦C. Two air mixing fans improved stability of air conditions over time 
and the specimens were maintained in a constant condition for 7 h prior 
to the tests to ensure a homogeneous temperature field in the material. 
Series of 5 specimens were tested in each configuration in order to 
obtain a statistically representative average of the material behavior.

2.3.1. DCB tests
In order to transfer the loads during the DCB tests, loading blocks 

Fig. 1. Lay-up scheme of the composite specimens.

Fig. 2. DMA curves.

Table 1 
Test matrix.

Test series Set up Post curing Testing temperature (◦C) Number of tests

DCB-NPC DCB no 21 5
DCB-PC DCB yes 21 5
DCB-LT DCB yes − 10 5
DCB-HT DCB yes 70 5
ENF-NPC ENF no 21 5
ENF-PC ENF yes 21 5
ENF-LT ENF yes − 10 5
ENF-HT ENF yes 70 5
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were bonded to the specimens. Fig. 3 shows the DCB test scheme 
(Fig. 3a) and a photo of the test set up (Fig. 3b). The testing procedure 
was defined based on the specifications of ASTM D5528 [29] although 
the woven-CSM laminate evaluated in this work is not specifically 
addressed in the standard. Specimens have relatively thicker plies than 
typically described in the standard (3–5 mm) due to the relatively 
thicker plies of the hand lay-up composite material. During the tests, an 
opening load P is applied to the specimen in a constant crosshead 
displacement of 1 mm/min while DIC photos were taken at the fre
quency of 0.33 Hz in the region of crack initiation and 0.10 Hz after 
crack propagation.

2.3.2. ENF tests
The ENF testing procedure was defined based on the specifications of 

ASTM D7905 [30] although the woven-CSM laminate evaluated in this 
work is not specifically addressed in the standard. The standardized test 
span of 100 mm was set and the specimens were positioned to have an 
initial crack length of 30 mm. During the tests, a compressive load P is 
applied to the half-span specimen in a constant crosshead displacement 
of 0.5 mm/min while photos were taken at the frequency of 0.33 Hz. The 
ENF test scheme is presented in Fig. 4a and a photo of the test set up is 
shown in Fig. 4b.

3. Data reduction method

The delamination fracture toughness is determined by the ERR, or 
fracture energy (G), for a crack growth. In a tested specimen, it can be 
analytically derived from Irwin-Kies equation: 

G=
P2

2B
dC
da

(1) 

where P is the applied load, B is the specimen width, C is the specimen 
compliance, or the ratio of the load point displacement to the applied 
load (C = δ/P), and a is the crack length. The compliance-based beam 
method (CBBM) [3,4] relates Timoshenko beam theory and the spec
imen compliance to obtain the fracture energy. For a DCB test set up, it 

gives: 

C(DCB) =
8a3

Ef Bh3 +
12a

5G13Bh
(2) 

where h is the specimen half thickness, Ef is the flexural modulus and G13 
is the interlaminar shear modulus. Equations (1) and (2) can be com
bined to obtain the mode I fracture energy, GI: 

GI =
6P2

B2h

(
2a2

h2Ef
+

1
5G13

)

(3) 

The flexural modulus, Ef, of each specimen can be obtained from 
Equation (4) using the measured initial compliance in the linear region, 
C0, and the corrected initial crack length (a0 + Δ) proposed by Ref. [31] 
and given as: 

Ef(DCB) =

(

C0 −
12(a0 + Δ)

5BhG13

)− 18(a0 + Δ)
3

Bh3 (4) 

Where Δ is a correction for root rotation effect at the crack tip: 

Δ= h
(

Ef

11G13

[
3 − 2

( Γ
1 + Γ

)2]
)1/2

(5) 

And: 

Γ= 1.18
(
Ef E3

)

G13
(6) 

Where E3 is the transverse elastic modulus. An iterative procedure 
should be done between Equations (4) and (5) in order to obtain a 
converged value for Ef. Nominal values of 5.0 GPa and 3.5 GPa were 
taken from previous works [27,32] for E3 and G13, respectively. Exper
imental determination of these parameters is not needed since realistic 
differences in these values do not have significant impact on the 
calculation of the fracture energy.

Generaly, the crack length measurement during the tests requires the 
use of a detection technique and data processing. Alternatively, the 
CBBM provides a straight-forward estimation of the crack length as 
function of the specimen compliance during the test. An equivalent 
crack length, ae(DCB), is obtained from Equation (2) for DCB tests.

