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In the present study, the fracture parameters and crack tip deformation field in continuous functionally
graded (FG) glass-filled epoxy composite were experimentally investigated employing digital image cor-
relation. Beams with monotonic variation Young’s modulus and cracks along the variation were studied.
Two specimens with single edge cracks were examined in different crack positions in relation to the
increase or decrease in Young’s modulus. The mechanical properties of the FG composite were extracted
by performing a tensile test of samples machined according to ASTM D638. The stress intensity factors
and T- stresses (high order term) were evaluated from the displacement field by adopting William’s ser-
ies. This is the first research which calculated the mixed-mode stress intensity factors, as well as the T-
stress in beam made of continuous epoxy glass functionally graded beam using DIC technique. The crack
tip was elastically protected on the compliant side of the specimen unlike the crack on the stiffer side.
� 2021 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the Emerging Trends in
Materials Science, Technology and Engineering.
1. Introduction

The technological demand for new composite structures that
are able to withstand in extreme conditions during operation with-
out changing their characteristics is increasing. The concept of
functionally graded materials (FGMs) was suggested in Japan in
1980. One of the main issues in the design of modern composites
is to combine the conflicting thermo-mechanical properties into
one component. Hence, sudden changes in their properties result
in a reduction in the local stress concentration [1]. Because of their
unique and efficient performance, FGMs are used in many applica-
tions (e.g. biomedical appliances, prosthetics, aviation transport,
nuclear applications, energy, cutting tools, and sensors). [2] Frac-
ture analysis of FGMs has been experimentally and numerically
studied in different ways, but most of these studies focus on
numerical rather than analytical approaches. Kim and Paulino [3]
analysed the mixed-mode crack growth in FGMs by developing
an automatic simulation of the propagation process in homoge-
nous materials, using finite elements in combination with the
remeshing algorithm. Rao and Rahman [4] presented the use of
the Galerkin-based meshless method to investigate the fracture
parameters in stationary cracks in FGMs and developed two inter-
action integral methods for mixed-mode analysis. Bayesteh and
Mohammadi [5] used extended finite element method (XFEM) to
evaluate stress intensity factors and study crack propagation in
isotropic and orthotropic FGMs. The crack tip singularity was
reduced by the enrichment of this region. Khazal et al. [6] devel-
oped an extended free Galerkin method for fracture analysis in iso-
tropic and orthotropic FGMs and explained the calculation of the
SIF by the interaction integral method. Garg and Pant [7] used a
modified element free Galerkin method (EFGM) for thermoelastic
fracture simulation of FGMs, to solve the heat transfer problem.
Khazal and Salih [8] studied the mixed-mode and non-
proportional load influence on crack propagation in FGMs by
employing the extended free Galerkin method. Moreover, several
researchers studied FGMs and related issues experimentally.
Butcher et al. [9] prepared FGMs made from epoxy-glass compos-
ites for which the Young’s modulus varied as a function of the posi-
tion. Experimental estimation of the fracture parameters using
coherent gradient sensing (CGS) for cracked FGMs and a homoge-
neous substance in a perpendicular pattern with an elastic modu-
lus gradient. Rousseau et al. [10] achieved an experimental
estimation of the fracture parameters using coherent gradient
y glass
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Fig. 1. Continuous FG epoxy-glass composite.

Fig. 2. FGM specimens with single edge crack on (a) compliant side, (b) stiff side.

Table1
Elasticity Moduli and Poisson’s ratios corresponding to volume fractions.

Young’s modulus (MPa) Poisson’s ratio Volume fraction

1128 0.39 0.0
1130 0.34 0.027
1885 0.32 0.213
2230 0.31 0.261
2618 0.3 0.298

Fig. 3. Creating random patterns on the specimen surfaces (a) sample No.1, (b)
sample No.2.

Fig. 4. Mixed-mode test of epoxy/glass FGM.
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sensing (CGS) for cracked FGMs and a homogeneous substance in a
perpendicular pattern with an elastic modulus gradient. Marur
et al. [11] analysed the singularity around the crack tips in FGMs
using FEM by considering different positions of cracks in the
graded zone and calculating the SIFs and energy release rate. Rous-
seau et al. [12] studied the deformity of the crack tip in epoxy-glass
composite under static and dynamic load by using High-speed
photography coupled with (CGS) to investigate the immediate
deformation in FG beam with linear Young’s modulus variation.
Kitey et al. [13] determined the influence of the reinforcement par-
ticle size and strength of interface adhesion in epoxy-glass com-
2

posites. CGS and high photography used to evaluate the SIFs and
the crack propagation velocity. Bueno and Lambros [14] studied
the fracture behaviour in a polymer matrix FGM composite. They
determined the SIFs and T-stress values using digital image corre-
lation (DIC) to calculate the displacement field around the crack tip
under mixed-mode loading conditions. Kirugulige and Tippur [15]
prepared an FGM from an epoxy-glass composite with cracks along
the direction of change in elastic properties in the FGM. A mixed-
mode dynamic loading CGS technique was used to observe the



