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This paper examines critical load and corresponding displacement of double cantilever beam (DCB) composite specimens made of
glass/epoxy of three different layups. Experiments were conducted on these laminates, and the fracture energy, 𝐺Ic, was evaluated
considering the root rotation at the crack tip.The presentmodel requires the applied load-displacement history and crack extension
to estimate fracture energy. Reduction schemes based on cubic and power law are also proposed to determine Young’s modulus
and energy release rate and found good agreement with the published and test results.

1. Introduction

The composites are heterogeneous materials, which are an
important feature compared, for instance, to the metals
and homogeneous plastics. The increasing use of composite
materials in aircraft, spacecraft, automobile, and marine
applications has motivated researchers to understand their
fracture behaviour and damage mechanisms. General frac-
ture processes in composite materials are complex. Fracture
in composite materials is strongly dependent upon lamina-
tion order, ply-orientation, and constitutive relations. Failure
can occur due to fiber-breakage, debonding of fibers, delam-
ination, formation of matrix microcracks, and other micro-
failure modes. These defects may be as a result of residual
stresses due to curing process, external impact damage, and
environmental degradation or may develop in fabrication or
service causing structural degradation at stresses well below
the strength levels expected for defect-free material [1]. The
interlaminar fracture also known as the delamination, which
is one of the most important life-limiting failure modes,
in laminated composite structures. The composite materials
exhibit superior properties only along the fiber direction;
hence the delamination of composite structures results in
a significant loss of the strength and stiffness. As a result

of this damage mechanism, the fracture characterization of
composites structures acquires special relevancy [2].

Linear elastic fracture mechanics (LEFM) deals with
the propagation of interlaminar cracks, by relating defect
geometry and design stress to a material response, normally
called fracture toughness, which is characterized by critical
energy release rate. Different analytical approaches and spec-
imen geometries have been used for calculating the mode-
I interlaminar fracture toughness [3–9]. For displacement
controlled loading, DCB specimen gives rise to stable crack
growth which makes it well suited for measurements of
energy release rate, 𝐺Ic. Thus the double cantilever beam
specimen deserves strong consideration as a viable method
for characterizing delamination growth induced by normal
stress.

Evaluation of the mode-I fracture energy for a material
relies heavily on the interpretation of fracture data which
normally consist of a load-displacement (𝑃-𝛿) record for
specimens with cracks. For direct evaluation of, 𝐺Ic from
the recorded fracture data, there are basically two different
LEFM methods, namely, the “area” and “compliance” meth-
ods. Hashemi et al. [10] have used carbon/PEEK compos-
ite (“APC-2”, ICI) and carbon/epoxy composite (“Fiberdux
6376C” Ciba Geigy) materials for determining the fracture
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energy through DCB specimens. They found a good agree-
ment between values from the area and compliance methods,
but there is poor agreement with those values obtained from
the “load” and “displacement” methods based on simple
beam theory [1]. To account for these discrepancies, they
have considered several factors, for example, errors in the
measurement of crack length and displacement, shear cor-
rection and large displacement correction, and noted that
none of these possible errors was significant enough to elim-
inate the discrepancies and correct the analytical method.
Another source of error in their simple beam analysis is the
assumption that the beams are built-in cantilevers (i.e., the
slope and deflection are zero at the crack tip of the DCB
specimen) and expected to result in an error of the crack
length. The correction for the crack length was obtained
using the fracture data in the expression for compliance
derived from the simple cantilever beam theory, through a
least-square curve fit. With this correction, the values of 𝐺Ic
obtained from different methods are found to be in good
agreement with each other.

Shokrieh and Heidari-Rarani [11] investigated the inf-
luence of stacking sequence on mode-I delamination resist-
ance (𝑅-curve) behaviour of 𝐸-glass/epoxy DCB speci-
mens of stacking sequences; [0
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They concluded that (i) the initiation delamination toughness
of multidirectional (MD) laminates are much lower than
that of unidirectional (UD) one, (ii) the stacking sequence
has no effect on the fiber bridging length in DCB specimens,
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the steady-state propagation toughness is higher. Lot of
efforts has led to the establishment of standard test methods
formode-I delamination initiation for unidirectional compo-
sites, while laminates widely used in industrial applications
are multidirectional. It was found that interlaminar fracture
toughness without fiber bridging has a constant value during
the crack propagation. However, if the fiber bridging occurs
in the wake of delamination front, the strain energy release
rate is no longer a constant value and rises with increasing
the delamination length. Crack propagation behavior of a
stick-slip type is more observed for the unidirectional DCB
specimens than the multidirectional ones. On the other
hands crack at multidirectional laminates grows in a more
stable manner. The Initiation fracture toughness and steady-
state toughness are independent of initial crack length for
any multidirectional stacking sequence. Stacking sequence
does not affect the fiber-bridging length of DCB specimens,
whereas it has pronounced effect on the maximum load
value in the load-displacement curves [11].