In the case of an ENF test set up, the specimen compliance becomes: 

Fig. 3. DCB test scheme and set up (dimensions in millimeters).

Fig. 4. ENF test scheme and set up (dimensions in millimeters).
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C(ENF) =
3a3 + 2L3

8Ef Bh3 +
3L

10G13Bh
(7) 

where L is the half span of the ENF test. Combining Equations (1) and 
(7), the mode II fracture toughness, GII, can be obtained: 

GII =
9P2a2

16B2h3Ef
(8) 

The flexural modulus, Ef, can be estimated experimentally, for each 
ENF test specimen, using the initial compliance C0 and the initial crack 
length a0, as shown in Equation (9): 

Ef(ENF) =
3a3

0 + 2L3

8Bh3C0corr
(9) 

Where: 

C0corr =C0 −
3L

10G13Bh
(10) 

Finally, the equivalent crack length of an ENF test, ae(ENF), can be 
obtained directly from Equation (11): 

ae(ENF) =

[
1
3

((

C −
3L

10G13Bh

)

8Ef Bh3 − 2L3
)]1/3

(11) 

The CBBM allows accounting for the variability of the material 
properties between different specimens and testing conditions. The 
estimation of an equivalent crack length should consider the energy 
dissipated by the FPZ that affects the specimen compliance.

4. Experimental analysis

4.1. Crack length measurements

The crack length was measured by DIC. The DIC technique provides 
full-field displacements of a target object by correlating local features on 
images recorded at reference and deformed configurations based on a 
suitable textured pattern. The crack opening displacement (COD) was 
measured from sections of every 1 mm step along the crack path, as 
shown in Fig. 5. For clarity, only a few COD curves are presented in the 
graphs. The distance between upper and lower measurements remained 

around 1.3 mm, large enough to avoid the lost of surface component 
near the crack due to high deformations of the measurement surface, 
and short enough to avoid any significant contribution of the geomet
rical non-linearity of the arms. In fact, a preliminary analysis showed 
that the position of the measurement points has negligible influence on 
the measured COD.

The COD obtained from DCB tests (Fig. 5a) showed a consistent 
profile, that can be typically described as a region of negligible COD, 
that defines an uncracked interface, followed by a region of negative 
COD, where compressive stresses are present, and a region of sharp in
crease of COD, which defines the presence of a crack. In the case of the 
ENF tests (Fig. 5b), the region of compressive stresses is also present 
although less evident due the pure shear configuration. Therefore, the 
location of the crack tip in defined in both tests as the point where the 
COD becomes positive after compression.

Representative load-displacement-crack length curves are presented 
in Fig. 6. The displacement of DCB tests obtained from the machine 
crosshead was corrected to remove typical non-linearities exhibited 
during initial specimen loading due to load fixture or specimen seating 
[29]. Therefore, displacement values shown in the DCB test cure in 6a 
are shifted such that the linear fit to the initial part of each curve passes 
through the origin. In the case of ENF tests (Fig. 6b), displacements were 
obtained from DIC measurements of vertical displacement of the load 
application point minus the average vertical displacement of the support 
points identified on the specimen. This allows removing effects of 
non-linearities of the testing system from the compliance measurements. 
ENF load-displacement curves showed stable crack development fol
lowed by a sudden drop after reaching peak load.

Crack length measurements were obtained for DCB and ENF tests by 
the equivalent crack length estimated from the specimen compliance 
and the DIC-based method. A comparison between the two methods 
shows that the compliance-based method gives more conservative 
measurements than the direct measurements of the COD. In addition, 
the compliance-based measurements are not able to capture the crack 
initiation in either DCB or ENF tests. Identification of stress concentra
tions ahead of the crack tip in early stages of the crack development 
requires external measuring techniques. Instead, the CBBM relies on the 
global mechanical behavior of the specimen.

Fig. 5. Crack length measurement of (a) DCB and (b) ENF tests by DIC.
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4.2. Fracture toughness

The Resistance-curves, or R-curves, are applied to characterize the 
interlaminar fracture toughness of the composite laminate. The R-curves 
were determined directly from experiments using the CBBM, as 
described in section 3, and from DIC crack length measurements. 
Equation (3) was applied to the calculation of the mode I fracture energy 
(GI) in the DCB tests, and the mode II fracture energy (GII) was calculated 
in the ENF tests using Equation (8). The initial compliance of the spec
imen (C0) was taken as the local minimum compliance after the initial 
non-linearity of the test.