Fig. 5. Displacement field in X and Y direction, respectively (a), (b) for sample No.1 at F = 2540 N; (c), (d) for sample No.2 at F = 1128 N. Fig. 6 shows the horizontal (1)U and
vertical (2)U displacements for sample No.1 and No.2 that were obtained by FE solution.
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deformation in the crack tip after applying the load where the
crack being started. Jin et al. [16] DIC was used to examine fracture
parameters of a FGM specimen made of ZrO2/NiCr. They investi-
gated the effect of variation in the mechanical properties of cera-
mic/metal composite exposed to a quasi-static mixed-mode.
Yates et al. [17] solved the fracture problem under periodic load
by using DIC to determine the displacement full-field and then
computing SIFs, T_ stress, and the crack tip open angle from these
obtained data using William’s series to solve the deformation field.
They improved the technique for describing the displacement field
at the crack tip based on the outcome of DIC. M.R. Yadegari et al.
[18] considered different geometrical factors of V-notches, such
as depth and angle of opening, to show the effect of these param-
eters on SIFs. A specimen made from polymethylmethacrylate
(PMMA) with edge V-notch was tested using DIC under mode I.
They found that the SIF values for 120� V-notches were greater
than those for 30� V-notches. Abshirini et al. [19] studied the influ-
ence of crack length, depth and the distance between two notches
by calculating the SIFs using DIC, neglecting the rigid body motion
Table 2
Experimental results of SIFs (MPa

ffiffiffiffiffi
m

p
) and T-stress (MPa) at five different numbers of term

Load (N) No. of terms KI KII T-stress

637 3 6.393 4.567 0.874
4 6.319 5.827 0.697
5 6.386 5.979 0.445
6 6.319 5.661 0.476
7 6.181 6.039 0.308

1275 3 19.214 4.567 0.874
4 18.93 5.827 0.697
5 19.144 5.979 0.445
6 18.917 5.661 0.476
7 18.547 6.039 0.308

3

and rotation in the displacement field. The DIC results were
obtained using the least square algorithm. They determined the
SIFs for two parallel cracks in the PMMA plate exposed to tensile
loading. Good results were obtained from both the experimental
and numerical approaches. Farouq et al [20] experimentally inves-
tigated the step wise functionally graded epoxy/glass composite
employing DIC measurements. An extended element free Galerkin
method was adopted to prove the applicability of DIC methods in
fracture analysis. Additionally, many studies have been dedicated
to understand the influence of T-stress on the stability of the crack
paths. Cotterell and Rice [21] determined the fracture parameters
for a small kinked crack. The comparison between these results
and those for a circular arc and a straight kinked crack showed that
first-order solutions are more precise than solution for great drift.
From straightness measurements, the crack path showed stability
for negative T-stresses and instability for positive one. Ayatollahi
et al. [22] developed an FEM for determining T-stress and found
that the result was more trustworthy for mode I condition. They
proposed a method to determine the T-stress for mixed-mode
s.

Load (N) No. of terms KI KII T-stress

1913 3 32.509 7.029 1.482
4 32.091 9.001 1.22
5 32.413 9.27 0.774
6 32.049 8.828 0.847
7 31.484 9.425 0.583

2540 3 49.73 11.404 1.806
4 49.125 14.44 1.423
5 49.601 14.823 0.781
6 48.98 14.054 0.898
7 48.155 14.898 0.521



Fig. 6. Horizontal and vertical displacements (a), (b) for sample No.1 at 2540 N; (c), (d) for sample No.2 at 1128 N.
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Fig. 7. Variation of SIF (KI) with number of terms.

Fig. 8. Load-time diagram
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conditions without the SIFs. It was pointed out that the T-stress
values for shear were greater than those for tension. Smith et al.
[23] employed the maximum tensile strength theory to study the
fracture parameters for mixed-mode using PMMA material with
a crack oriented towards a certain angle. They found that for the
positive values of T-stress, there was a smaller scale yielding, and
failure occurred when the non-singular term reached a critical
value of brittle fracture. [24,25] used the numerical methods in
finding T-stress in FGM. These articles demonstrate good computa-
tional accuracy.