Delaminations that form in multiply laminated compos-
ite structures occur between plies of dissimilar orientation,
and fiber bridging does not occur. Hence, fiber bridging is
considered to be an artefact of the DCB test on unidirectional
materials. Therefore, the generic significance of 𝐺Ic propaga-
tion values calculated beyond the end of the implanted insert
is questionable [12], and an initiation value of 𝐺Ic measured
from the implanted insert is preferred.

The aimof the present study is intended to estimate𝐺Ic for
glass/epoxy laminates of different stacking sequences and to
predict the interface strength of composite laminates under
monotonic loading. An attempt was made to predict the
fracture energy and Young’s modulus of different composite
materials system based on the proposed data reduction
schemes.

2. Energy Release Rate Computation in Double
Cantilever Beam Specimens

The dependence of 𝑅 curves on the geometry of DCB speci-
mens was investigated by Tamuzs et al. [13] for unidirectional
carbon/epoxy composite laminates and the peculiarities of
𝑅 curve obtained on traditional DCB specimens loaded by
wedge forces and calculations to predict the resistance to
crack propagation in specimens of different thickness was
presented. They modified the beam theory to calculate the
energy release rate in terms of 𝑃-𝛿 record. Usually, the energy
release rate in a DCB specimen is defined as

𝐺 = −
𝜕∏

𝐵𝜕𝑎
. (1)

The potential energy of a linearly elastic system is equal to
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where 𝜎
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and 𝜀
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are the stress and strain, V is the volume, and

𝑃(𝑢) is the force applied, which is a function of displacement.
The first term is an energy stored in the linearly elastic body,
and the second one is the work produced by the applied
external force. The displacement, 𝑢, is a full opening of the
DCB specimen at the point, where 𝑃 is applied.The first term
is also expressed through the force acting on the system
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From (1) and (3), it follows that

𝐺 =
𝑃
2

2𝐵

𝜕𝐶

𝜕𝑎
, (4)

where the compliance 𝐶 is defined as

𝐶 =
𝛿

𝑃
. (5)

The Irwin-Kies formula (4) is well-known and widely used.
Since there is no assumptions about the type of the crack tip
structure was made, (4) is general and should be valid for
any bridging law and specimen shape. But the energy release
rate obtained can be functions of the specimen shape, is a
characteristics of the material. Neglecting the bridging effect,
the deflection of an ideal cantilever beam, (the full opening
of the DCB equals the doubled deflection) is given by

𝛿 =
2𝑎
3

𝑃

3𝐸𝐼
, (6)

and the compliance is

𝐶 =
2𝑎
3

3𝐸𝐼
. (7)
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Figure 1: (a) Scheme of unidirectional DCB specimen for mode-I test. (b) DCB specimen of different layups made of glass/epoxy.

2.1. Evaluation of Mode-I Fracture Toughness. The critical
strain energy release rate (𝐺Ic) from the fracture data of
the double cantilever beam specimen (see Figure 1) can be
evaluated from (4).

The compliance (𝐶) of the DCB specimen is given by [1,
14]

𝐶 =
𝛿

𝑃
=
2

3
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3
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2

. (8)

Using (8) in (4), one can obtain
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Using (8) and eliminating 𝐾, one can write the following
relation for 𝐺Ic:
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2
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Here 𝑃cr is the critical load or load at the onset of the
delamination. To minimize the scatter in measurements, the
critical strain energy release rate (𝐺Ic) is evaluated from the
fracture data of composite DCB specimens from
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Here𝑁 is the number of fracture data. The critical load (𝑃cr)
is evaluated from

𝑃cr = √𝐺Ic{
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The rotational spring constant (𝐾) in (12) is obtained from
the fracture data as
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2.2. Experimental Data Reduction Methods

2.2.1. Cubic Polynomial Reduction. In this reduction scheme,
the compliance polynomial is assumed as cubic equation and
can be written in the form

𝐶 = 𝐴
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Since the compliance equation (8) has cubic and quadratic
terms alone, one can modify (14) as
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2
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. (15)

Comparing (15) with (8), the coefficients 𝐴
1
, 𝐴
2
can be

obtained as 𝐴
1
= 2/3𝐸𝐼 and 𝐴

2
= 2/𝐾. By plotting com-

pliance (𝐶) versus crack length (𝑎) curve, one can get the
coefficients 𝐴

1
and 𝐴

2
for the particular specimen. From

these coefficients the values of Young’s modulus (𝐸) and
rotational stiffness (𝐾) can be obtained for the particular
specimen. This approach makes the calculation of rotational
stiffness easier, and no separate test is required for the
determination of young’s modulus.