The R-curves obtained using the CBBM and the DIC-based crack 
length measurements are compared in Fig. 7 using representative results 
from DCB and ENF tests. Results show that the compliance-based mea
surements are not able to properly identify the crack initiation in either 
of the tested methods. This is particularly observed in DCB tests 
(Fig. 7a), where the first 2.5 mm of crack growth (Δa, Δae) was not 
captured from the CBBM. In fact, identification of stress concentrations 
ahead of the crack tip and therefore consistent measurement of crack 
initiation of woven-CSM composites is challenging even with the sup
port of external measuring techniques and give scatter results due to the 
heterogeneous nature of the material. However, both curves overlap as 
the crack fully develops, allowing for a reliable measurement of the 
fracture toughness based only on the experimental compliance of the 
test specimen. Therefore, the CBBM will be used hereafter for the 

analysis of post curing and temperature effects.
The mode I R-curves are presented in Fig. 8 for the different testing 

series. Non-post cured specimens presented consistent mechanical 
behavior, as shown in Fig. 8a. The same can be stated for post cured 
specimens tested in 21 ◦C and − 10 ◦C, as shown in Fig. 8b and c, 
respectively. However, specimens tested in 70 ◦C, in Fig. 8d, presented 
more scattered results. The reason for this behavior in high temperature 
will be discussed afterwards. In general, each curve reveals an initial 
increase in fracture energy, defined as the formation of an extensive FPZ 
until the crack is fully developed. This effect is explained by the defor
mation and cracking of the resin matrix and the large fiber bridging in 
opening loading conditions. Then, the plateau region of crack propa
gation exhibited “stick-slip” crack growth behavior, typical from the 
delamination mechanism in woven fiber composites [12]. This type of 
crack propagation can be separated by periods of crack initiation (high 
peaks) and arrest (low peaks). This behavior remains in different tem
perature conditions, although the peaks are more pronounced in high 
temperature and less in low temperature.

The critical mode I fracture energy, GIc, is the plateau of the DCB R- 
curves calculated as the average fracture energy from the point of 
maximum force in the load-displacement curves. Similar average results 
of 2.080 ± 0.078 N/mm and 1.921 ± 0.074 N/mm were obtained from 
non-post cured and post cured specimens, respectively. Then, tests in 
low and high temperatures resulted in average GIc of 1.484 ± 0.154 N/ 
mm and 2.854 ± 0.625 N/mm, respectively. This means a reduction of 

Fig. 6. Comparison between crack length measurements with DIC and equivalent crack length from CBBM in representative (a) DCB and (b) ENF tests.

Fig. 7. Comparison between R-curves obtained with DIC crack length measurements and CBBM in (a) DCB and (b) ENF representative tests.
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22.8 % of the fracture toughness at − 10 ◦C and an increase of 48.6 % at 
70 ◦C. In addition, the length of the mode I FPZ was obtained from the 
distance between the pre-crack tip and the maximum force. The crack 
development of reference post cured and post cured specimen extend for 
an average of 7.8 ± 2.9 mm and 8.7 ± 2.9 mm, respectively. In the case 
of tests in low and high temperatures, the average lengths of the FPZ are 
9.9 ± 3.7 mm and 8.5 ± 2.3 mm, respectively. A large scatter is 
observed due to the heterogeneity of the woven-CSM laminates.

The experimental flexural modulus was obtained from the DCB test 
specimens using Equation (4). Non-post cured specimens presented an 
average of 10.87 ± 0.54 GPa and post cured reference specimens 9.28 ±
0.79 GPa. In addition, low and high temperature tests resulted in 
average flexural moduli of 10.28 ± 1.04 GPa, and 9.24 ± 0.45 GPa, 
respectively. Overall, no significant change in the elastic behavior of the 
material was observed from compliance-based measurements of DCB 
tests in different temperatures.

