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Experimental investigation to evaluate total energy release rate
for unidirectional glass/epoxy composite under Mixed mode-I/II load
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Abstract. In this paper, the total energy release rates for unidirectional glass/epoxy composites were evaluated
using Compact Tension Shear (CTS) and Four-Point Bend (FPB) Mixed mode (I/II) fracture specimens. Unidirectional glass ﬁbre laminates were considered for the experimental work. Specimen plates of required
thickness were fabricated using hand lay-up technique. The experimental study was conducted for seven loading
angles varying from 0 to 90 with an increment of 15 for CTS specimen and 6 crack positions varying from 0
to 1 with an increment of 0.2 for FPB specimen. Load vs. displacement data are plotted to evaluate the peak
loads for both the CTS and FPB Mixed mode (I/II) fracture specimens of various loading angles and crack
positions, which are utilized to estimate the total energy release rate. It is found that the total energy release rate
depends on the loading angle and crack positions for CTS and FPB Mixed mode (I/II) fracture specimens. For a
particular load, the total energy release rate is highly dominating in FPB compared with the CTS fracture
specimen. Hence, the FPB Mixed mode (I/II) fracture specimen can be preferred over CTS Mixed mode (I/II)
fracture specimen to evaluate the total energy release rate.
Keywords. Total energy release rate; compact tension shear specimen (CTS); four-point bend specimen
(FPB); unidirectional glass/epoxy laminate.

1. Introduction
The total energy release rate of glass/epoxy laminates is an
essential parameter in longitudinal tensile failure, which
helps in controlling damage initiation and propagation in
longitudinal loading [1]. In glass/epoxy composites, ﬁbre
pull-outs are common kinds of translaminar fracture failure,
which can be usually investigated by visual inspection
[1, 2]. Most of the authors agree that the total energy
release rate in glass/epoxy composites is directly related to
the energy dissipated by debonding and by friction during
the development of these surfaces [3–6]. On the basis of
physical and mechanical properties, including strength,
mass, toughness and stiffness, materials are selected
according to their engineering applications. The ability to
yield beneﬁt of the lightweight potential of glass/epoxy
composites is dependent, in several applications, on the
capability to estimate their fracture behaviour. Unidirectional (UD) ﬁbres have now become a new class of materials that conceivably cause weight reduction in
composites. They unveil better resistance against ﬁbre pullouts, delamination and matrix cracking [2].
*For correspondence

To obtain an effective structure, combined with an
increasing comprehension of composite failure, the modern
manufacturing industry is moving in the direction of more
damage-tolerant methods to manage composites. Various
strategies are adopted to anticipate high-strength and highstiffness composites. Meanwhile, though signiﬁcance of
total energy release rate estimation was perceived several
years ago, it has been of moderate to little concern for the
researchers to date [1]. This might be because of (i) lack of
trust in composites brought about by their not being used in
important structures where this type of characterization is
helpful, and (ii) lack of modelling skills which can use the
parameters excellently [1]. These days things have transformed due to extensive composite essential structures that
are witnessed in modern aircraft structures; for instance,
ﬁnite-element analysis is an effective tool used for
designing and analysis. It is envisioned that the fracture
toughness related to the translaminar failure modes will
adopt an undeniably crucial role in the future years; along
these outlines it is an important parameter to study [2].
However, as per author’s information, very limited work is
carried out on characterizing the total energy release rate
for laminates under Mixed mode (I/II) loading. Consequently, in this research an effort is made to evaluate the
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total energy release rate for UD glass/epoxy composites
under translaminar fracture by considering Compact Tension Shear (CTS) and Four-Point Bend (FPB) Mixed mode
(I/II) fracture specimens as a function of loading angle and
pre-crack position, respectively. Moreover, the CTS and
FPB Mixed mode (I/II) specimen samples have an advantage as the width of the crack is oriented in the thickness
direction of the composite panel. In our earlier work [7], the
effects of ﬁbre orientation on translaminar fracture toughness for glass/epoxy composite under Mixed mode-I/II load
were studied by considering the CTS Mixed mode (I/II)
fracture specimen. In this work an investigation is carried
out on CTS and FPB Mixed mode (I/II) fracture specimens
to explore which specimen will give better total energy
release rate for UD glass/epoxy composite under
translaminar fracture. Hence, the objectives of the present
work are as follows: (i) to prepare CTS and FPB specimens
using hand lay-up technique and testing it under a universal
testing machine to evaluate peak loads by plotting load vs.
displacement, (ii) to compute total energy release rate for
UD glass/epoxy composites experimentally under Mixed
mode (I/II) loading and (iii) to compare CTS and FPB
specimens Mixed mode (I/II) energy release rates.