2.2.2. Power Law Reduction. Here the compliance polyno-
mial is assumed to follow a power law in the form

𝐶 = 𝐴
1
𝑎
𝑚

. (16)

Here also the coefficients 𝐴
1
and 𝑚 for the particular

specimen can be obtained from the compliance (𝐶) versus
crack length (𝑎) curve. Here, 𝐴

1
= 2/3𝐸𝐼. The value of 𝐾,

may not be calculated in thismethod. By substituting (15) and
(16) in Irwin-Kies equation (4), one can get the energy release
rate of DCB specimens in a much simpler way.

3. Experimental Work

3.1. Materials and Specimen Preparation. The double can-
tilever beam (DCB) test is the most commonly used delam-
ination test used for interlaminar fracture characterization
under mode-I loading and has been standardized by the
ASTM [12]. The specimens used for the present study consist
of different three layups, namely, unidirectional [0∘]

6
, angle

ply [±45∘]
3
, and cross ply [0∘/90∘]

3
laminates made of 𝐸-

glass/epoxy. The Reinforcing phase used is unidirectional
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glass fiber of 750 grams per square meter. The matrix phase
is epoxy resin LY 556 with hardener HY951 in the ratio of
10 : 1 to promote or control the curing action and also to
control the degree of hardness of the cured film. The initial
crack wasmade by introducing a thin Teflon film of thickness
13 𝜇m during stacking procedure. Initially the upper and
lowermould surfaces are cleaned using acetone to remove the
dirt present. Once the dirt is being removed, wax is applied
on both the surfaces. Mylar sheets were used to get better
surface finish and ease in releasing the plate. The laminates
contain six laminas to have the Teflon insert at the centre.
The laminates were prepared by hand layup process. The
excess resin present is squeezed by using rollers.The laminate
is allowed to cure in the mould for about 7days at room
temperature.

As per ASTM standard (D5528), the optimum length of
theDCB specimen should be at least 125mm, the width of the
specimen should be around 20 to 25mm, and the thickness
can be between 3–5mm. But if the material is too brittle,
then there is possibility for breaking, and if it is too ductile,
then the crosshead displacement will be high. But both these
possibilities are not preferred. Formaterials with low-flexural
modulus or high interlaminar fracture toughness, it may be
necessary to increase the number of plies, that is, increase the
laminate thickness or decreasing the delamination length in
order to avoid large deflections of the specimen arms. Hence,
the specimen thickness (2ℎ) and initial delamination length
(𝑎
𝑜
) shall be designed to satisfy the following criteria [15]:

𝑎
𝑜
≤ 0.042√

𝐸
11
(2ℎ)
3

𝐺Ic
,

2ℎ ≥ 8.48
3
√
𝐺Ic𝑎
2

𝑜

𝐸
11

.

(17)

The dimension of test specimen used here is 130 × 25 × 2ℎ,
and exact width of specimen was obtained by using water
jet cutting. The specimen surfaces are scrubbed with sand
paper and are cleaned thoroughly with acetone to remove
dirt. For better bonding, the base of aluminium piano hinge
is also scratched with file and is cleaned with acetone. A thin
layer of araldite adhesive is used to fix the piano hinge to
the specimen. Care should be taken that the araldite applied
does not cover the sides of Teflon insert. Piano hinge is
meant for applying load and to avoid moment at the loading
point, so that the load is always perpendicular to the face
of specimen. The maximum load anticipated during a DCB
test of a material with a knownmodulus, 𝐸

11
, and anticipated

value of 𝐺Ic may be estimated by [15]

𝑃max =
𝐵

𝑎

√
𝐺Ic(2ℎ)

3

𝐸
11

96
. (18)

3.2. Test Procedure. The specimens (see Figure 1(b)) were
tested on Instron 3367 universal testing machine equipped
with a 30 kN load cell (see Figure 2) at room temperature.
They were subjected to a wedge loading under displacement
control. The cross head speed was set at 1mm/min to ensure

Figure 2: INSTRON 3367 universal testing machine.

Figure 3: Magnifying lens for tracking crack.

steady crack propagation and ease of recording. The load-
displacement (𝑃 − 𝛿) history was recorded by the machine.