Fig. 9 shows the mode II R-curves of the ENF tests of the different 
testing series. Each data reduction scheme reveals an initial increase of 
the fracture energy followed by a short plateau region, which is subse
quently followed by an increasing trend of GII = f(a). This effect is 
typical from the ENF testing method [4,8,12,22] and is explained by the 
local effects of compressive stresses that hinder self-similar crack 
propagation near the loading roller. Similarly to the mode I fracture, 
specimens tested in non-post cured and post cured conditions at 21 ◦C, 
and specimens tested at low temperature presented consistent results, as 
shown in Fig. 9a, b and 9c, respectively, while specimens tested in high 

temperature, shown in Fig. 9d, presented more scattered results. In 
addition, it is important to notice that the fracture energy artificially 
increases at later stages of the tests due to local compression of the 
cracked surface near the load point.

The critical mode II fracture energy, GIIc, is calculated as the fracture 
energy at the peak force of the ENF tests. Non-post cured and post cured 
specimens showed similar average results of 4.034 ± 0.880 N/mm and 
4.232 ± 0.385 N/mm, respectively. Then, tests in low and high tem
peratures resulted in average GIIc of 3.965 ± 0.720 N/mm and 5.719 ±
0.805 N/m, respectively. This means a reduction of 6.3 % of the fracture 
toughness of the composite material tested at − 10 ◦C and an increase of 
35.1 % at 70 ◦C. Additionally, the length of the mode II FPZ was 
determined from the distance between the pre-crack tip and the 
maximum force. The FPZ of reference post cured and post cured speci
mens extend for an average length of 5.1 ± 4.0 mm and 6.8 ± 2.6 mm, 
respectively. In the case of tests in low and high temperatures, the 
average lengths of the FPZ are 7.6 ± 2.6 mm and 6.8 ± 1.1 mm, 
respectively. Similarly to the mode I fracture, a large scatter is observed 
due to the heterogeneity of the woven-CSM laminates. These results 
show that the full crack development occurred relatively distant from 
the loading roller, and, therefore, is not affected by local compression.

The experimental flexural modulus was calculated from the ENF test 
specimens using Equation (9). Non-post cured specimens have an 
average of 9.55 ± 1.10 GPa and post cured specimens 9.09 ± 0.60 GPa. 
There is no statistically significant difference between these results. Low 
temperature tests resulted in 12.50 ± 0.34 GPa, a significant increase of 

Fig. 8. Mode I R-curves from DCB tests of (a) non-post cured and (b) post cured specimens tested in room conditions, and post cured specimens tested in (c) low and 
(d) high temperatures.
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37.6 %, and high temperature tests resulted in 7.92 ± 1.28 GPa, or a 
12.9 % decrease. Overall, the ENF tests revealed a more apparent dif
ference in the linear elastic behavior of the material in different tem
peratures than the DCB tests.

Results of non-post cured and post cured specimens showed consis
tent results in both mode I and mode II loading conditions. This confirms 

that the artificial post curing of the coupon specimens does not affect the 
fracture behavior of the composite material. Consequently, the effect of 
short-term temperature changes on the fracture delamination, obtained 
from artificially post cured coupon specimens, can be applied to the 
prediction of the performance of composite structures that post cure in 
operational conditions. For a better visualization, Fig. 10 presents 

Fig. 9. Mode II R-curves from ENF tests of (a) non-post cured and (b) post cured specimens tested in room conditions, and post cured specimens tested in (c) low and 
(d) high temperatures.

Fig. 10. Representative R-curves from (a) DCB and (b) ENF tests in different conditions.
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representative mode I and mode II R-curves selected based on similarity 
of the average experimental results of critical fracture energy, length of 
the FPZ and flexural modulus obtained from each testing series. The 
short-term temperature changes showed to significantly affect the 
fracture toughness in both mode I and mode II loading conditions. The 
low temperature of − 10 ◦C caused a significant decrease of the perfor
mance in mode I loading conditions (Fig. 10a), while the mode II frac
ture (Fig. 10b) showed a less apparent reduction compared to the 
reference testing condition of 21 ◦C. Additionally, the high temperature 
of 70 ◦C resulted in an apparent increase of the material fracture per
formance in both mode I and mode II fracture.

4.3. Fracture surfaces

After the DCB and ENF tests, specimens were mechanically separated 
into two sub-laminates for visual observation of the fracture surfaces. 
Representative specimens were selected from each tested configuration 

and high resolution images of the fracture surfaces were obtained using 
a 3D optical profilometer at the magnification of x40. Figs. 11 and 12
show the representative fracture surfaces from DCB and ENF tests, 
respectively. In addition, the height profiles of the lower fracture sur
faces are displayed in Fig. 13. The measured height values were plotted 
with a distance of 1 mm from each other to avoid overlapping of the 
curves and allow comparison of the results.