mode (I/II) loading condition. The dimensions of the
CTS and FPB Mixed mode (I/II) fracture specimens are
taken from the earlier investigators [9, 10] as shown in
ﬁgures 1 and 2, respectively. Initially, composite laminate blocks of approximately 320 9 190 9 9 mm3
dimensions are fabricated using hand lay-up technique.
Thirty-six layers of UD glass ﬁbre laminates having
320-mm length and 190-mm width with 0.25-mm thickness are stacked to obtain a required composite laminate
block appropriately. Next, curing and uniform binding
between ﬁbres and matrix are done by keeping the
stacked composite block in a hydraulic hot press with an
applied pressure of 2 kPa at room temperature for 24 h.
The cured composite laminate block is cut to dimensions
of 75 9 45 9 9 mm3 using a band saw cutter and six
holes of 7-mm diameter using a drilling machine to
obtain CTS Mixed mode (I/II) fracture specimens. In the
same way, blocks of dimensions 130 9 18 9 9 mm3 are
cut to obtain the FPB Mixed mode (I/II) fracture specimens. Finally the crack is introduced using a saw cutter
blade, which is perpendicular (transverse) to the ﬁbre
orientation/direction. The fabrication process of CTS
and FPB Mixed mode (I/II) fracture specimens is
shown in ﬁgure 3 and it is similar to the earlier works of
[7, 11].

2. Experimental work
2.1 Materials
Glass/epoxy composites are becoming common for several
structural applications in the ﬁeld of automotive, aerospace
and other industrial divisions. The present experimentation
is carried out with a matrix containing epoxy resin (Lapox
L12) at room temperature with a curing hardener (K6).
Epoxy resin has a viscosity of 9000/12000 mPas and
speciﬁc gravity of 5.26/5.55 at 25C. All these polymer
products were supplied by Atul Limited, Polymer Division
(Gujarat, India). The UD glass laminate ﬁbre of 220 gsm
having a thickness of 0.25 mm was supplied by Marktech
Composites, Bangalore, India. The material properties for
UD glass/epoxy composite are shown in table 1, which are
provided by suppliers and similar to those in reference [8].

2.2 Fabrication of composite
The purpose of the experiment is to determine the total
energy release rate of glass/epoxy laminates under Mixed

2.3 Test set-up for CTS and FPB Mixed mode (I/II)
fracture specimens
The experimental tests for both CTS and FPB Mixed mode
(I/II) fracture specimens of UD glass/epoxy composites
are carried out as per Richard and Benitz [9] and He and
Hutchinson [12] to evaluate total energy release rate. The
testing is conducted on a digital universal testing machine
with a load cell capacity of 100 kN and displacementcontrolled rate of 2 mm/min, which is carried out at room
temperature. The tests are conducted for CTS Mixed mode
(I/II) fracture specimens with an initial crack of 22.5 mm
(a/W = 0.5), thickness 9 mm and loading angle (a) 0/90
with an increment of 15. Similarly, the experimentation
for FPB Mixed mode (I/II) fracture specimen was conducted with a thickness of 9 mm, crack length of 9 mm
and 6 suitable crack positions were taken with varying the
s/d ratios from 0 to 1 with an increment of 0.2 from the
central axis of FPB Mixed mode (I/II) fracture specimen.
Figures 4(a)/(c) and 5(a)/(c) show the experimental set-up,
where the testing ﬁxture holds the CTS and FPB Mixed

Table 1. Material properties of glass/epoxy polymer composite.