Markings were made on the specimen on both sides
starting from the end of the insert as per ASTM standards.
First five markings are made in an interval of 1mm, and the
following four markings are made in an interval of 5mm. A
magnifying lens (see Figure 3) or a travelling microscope was
used to track the crack propagation. The crack growth from
the starter insert was determined by careful inspection of the
specimen edge by magnification lens and by observation of
𝑃 − 𝛿 curve.

4. Results and Discussions

Fracture analysis has been carried out on the double can-
tilever beam specimensmade of glass/epoxy of three different
layups, namely, [0∘]

6
, [±45∘]

3
and [0∘/90∘]

3
, with midplane

delamination. From Table 1 to Table 3, it has been observed
that the fracture toughness of [0∘]

6
is higher than [±45∘]

3

and [0∘/90∘]
3
specimens.The reason is that the [0∘]

6
laminate

exhibited more fiber bridging during propagation than other
two layups. Fiber bridging causes a large 𝐺Ic value which
overestimates the real mode-I fracture toughness [16]. Also
it is observed that the failure of cross-ply laminate occurs at
a smaller crack growth increment of 1mm; this may be due
to the lack of fiber bridging and transverse matrix cracking of
90∘ ply.

The critical load and the corresponding displacements
obtained from experiments are closer to the present analysis.
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Table 1: Critical load, 𝑃cr, and corresponding displacement, 𝛿cr, for the measured crack length of a DCB specimen made of unidirectional
glass/epoxy composite.

Test results Present analysis

Crack length, 𝑎 (mm) 𝑃 (N) 𝛿 (mm) 𝑃cr (N) (12) 𝛿cr (mm) (8) % Relative error in
𝑃max, (18)Load Displacement

44 127.77 6.22 138.15 6.47 −8.13 −4.11 161.77
45 125.89 6.33 135.49 6.74 −7.63 −6.37 158.18
46 125.41 6.68 132.93 7.01 −6.00 −4.88 154.74
47 123.16 6.94 130.46 7.28 −5.93 −4.92 151.45
48 121.15 7.21 128.09 7.56 −5.73 −4.83 148.29
53 118.99 9.19 117.42 9.03 1.32 1.69 134.30
58 117.13 11.48 108.41 10.63 7.45 7.40 122.72
63 108.78 13.29 100.68 12.36 7.45 7.05 112.98
68 104.84 15.73 93.99 14.21 10.34 9.66 104.68
Layup: [0]

6
, 𝐵 = 25mm, 2ℎ = 5.86mm, 𝑎

𝑜
= 43mm, 𝐸 = 36GPa,𝐾 = 231Nm, and 𝐺Ic = 1075 J/m

2.

Table 2: Critical load, 𝑃cr, and corresponding displacement, 𝛿cr, for the measured crack length of a DCB specimen made of angle ply
glass/epoxy composite.

Test results Present analysis

Crack length, 𝑎 (mm) 𝑃 (N) 𝛿 (mm) 𝑃cr (N) (12) 𝛿cr (mm) (8) % Relative error in
𝑃max, (18)Load Displacement

47 74.56 5.89 73.13 5.80 1.92 1.54 73.13
48 73.84 6.31 71.60 6.05 3.03 4.15 71.60
49 71.18 6.55 70.14 6.30 1.46 3.69 70.14
50 68.18 6.68 68.74 6.56 −0.82 1.75 68.74
51 64.42 7.01 67.39 6.83 −4.61 2.56 67.39
56 59.72 8.09 61.37 8.24 −2.77 −1.75 61.37
61 58.76 10.07 56.34 9.77 4.11 2.91 56.34
66 51.56 11.61 52.08 11.44 −1.00 1.42 52.08
71 49.01 12.83 48.41 13.24 1.24 −3.23 48.41
Layup: [±45]

3
, 𝐵 = 25mm, 2ℎ = 6.36mm, 𝑎

𝑜
= 46mm, 𝐸 = 12.9GPa, 1/𝐾 → 0, and 𝐺Ic = 543 J/m

2.

Table 3: Critical load, 𝑃cr, and corresponding displacement, 𝛿cr, for the measured crack length of a DCB specimen made of cross-ply
glass/epoxy composite.