The mode I fracture surfaces of non-post cured and post cured 
specimens (Fig. 11a and b, respectively) showed similar interlaminar 
failure between the CSM, on the upper surface, and the woven fiber 
reinforcement, on the lower surface. The concave up surface height 
profiles, shown in Fig. 13a, indicate an imprint of the woven surface on 
the CSM at the lower side of the crack. However, temperature changes 
showed to affect the delamination crack path of the woven-CSM com
posites in mode I loading conditions. Low temperature tests (Fig. 11c) 
resulted in a crack propagation within the CSM, which relates to a more 
irregular surface profile displayed in Fig. 13a. High temperature tests 

Fig. 11. Representative fracture surfaces of DCB tests from (a) non-post cured and (b) post cured specimens tested in room conditions, and post cured specimens 
tested in (c) low and (d) high temperatures.
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showed a concave down height profile, which indicates a change of 
crack path with the presence of woven on the lower side of the crack. 
This feature is not clearly observed in the fracture surfaces (Fig. 11d).

The fracture surfaces of non-post cured and post cured specimens 
from mode II tests (Fig. 12a and b, respectively) showed interlaminar 

failure between CSM and woven. This highlights that post curing the 
specimens did not affect the delamination crack path of the composite 
material failure mode in either mode I or mode II fracture. However, 
differently from the DCB tests, the crack path of ENF tests remained 
unaffected by temperature. Height profiles in Fig. 13b shows the same 

Fig. 12. Representative fracture surfaces of ENF tests from (a) non-post cured and (b) post cured specimens tested in room conditions, and post cured specimens 
tested in (c) low and (d) high temperatures.
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concave up curves. Overall, the measurement of fracture surface profiles 
showed to be an alternative solution to determine the delamination 
crack path of composites with complex lay-up, where visual observation 
and optical microscopy may not provide clear evidence.

4.4. Failure morphology

A section of the lower side of each representative specimen was 

carefully cut with a handsaw for a detailed analysis of the failure modes 
using a scanning electron microscopy (SEM), FEI Quanta FEG 650, with 
a magnification of x250. Figs. 14 and 15 show the failure morphology of 
specimens tested in mode I and mode II fracture, respectively. Resin 
cusps show the deformation and cohesive failure of the matrix. Fiber 
imprints and bare fibers at longitudinal and transversal directions reveal 
woven fiber-matrix debonding. In addition, small pieces of fibers debris 
remained on the fracture surfaces. In mode I fracture, non-post cured 

Fig. 13. Fracture surface height profiles of (a) DCB and (b) ENF tests in different conditions (absolute values shifted for comparison).

Fig. 14. Failure morphology of DCB tests (crack growth from left to right side).
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(Fig. 14a) and post cured (Fig. 14b) specimens showed similar failure 
patterns. Low temperature tests (Fig. 14c) produced a more brittle 
failure, described by a flat morphology of the resin and the absence of 
bare fibers. This explains the reduction of the mode I fracture toughness 
(see Fig. 10a) in low temperature. On the other hand, high temperature 
tests (Fig. 14d) showed larger deformation of the resin and fracture 
toughness. An improvement of fiber/matrix interface adhesion is indi
cated by the observation of a larger matrix deformation, which con
tributes to a higher mode II fracture toughness.

The failure morphology of the mode II fractured non-post cured 
(Fig. 15a) and post cured (Fig. 15b) specimens showed similar failure 
patterns, such as in the case of mode I fracture. This proves that the 
delamination failure mode of the woven composite remains unaffected 
by the post curing process. The deformation of the matrix, observed by 
resin cusps, is typically more pronounced in shear fracture. In addition, 
the presence of woven fiber imprints and bare fibers is observed. No 
significant change is observed in low temperature tests, which agrees 
with the results of fracture toughness (see Fig. 10b). In the case of high 
temperature tests, a larger ductility of the resin is observed, which 
contributes to a higher fracture toughness. Overall, short-term changes 
of temperature affected not only the delamination crack path at 
macroscopic level, but also the failure morphology of the woven com
posite material at microscopic level.