This study investigates the manufacturing of continuous FGM
made from epoxy resin and glass sphere. The mechanical proper-
ties and fracture parameters were experimentally calculated. DIC
was used to capture the displacement field around the crack tip,
and then William’s series was employed to solve the deformation
field to evaluate the SIFs and T-stresses. A single edge crack beam
was examined under mechanical load in a mixed-mode condition.
Two crack configurations were considered: in the first one, the
crack was placed on the compliant (epoxy-rich side) and the sec-
ond one had a crack on the stiff (glass-rich) side. The experimental
results then verified numerically using ABAQUS program, and good
agreement was obtained.
for specimen No.1.



Fig. 9. Comparison of SIF (KI) results obtained from DIC and FE methods at different
number of terms and load range 637.65–2540.79 N for sample No.1.

Table 3
Relative error between DIC and FE results at loads 637.65–2540.79 N for sample No.1.

Load
(N)

KI (FE)
(MPa

ffiffiffiffiffi
m

p
)

KI (DIC)
(MPa

ffiffiffiffiffi
m

p
)

Relative
error %

T-
stress
(FE)
(MPa)

T-stress
(DIC)
(MPa)

Relative
error %

637.65 6.009 6.319 4.9 0.249 0.275 �9.4
1275.3 19.516 18.93 3 0.761 0.697 9.1
1913 31.105 32.091 3 1.314 1.22 �7.7
2540.79 48.609 49.125 1 1.517 1.423 6.6
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2. Experiment

2.1. Preparation of functionally graded material

A continuous FGM was manufactured by the hand lay-up
method. The epoxy/glass composite was prepared by mixing the
components in adequate proportions, using a 30% volume fraction
of 90 mmmean diameter glass particles to produce spatial variation
in elastic properties. Low-viscosity epoxy resin (q = 1050 kg/m3)
was used as a matrix. An acrylic mould with dimensions 300�
90�10 mm was prepared using a laser computer numerically con-
trolled machine, holding it in vertical position so that the side with
90 mm length was the vertical dimension, having 300 mm length
Table 4
Experimental results of SIF (MPa

ffiffiffiffiffi
m

p
) and T-stress (MPa) at five different numbers of term

Load (N) No. of terms KI KII T-stress

284 3 6.483 2.252 0.511
4 6.566 2.83 0.499
5 6.599 2.934 0.369
6 6.522 2.789 0.361
7 6.475 2.662 0.401

569 3 13.998 5.052 0.973
4 14.19 6.287 0.96
5 14.275 6.495 0.702
6 14.1006 6.146 0.681
7 14.001 5.954 0.738
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and 10 mm in thickness as shown in Fig. 1. Two specimens were
prepared to be examined as three-point bending beams with a sin-
gle edge crack as shown in Fig. 2.
2.2. Mechanical properties of epoxy/glass composite

The elastic properties of the manufactured functionally graded
epoxy glass composite were extracted according to ASTM D638.
Standard tensile test samples were machined from the functionally
graded beam using a milling machine to specify the standard sam-
ple type 1. The thickness of the specimen was 7 mm, its overall
length was165 mm, gauge length was 57 mm, width of its narrow
side was 13 mm, and fillet radius was 76 mm. The percentage of
glass in a FG beamwas calculated using Image J program. A portion
of the created beam was cut to a certain length, and then parts
were cut with a precision of 1.5�1cm. Young’s moduli and Pois-
son’s ratio corresponding to the different volume fraction are
shown in. Table1.

As illustrated in Table 1, Young’s modulus increased while Pois-
son’s ratio decreased as the volume fraction of the filler particles
increased.
3. Digital image correlation method

3.1. Specimen preparation and experimental set up

Two specimens of FGMs were prepared to be examined as
three-point bending beam in a mixed-mode condition. A single
edge crack was made by inserting a fresh razor blade into the spec-
imen. In the first specimen (No.1), the crack was placed on the
compliant side (epoxy-rich side), while in the second specimen
(No.2), it was placed on the stiff side (glass-rich side), a random
pattern of speckles was created on the specimen surface by apply-
ing white colour and then spraying it with black colour, as shown
in Fig. 3.

The light intensity can be measured by discretion of the inten-
sity of the particular area into the range known as the grey scale for
each pixel, then by use of computer software the small area in the
reference and deformed image are traced. The set of different pix-
els and grey scales is called subset. The reference and deformed
images were compared each subset to determine their correlation
coefficient [18].