Test results Present analysis

Crack length, 𝑎 (mm) 𝑃 (N) 𝛿 (mm) 𝑃cr (N) (12) 𝛿cr (mm) (8) % Relative error in
𝑃max, (18)Load Displacement

48 72.27 6.46 74.11 8.13 −2.54 −25.97 77.32
49 72.11 7.03 72.66 8.46 −0.75 −20.45 75.74
50 71.89 7.58 71.26 8.80 0.88 −16.08 74.23
51 69.89 8.23 69.92 9.14 −0.03 −11.10 72.77
52 68.55 8.65 68.62 9.49 −0.11 −9.76 71.37
57 65.90 10.57 62.81 11.33 4.68 −7.24 65.11
62 61.93 16.47 57.91 13.34 6.49 19.03 59.86
67 59.38 18.29 53.71 15.50 9.54 15.24 55.39
72 51.65 19.89 50.09 17.83 3.03 10.35 51.55
Layup: [0/90]

3
, 𝐵 = 25mm, 2ℎ = 6.16mm, 𝑎

𝑜
= 47mm,𝐾 = 327Nm, and 𝐺Ic = 724 J/m

2.

The critical load obtained from the experiment is lower
than the maximum anticipated load (18) in unidirectional
specimen and is closer in other cases. If the rotational stiffness
𝐾 is very large, the effect of 𝐾 is not significant in that
particular case. In angle ply laminate specimen, the value

1/𝐾 → 0 and hence the critical load obtained from the
present analysis are equal to the maximum anticipated load
as per ASTM standard (see Table 2).

Data reduction schemes, namely, cubic polynomial and
power law to evaluate 𝐺Ic and 𝐸 were presented in Table 4.
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Table 4: Comparison of energy release rate and Young’s modulus of unidirectional composites based on analytical data reduction schemes.

Material Critical energy release rate, 𝐺Ic (J/m
2) Young’s modulus, 𝐸 (GPa)

Strength of material approach (11) Cubic law Power law Published result Cubic law Power law
Carbon/PEEK [1] 2006.37 2051.68 2149.03 130.0 129.94 136.06
Carbon/epoxy [1] 262.73 261.60 287.90 136.0 135.60 139.65
Carbon/PES [17] 2150.64 2121.76 2230.22 127.0 126.43 131.15
T300-634 DDS [19] 642.13 641.01 641.80 133.0 132.53 133.06
Carbon/epoxy [20] 364.07 361.60 428.94 150.0 135.99 137.41
CYCOM-982 [21] 262.33 264.10 271.79 136.0 137.65 141.87
APC-2 [21] 1563.81 1582.46 1655.85 129.0 130.75 133.56
Carbon/PEK-C [16] 877.33 873.70 875.12 48.2 46.80 49.94
Carbon/BMI T300/QY8911 [18] 170.60 196.09 214.54 135.0 133.46 141.12
Glass/BMI S2/QY8911 [18] 1090.40 1098.87 1217.07 42.8 43.2 54.09
Glass/epoxy [14] 1175.53 806.60 854.50 48.5 40.35 58.01
Glass/Polyester [22] 1018.16 1018.11 1203.35 33.0 39.48 41.15
Glass/epoxy, [0]

6

Present test 1075.00 1109.51 1098.48 36.0 33.5 38.6

Test results of various material system for the comparison
of present study were taken from [16] to [22]. These data
reduction schemes show that the cubic polynomial compli-
ance equation predicts closer 𝐺Ic value with the test results
than the power law assumption as the former includes the
effect of rotational stiffness.

5. Concluding Remarks

The delamination analysis of laminated glass/epoxy DCB
specimens of different layups was carried out, considering
root rotation at the crack tip, and it was found that the
𝐺Ic value of unidirectional specimen is higher than other
two layups because of extensive fiber bridging during crack
propagation. Also it was observed that the effect of rotational
stiffness on critical load is negligible if𝐾 is too large.

Furthermore data reduction schemes were presented to
determine Young’s modulus (𝐸), rotational stiffness (𝐾), and
energy release rate (𝐺Ic) of specimens made of different
material combinations with different layups, and a reasonable
agreement was obtained with the published as well as test
results. Hence, these data reduction schemes reduce the
requirement of additional test to determine the modulus 𝐸.

Nomenclature

ll𝑎: Crack length
𝐵: Width of the DCB specimen
𝐶: Compliance of the specimen
DCB: Double cantilever beam
𝐸: Longitudinal tensile modulus
𝐺
𝐼
: Strain energy release rate (SERR)

𝐺Ic: Fracture toughness or critical strain energy
release rate

2ℎ: Specimen thickness
𝐼: Moment of Inertia
𝐾: Rotational spring stiffness
𝑁: Number of fracture data
𝑃: Applied Load on both sides of the specimen

𝛿: Crack mouth opening displacement
∏ : Potential energy.
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