5. Cohesive zone modelling

5.1. Cohesive behavior

A non-linear traction-separation relationship was applied to model 

the cohesive behavior of a ductile interfacial fracture. It defines the 
global response of a cracked specimen and is divided into three stages: a 
linear-elastic stage (δ ≤ δe), where δe is the crack opening displacement 
at the elastic limit; a damage evolution stage (δe < δ ≤ δm), where δm is 
the maximum relative opening displacement of the interface. In this 
stage, the material stiffness degenerates to 0, indicating full develop
ment of the crack and beginning of the propagation stage (δ > δm). 
Therefore, the cohesive behavior for mode I fracture can be expressed in 
a mathematical form: 
⎧
⎨

⎩

σ = κδ → δ ≤ δe
σ = σ(δ) → δe < δ ≤ δm
σ = 0 → δ > δm

(12) 

Where σ is the traction at the interface, κ is the interface stiffness in 
linear elastic condition, δe is the pre-crack tip opening displacement at 
crack initiation and δm is the pre-crack tip opening displacement at crack 
propagation. From this, one can derive: 

δe =
σNL

κ
(13) 

Where σNL is the traction at onset of non-linearity. The region along the 
crack path between the root of the crack and the point of crack propa
gation (complete degradation of interface stiffness) is the FPZ, and can 
be modelled by a cohesive behavior between two predefined surfaces. 
Therefore, the relationship between the mode I fracture energy (GI) and 
the crack tip opening displacement (δI) defines the cohesive model, as 
follows: 

Fig. 15. Failure morphology of ENF tests (crack growth from left to right side).
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GI =

∫

σ(δI)dδI (14) 

Equation (14) correlates the experimental mode I fracture energy 
(GI), calculated from the CBBM (see section 3), and the crack tip opening 
displacements (δI)4.3. As such, it allows obtaining the mode I traction- 
separation relationship assigned to the cohesive behavior by applying 
the derivative with respect to δI on both sides of the integral function. 
Analogously, the mode II fracture can be modelled using GII and the 
crack tip slip displacements (δII).

5.2. Crack tip opening and slip displacements

The crack tip opening displacement (CTOD) was obtained by DIC of 
the representative DCB tests at the section of the pre-crack tip. The 
CTOD is determined by the relative vertical displacements between the 
upper and lower sides of the crack, as shown in Fig. 5a. The results are 
not sensitive to the location where the points are extracted in the DIC 
images. In the case of mode II fracture, the crack tip slip displacement 
(CTSD) is obtained from the relative longitudinal displacements at the 
section of the pre-crack tip, as shown in Fig. 16. The CTSD is determined 
by the distance between the linear extrapolation of the longitudinal 
displacement of the lower and upper arms of the crack in the height of 
the crack. The contribution of specimen rotation to the CTSD is negli
gible. Moreover, the DIC image of the specimen exhibits a concentration 
of the shear strain (εxy) ahead of the pre-crack tip, indicating the for
mation of a FPZ during the tests.

Results from representative DCB tests are shown in Fig. 17a. The 
curves is determined by several CTOD points obtained from DIC until the 
critical point of crack propagation, which is determined based on the 
plateau of the fracture energy (see R-curves in Fig. 7). The mode I critical 

fracture energy (GIc) of the representative DCB tests are 2.11 N/mm in 
room temperature, 1.33 N/mm in low temperature, and 3.08 N/mm in 
high temperature. A fitting curve was created to describe the develop
ment of G in function of δ. For consistency of the analysis, the curve 
fitting procedure is the same in each testing condition (reference post 
cured, low temperature and high temperature).

The traction-separation curves that define the mode I cohesive 
behavior of the woven laminate are presented in Fig. 17b. A sharp 
decrease of traction is observed in initial stages, followed by an exten
sive region of low traction. These curves show typical shapes of a mode I 
traction-separation relationship [6] with extensive fibre bridging. The 
most relevant change occurred between 0.0 and 0.5 mm of crack 
opening displacement. For better visualization, Fig. 17c shows the detail 
of the cohesive behavior in the first 0.2 mm of crack opening. The early 
stages of crack development are generally related to the cohesive failure 
of the resin matrix. As observed in Fig. 14, the failure morphology of the 
matrix changed from a more brittle behavior in low temperature to a 
more ductile failure in high temperature. This effect of temperature on 
the mode I composite delamination reappears in the derived cohesive 
model for specimens tested at high temperature. However, no significant 
change is noticed at later stages of crack tip damage development, after 
0.5 mm of crack opening. This indicates that the average fiber bridging 
effects of the woven laminate is insensitive to temperature changes.