Material
Glass/epoxy

Young’s modulus
E1 (GPa)

Young’s modulus
E2 (GPa)

Shear modulus
G12 (GPa)

Poisson’s ratio
t12

38.6

8.14

4.14

0.26

Sådhanå (2020)45:251

Figure 1. Dimensions of CTS specimen. All dimensions are
in mm [7].
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is subjected to Mixed mode (s/d = 0.2, shear and bending)
as shown in ﬁgure 5(b). From ﬁgure 5(a) the crack position is exactly below the upper right roller, i.e. s/d = 1.0;
then the FPB specimen is subjected to Mode-I (bending)
load. The tests are carefully observed and conducted at
room temperature, because it is challenging to observe
failure in laminated composites. To reduce such problems,
the applied loads and corresponding displacements are
recorded on a computer. The Mixed mode (I/II) loadings
on the CTS and FPB fracture specimens carried out are
similar to those by the earlier researchers [9, 10, 12, 13].
Five identical specimens were tested for each loading
angle. The average peak load of ﬁve identical specimens
was taken for the measurement of translaminar fracture
toughness. In the experimental work, the crack length was
initiated transverse to the ﬁbre direction for both CTS and
FPB specimens. Hence, the translaminar fracture toughness was measured in terms of the total energy release rate
for UD glass/epoxy laminate. The method of calculating
total energy release rate (GT) is given here.
Initially, the average peak load will be substituted in the
stress intensity factors (KI and KII) equations for both CTS
and FPB Mixed mode (I/II) fracture specimens. The
equations to calculate stress intensity factors (KI and KII)
for CTS Mixed mode fracture (I/II) specimen are given as
follows [13]:
vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
 a 
u
pﬃﬃﬃﬃﬃﬃ
0:26 þ 2:65 Wa
P pa cos a u
t


KI ¼
ð1Þ
 
 2
Wt 1  Wa
1 þ 0:55 a  0:08 a
wa

wa

vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
 a 
u
pﬃﬃﬃﬃﬃﬃ
0:23
þ
1:4
P pa sin a u
Wa
t
KII ¼ 
 a 
 a 2
Wt 1  Wa
1  0:67 wa þ 2:08 wa

Figure 2. Specimen conﬁguration for FPB used in the analyses:
W = 18 mm, d = 26 mm, L = 52 mm and a = 9 mm [11].

mode (I/II) fracture specimens. It is clearly observed from
ﬁgure 4 that for CTS specimen testing, the loading is done
to the specimen by changing the loading hole or angle (a)
of the ﬁxture. For a = 0 the CTS specimen is subjected to
Mode-I (tension) as shown in ﬁgure 4(a); in a similar
manner if a = 45 and a = 90 the CTS specimen is subjected to Mixed mode (I/II) (tension and shear) and ModeII (shear) as shown in ﬁgure 4(b) and (c). However, in
case of FPB specimen, the Mode-I, Mixed mode (I/II) and
Mode-II loading is done by changing the crack position
from 1 to 0 with respect to the roller supports. If crack
position is at the centre (s/d = 0), then the specimen is
subjected to Mode-II (shear) as shown in ﬁgure 5(c). As
the crack positions changes from 0 to 1, the FPB specimen

ð2Þ

where P is the critical (maximum) load, a is the loading
angle, W is the specimen width, t is the specimen thickness
and a is the crack length.
Researchers [14, 15] used equations (1) and (2) to estimate the stress intensity factors for CTS specimen under
Mixed mode (I/II) load. The analytical formulations of KI
and KII (He and Hutchinson [12]) for FPB Mixed mode (I/
II) fracture specimen are as follows:
pﬃﬃﬃﬃﬃﬃ
6sQ pa  a 
KI ¼
ð3Þ
FI
W2
W
KII ¼

Qða=WÞ3=2
W 1=2 ð1  a=WÞ

F
1=2 II

a
W

ð4Þ

where
Q¼

PðL  dÞ
ðL þ dÞ

ð5Þ

The functions FI and FII (Murakami [16]) used here are
as follows:
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Figure 3. Fabrication process of CTS and FPB Mixed mode (I/II) fracture specimens.