An analogous approach, owing to the derivation of Eq. (14), was 
applied to obtain the mode II associated traction-separation curves by 
pairing the CTSD 4.3to the R-curves from ENF tests. Such as in the DCB 
tests, the amount of points extracted from the ENF tests and the type of 
curve fitting have minor effect on the shape of the derived cohesive 
behavior. The results from representative ENF tests are shown in 
Fig. 18a. The mode II critical fracture energy (GIIc) are 4.94 N/mm in 

Fig. 16. Pre-crack tip slip displacement measured with DIC from the section of initial crack tip during ENF tests.
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room temperature, 4.23 N/mm in low temperature, and 7.78 N/mm in 
high temperature.

The traction-separation curves that define the mode II delamination 
are presented in Fig. 18b. It is noticed that the increase of temperature 
increased the maximum traction (shear stress) estimated at early stages 
of the crack development (between 0.0 and 0.1 mm slip displacement) 
from 16 MPa in − 10 ◦C, to 20 MPa in 21 ◦C, and 23 MPa in 70 ◦C. Similar 
behavior was found by Ref. [19] using a trapezoidal cohesive law. In the 
initial stages of damage process (up to 0.3 mm of CTSD), tests in room 
and low temperatures showed similar cohesive behavior (see Fig. 18b). 
However, high temperature produced significant larger CTSD. The ul
timate slip displacement increased from 0.5 mm in room temperature to 
over 0.8 mm in high temperature. These changes in the mode II cohesive 
model can be corelated to the increased plastic deformation of the resin 
identified in Fig. 15b and d. An increase in ductility of the woven 
composite delamination occurred in high temperature compared to the 
other conditions of shear fracture.

5.3. Finite element models

The DCB and ENF tests were implemented in FEM using Abaqus/ 
Explicit solver. A tridimensional geometry of each model was based in 
the actual representative specimens and test set up. The woven-CSM 
composite laminate was modelled as a homogeneous material divided 
in two equal sub-laminates with a midplane contact interface. Geometry 
and boundary conditions can be found in Fig. 19a, for the DCB, and 
Fig. 19b, for the ENF test models. The composite specimen was meshed 

with solid 4-node linear tetrahedron elements. In the ENF test models, 
the loading and support rollers were modelled as deformable 4-node 
shell elements with reduced integration, hourglass control and finite 
membrane strains.

An orthotropic elastic material was defined for the composite ma
terial in the finite element model. Table 2 shows the material properties 
used in the models. The longitudinal elastic modulus (E11) is the most 
relevant material property that affects the global response of the test 
models. Therefore, these parameters were taken from experiments to 
account for the effect of temperature changes on the mechanical 
behavior. The input values of E11 (and consequently E22) were assumed 
the same as the Ef obtained from Equation (4), for DCB test models, and 
Equation (9), for ENF test models. Nominal values were used for the 
remaining elastic properties based on previous works [27,32]. Typical 
steel isotropic properties (E = 210 GPa and ν = 0.3) were applied to the 
loading and support rollers of the ENF tests. A preliminary analysis 
showed that stresses in the specimen are significantly lower than the 
strength of the material and plasticity does not affect the mechanical 
response of the models.

A general contact interaction was defined with hard contact and 
penetration-based formulation for the normal behavior. In addition, a 
tangential isotropic friction coefficient of 0.1 was imposed for all 
candidate contact pair surfaces in the model, such as the pre-cracked 
surfaces, and the specimen contact with support and loading rollers in 
the ENF test model. The interface interaction was modelled using 
cohesive behavior. The linear interface stiffness (κ) is a numerical 
parameter, and its value within a reasonable range has a negligible 

Fig. 17. Mode I (a) experimental fracture and (b) cohesive behavior with (c) detail of the first 0.2 mm of crack opening.

Fig. 18. Mode II (a) experimental fracture and (b) cohesive behavior.
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influence on the computational results [33]. A maximum nominal stress 
of 2 MPa was defined for the damage initiation of each fracture mode 
(GI, GII and GIII), and the damage evolution was determined directly 
from the traction-separation points obtained from the experiments (see 
Figs. 17b and 18b for mode I and mode II fracture, respectively). The 
consistency of the element size was verified based on the convergence of 
the load response during the displacement-driven simulation of the test. 
An optimal element size was achieved using a global mesh of 1.0 mm 
elements and a minimum of 4 elements through the thickness of each 
sub-laminate. Detailed images of the mesh are can be seen in Fig. 19.

5.4. Mechanical response

Load-displacement curves were extracted from the finite element 
models of representative DCB and ENF tests at reference (21 ◦C), low 
(− 10 ◦C) and high (70 ◦C) temperatures. The mechanical response of 
numerical models is compared to experimental results in Fig. 20. Results 

of the DCB tests (Fig. 20a) show that the numerical load-displacement 
responses match well until the maximum load is reached. This shows 
that the pure mode I crack initiation is accurately predicted using CZM 
directly modelled in this work. After the maximum load, numerical re
sults presented relatively smoother curves that remain between the 
peaks and valleys of the experimental results. In fact, the cohesive 
behavior is modelled from the region of crack formation, which leads to 
an averaged mechanical response observed during crack propagation. 
This fiber bridging effect tends to diminish as the size increases from 
relatively small standard coupons to larger structures.

Results of the ENF tests (Fig. 20b) showed good agreement between 
experiments and numerical models. The conformity of stiffnesses in the 
linear elastic stage of the tests shows that the material properties were 
accurately modelled by compliance-based estimations in each temper
ature. This is more noticeable in low temperature tests. Since there is no 
obvious effect of fiber bridging in mode II tests, numerical load- 
displacement curves showed good agreement with experiments. Over
all, the cohesive models derived directly from experimental results were 
capable of accurately predicting the delamination fracture behavior of 
the composite material in different temperatures in both mode I and 
mode II loading conditions. These interlaminar fracture properties can 
be applied to the design of structural components with complex 
geometries.

6. Conclusion

This work addressed the effect of short-term changes of temperature 

Fig. 19. Finite element models of the (a) DCB and (b) ENF tests.

Table 2 
Orthotropic material properties used in the models.

Elastic property Value

E11; E22 Ef from experiment
E33 5.0 GPa
G12 3.1 GPa
G13; G23 3.5 GPa
ν12 0.35
ν13; ν23 0.30
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on the delamination fracture behavior of a glass fiber woven composite 
laminate interleaved with chopped strand mat (CSM). Mode I and mode 
II loading conditions were considered using DCB and ENF tests. Non- 
post cured and post cured specimens were tested at room temperature 
(21 ◦C), and post cured specimens were tested at − 10 and 70 ◦C. The 
material behavior was investigated using analytical and numerical 
methods, and the following conclusions were obtained. 

• The analytical compliance-based beam method (CBBM) provided 
reliable fracture toughness and R-curves of the woven-CSM laminate 
when compared to the results obtained from direct measurements of 
the crack length using DIC;

• Temperature changes affect the preferential crack path for the woven 
composite delamination in mode I loading conditions. Similar crack 
paths occurred in low (− 10 ◦C) and room (21 ◦C) temperatures 
occurred preferentially between the woven and CSM, while in high 
temperature (70 ◦C) the crack progressed more within the layer of 
CSM. However, the crack path in mode II fracture tests remained 
independent of the testing temperature;

• Temperature affected not only the delamination crack path at 
macroscopic level, but also the failure morphology of the composite 
material at microscopic level. Fractography images revealed a tran
sition in the failure mechanism at higher temperatures to more fiber/ 
matrix interface debonding and matrix deformation, which induced 
a denser fiber bridging mechanism with larger crack opening/shear 
displacements and larger FPZ. The increase of matrix ductility 
translated into larger amplitudes of the R-curves with an improve
ment of the delamination fracture toughness in both mode I and 
mode II loading conditions;

• A comparison between non-post cured and post cured specimens 
showed consistent mechanical behavior and failure mechanisms. 
This proved that the post curing process did not affect the delami
nation performance of the investigated woven glass fiber and vinyl 
ester based composite material even though remarkably distinct 
glass transition temperatures were observed;

• Non-linear cohesive models were directly derived from experiments 
with DIC measurements of crack tip displacements. The obtained 
traction-separation curves successfully described the changes in 
crack development at different temperatures both in mode I and 
mode II fracture. Results were used in numerical simulations of the 
DCB and ENF tests to accurately reproduce the experimental load- 
displacement responses at different temperatures.
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