Figure 4. Experimental set-up and loading arrangement: (a) a = 0 (Mode-I), (b) a = 45 (Mixed mode) and (c) a = 90 (Mode-II) for
CTS Mixed mode (I/II) fracture specimen [7].

FI ða=WÞ ¼ 1:122  1:121ða=WÞ þ 3:740ða=WÞ2
þ 3:873ða=WÞ3  19:05ða=WÞ4
þ 22:55ða=WÞ5 fora=W  0:7;

FII ða=WÞ ¼ 7:264  9:37ða=WÞ þ 2:74ða=WÞ2
þ 1:87ða=WÞ3  1:04ða=WÞ4 for0  a=W  1:
ð6Þ

ð7Þ
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Figure 5. Experimental set-up and loading arrangement (a) s/d = 1.0 (Mode-I), (b) s/d = 0.2 (Mixed mode) and (c) s/d = 0 (Mode-II)
for FPB Mixed mode (I/II) fracture specimen [11].

In equations (3)/(5), P is the peak load applied to the
specimen and s is the change of crack position from
the centre of the specimen; d and L are the supporters,
a is the crack length and W is the width of the
specimen.
Next, the calculated CTS and FPB stress intensity
factors values from equations (1)/(4) and material properties of glass/epoxy from table 1 were substituted in the
energy release rate (GI and GII) equations for Mixed
mode (I/II) loading proposed by Lin [17] and the equations are
KI2
ﬃ
GI ¼ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2E1 E2
KII2
ﬃﬃﬃ
GII ¼ p
E1 2

" 1
#12
E1 2 E1
þ
 m12
E2
2G12

ð8Þ

" 1
#12
E1 2 E1
þ
 m12
E2
2G12

ð9Þ

Finally, the total energy release rate (GT) for both CTS and
FPB specimens is estimated by substituting the determined
the energy release rate (GI and GII) from equations (8) and
(9) in equation (10) [18] as
GT ¼ GI þ GII :

ð10Þ

3. Results and discussion
3.1 Effects of CTS specimen on energy release rate
A series of experimental work were conducted for CTS
Mixed mode (I/II) fracture specimens of several loading
angles with the same thickness (9 mm) and crack length
(22.5 mm, a/W = 0.5). The load vs. displacement values
were plotted for different loading angles (a = 0/90). The

average value of ﬁve identical specimens for each loading
angle (a = 0/90) is shown in table 2. It is clearly noticed in
table 2 that the peak (maximum) load is the highest for
a = 90 (Mode-II), lowest for a = 0 (Mode-I) and falls in
between for a = 90/0 (Mixed mode). This indicates that
the bearing capacity of the UD glass/epoxy laminate will be
maximum under Mode-II (shear) loading compared with
Mode-I (tensile) and Mixed mode (I/II) loading. The estimated energy release rate (GI and GII) and total energy
release rate (GT) values for average peak load in table 2
show that GI is more for a = 0 and decreases for remaining
a (loading angle), whereas it is the reverse for GII. It is
observed from table 2 that the GT value for a = 0 is 2
times greater than that of a = 90. Hence, the results clearly
indicate that the structure/components subjected to both
tension and shear load fail earlier in Mode-I load compared
with Mixed mode (I/II) and Mode-II load for CTS type of
boundary condition.
Next, ﬁgure 6 shows the variation of GII vs. GI for UD
glass/epoxy laminates for critical load. This ﬁgure indicates
that the energy release rate in Mode-I is more than that of
Mode-II, which shows that the composite laminate fails
earlier in Mode-I compared with Mode-II and Mixed mode
(I/II). Figure 7 shows the variation of GT with loading
angle for various loads. From ﬁgure 6 for a particular load
the GT is maximum for a = 0 (Mode-I) as compared with
the other loading angles. The nature of variation of GT vs.
loading angle (a) is in decent agreement with the variation
of Keff vs. loading angle results shown by different authors
[19, 20] for isotropic materials, on a CTS specimen under
Mixed mode loading. Based on the nature of variation of
energy release rate the orthotropic material (ﬁbre laminates) for translaminar fracture behaves like an isotropic
material. The results clearly demonstrate that the failure of
orthotropic structure under translaminar loading behaves
like an isotropic material failure.
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Table 2. Results of CTS specimen.
Peak load P for each sample (N)
Loading angle

1

2

3

4

5

Average peak load P (N)

0
15
30
45
60
75
90

3810
3840
4060
4890
5080
6090
7930

3670
3650
4170
4740
5210
6060
7880

3730
3910
3980
4840
5260
5930
7670

3690
3760
3930
4970
5140
6140
7780

3850
4020
4260
4910
5050
5980
7920

3750
3830
4080
4870
5150
6040
7790

2.0

2

G II (kJ/m )

4.85
4.73
4.31
4.09
2.29
0.84
0

GII (kJ/m2)
0
0.04
0.16
0.47
0.78
1.33
2.38

GT (kJ/m2)
4.85
4.77
4.47
4.56
3.07
2.17
2.38

3.2 Effects of FPB specimen on energy release
rate

2.5

1.5

1.0

0.5

0.0
0

1

2

3

4

5

2

G I(kJ/m )
Figure 6. Variation of GII vs. GI for CTS specimen subjected to
critical load.
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GT(kJ/m )

GI (kJ/m2)
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15

30

45

60

75

90

Loading Angle (α)
Figure 7. GT vs. loading angle for CTS specimen subjected to
various loads.

Gradual monotonic load is applied for several crack positions, i.e. s/d = 0 to 1 ratios, by an increment of 0.2 to
calculate the energy release rate (GI, GII and GT) for the
FPB Mixed mode (I/II) fracture specimen. From the
experimental load/displacement graphs, the maximum or
peak load (F) is noted down to estimate GI, GII and GT.
Table 3 shows peak load values for corresponding crack
positions (s/d ratios) varying from 0 to 1. From table 3, the
load bearing capacity will be more for crack position s/
d = 0 (Mode-I) and less for s/d = 1.0 (Mode-II). This
indicates that the load bearing capacity is more in Mode-II
(shear) compared with Mixed mode (bending and shear)
and Mode-I (bending) load for FPB specimen. The magnitudes of GI, GII and GT are shown in table 3. It is
observed from table 3 that the GI values increases as s/
d changes from 0 to 1 and reverse for GII. Also, the GT
value for s/d = 1.0 is almost 70 times greater than that of s/
d = 0. Also, the results clearly point out that the structure/components subjected to both bending and shear loads
fail earlier in bend load compared with Mixed mode (bend
and shear) and shear load for FPB type of boundary
condition.
Figure 8 shows the variation of GII vs. GI for critical
load, which indicates that the energy release rate in Mode-I
(s/d = 1.0) is more than that of Mode-II (s/d = 0). Consequently, the UD glass/epoxy composite laminate fails earlier under pure bending (Mode-I) as compared with shear
(Mode-II) and combination of bending and shear (Mixed
mode) for FPB condition. Figure 9 shows the variation of
GT with crack positions (s/d) for various loads. It is
observed from ﬁgure 8 that the GT is maximum for s/
d = 1.0 and decreases for remaining s/d ratios varying from
0.8 to 0. Figure 9 illustrates that, for a particular load, the
GT is maximum for a = 0 (Mode-I) as compared with the
other loading angles. The nature of variation of GT vs.
loading angle (a) is in decent agreement with the variation
of Keff vs. crack positions results shown by different authors
[10, 21] for isotropic materials, on a FPB specimen under
Mixed mode loading. Hence, results shows that the failure
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Table 3. Results of FPB specimen.
Peak load P for each sample (N)
s/d

1

2

3

4

5

Average peak load P (N)

0
0.2
0.4
0.6
0.8
1

7100
6670
6010
5610
5110
4320

6890
6700
6130
5450
4670
4110

6940
6540
5850
5560
5830
4230

6970
6460
5910
5430
4920
4120

6990
6500
6200
5370
5040
4280

6980
6570
6020
5480
4910
4210

GI (kJ/m2)
0
7.89
26.5
49.41
70.52
81

GII (kJ/m2)
1.15
1.02
0.86
0.71
0.57
0

GT (kJ/m2)
1.15
7.96
26.51
49.41
70.52
81

of orthotropic structure under translaminar loading behaves
like an isotropic material failure.

1.2

1.0

3.3 Comparison of CTS and FPB
2

G II (kJ/m )

0.8

0.6

0.4

0.2

0.0
0

20

40

60

80

2

G I(kJ/m )
Figure 8. GII vs. GI for FPB specimen.

Finally, the CTS and FPB Mixed mode (I/II) fracture
specimens are compared to identify the specimen that is
more suitable to measure total energy release rate (GT). The
loading parameters are different for the CTS and FPB
Mixed mode (I/II) fracture specimens. Therefore Modemixity, a dimensionless loading parameter, is considered
for the analysis and is calculated using equation (11) [21].
Figure 10 shows GT vs. Mode-mixity (Me) of both CTS and
FPB Mixed mode (I/II) fracture specimens for a typical
load of 3500 N. Figure 10 indicates that the total energy
release rate is more dominant in the FPB specimen as
compared with CTS Mixed mode (I/II) fracture specimen.
Moreover, the energy release rate for Mode-I load in FPB
specimen is found to be almost 20 times higher as compared with CTS specimen. For Mode-II load, the energy
release rate in FPB specimen is almost same as that of CTS

250

60
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5325N
3550N

200

50

40

150

2

GT(kJ/m )

2

G T (kJ/m )

CTS
FPB

100

30

20

50

10
0
0.0

0.2

0.4

0.6

0.8

1.0

s/d
Figure 9. GT vs. s/d for FPB specimen subjected to various
loads.

0
0.0

0.2

0.4

0.6

Mode Mixity (Me)
Figure 10. GT vs. Me.

0.8

1.0
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specimen. For Mixed mode (I/II) load, the energy release
rate values in FPB specimen are greater than those of CTS
specimen. In addition the usage of bending ﬁxtures for
loading in FPB specimens will have the capability of producing the full range of Mixed modes, from Mode-I to
Mode-II, without altering the location of any support.
Hence, FPB specimens can be preferred over CTS specimens to estimate Mixed mode total energy release rate.
 
 
2
KI
Me ¼
arctan
ð11Þ
p
KII

4. Conclusion
Following conclusions can be drawn from this paper:
• The total energy release rate depends on the type of
loading angle for UD glass/epoxy composites. The
energy needed to initiate a crack in Mode-II loading
state was found to be considerably higher than that of
Mode-I loading state and the energies needed for
Mixed mode-I/II state conditions were in between.
• For laminated composites under translaminar loading,
the variation of energy release rate factors will be
almost same as that of isotropic materials for both CTS
and FPB Mixed mode (I/II) fracture specimens.
• The energy release rates of CTS and FPB specimens are
compared to typical load at various loading angles and
crack positions. Energy release rate for Mode-I in FPB
specimen is higher than that of the CTS specimen.
Similarly, energy release rate for Mode-II in FPB
specimen is almost same as that of the CTS specimen.
Moreover, in case of a CTS specimen under Mode-II
loading the maximum load was distributed to six holes
and not to the crack tip. For FPB specimen, as observed
in ﬁgure 5(c), the Mode-II loading falls at the crack tip.
Hence, testing FPB specimen for Mixed mode loading is
preferable compared with CTS specimen.
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