A GOTCH machine was used in the test at grip speed (1 mm/
min). An ART CAM �320p CCD camera with a Fujian lens with
2288�1700 pixels resolution was used to image the experiment
as depicted in Fig. 4. White lights were used to illuminate the sur-
face of the specimen. Each sample was examined at different loads.
s.

Load (N) No. of terms KI KII T-stress

843 3 21.74 5.052 0.973
4 22.05 6.287 0.96
5 22.122 6.495 0.702
6 21.933 6.146 0.681
7 21.761 5.954 0.738

1128 3 29.328 8.467 1.501
4 29.683 10.812 1.474
5 29.763 11.198 1.011
6 29.49 10.513 0.956
7 29.101 10.382 0.993



Table 5
Relative error between DIC and FE results at load range 284.5–1128.15 N for sample
No.2.

Load
(N)

KI (FE) KI
(DIC)

Relative
error %

T-stress
(FE)

T-stress
(DIC)

Relative
error %

284.5 6473 6.566 �1.4 0.575 0.511 12.5
569 14.638 14.19 3.1 0.678 0.702 3.4
843.66 22.536 22.05 2.2 1.707 1.618 5.5
1128.15 30.115 29.763 1.1 1.341 1.474 9

Fig. 10. Comparison between experimental and numerical results for sample No.2
at load range 284.5–1128.15 N for sample No.2.
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3.2. Calculation of stress intensity factors and T-stress

The fracture parameters in this study were estimated by
employing William’s series. After the deformation field of speckles
was captured by digital image measurement, this field was used to
evaluate the SIFs and T-stress in the crack tip region. First, the
crack tip location, where the estimated values of the SIFs depend
on the crack tip coordinates set in the algorithm, must be known.
The infinite series that represents the displacement field can be
written as [16]

ModeI
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Where, u and vare the displacement components in X and Y direc-
tion, respectively, lis the rigidity modulus, j = (3�m)/ (1 + m) for
plane stress, j = (3�4m) for plane strain. In addition, aand b are con-
stants to be determined, while the first terms of parameters a1, b1
refer to mode I and mode II SIFs, respectively. When n = 2, T-
stress can also be determined, (r, ɵ) being the polar coordinates of
the crack tip. The mixed-mode field obtained from the DIC method
can be extracted by superimposing the displacement fields of
modes I and II. The displacement field in Eqs. (1 and 2) can be
expressed as
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where mis the index of the data point, and fn,m, gn,m, hn,m, ln,m are
knowing function of (r, ɵ). By expanding Eqs. (1 and 2), cancelling

the terms of order r32 and above, and applying the T-stress and SIFs
as depicted in the equations below.
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it can be illustrated that:

KI ¼ a1
ffiffiffiffiffiffiffi
2p

p
;KII ¼ �b1

ffiffiffiffiffiffiffi
2p

p
; T ¼ 4a2 ð10Þ

K I and K II are the SIFs for mode I and mode II, respectively, and T
is the T-stress.

In Eq. (7), no term for rigid body motion is included; hence, by
adding constants to this equation rigid body motion and transla-
tion, rigid body and translation can be compensated.
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where, a0, b0 and R are the compensation terms for the translation
and rotation of the rigid body.
4. Results and discussion

The DIC method was used to calculate the SIFs for the crack tip
of the epoxy/glass FGM. The reference image was captured accord-
ing to the aforementioned procedure. The deformed image was
then recorded. By considering the area around the crack tip and
the number of terms used in William’s equations, the displacement
field was applied to MATLAB code to estimate the SIFs and T- stres-
ses of the FGM specimens

Horizontal and vertical (u, v) displacement contours of the FG
beam from the DIC test at different loads are clarify in Fig. 5.

Experimental results of SIFs and T-stress for specimen with
crack on the compliant side for load range 637–1912 N are illus-
trated in Table 2.

As appear in Fig. 7. The system was found converge and was
well balanced when using a coefficient from eight terms in Wil-
liam’s equations.

The load time diagram for sample No.1 Fig. 8 shows that the
critical load is approximately 2540 N and the time spent to reach
this load is 119 s. Meanwhile, from the load time diagram for sam-
ple No.2, it can be seen that the crack starts to propagate at 1128 N,
and the time required to reach the critical load is 58.5 s. The exper-
imental results were verified using the ABAQUSE FE application.
The material properties were defined as a function of one indepen-
dent variable, which was temperature in this case. Young’s modu-
lus and Poisson’s ratio were specified at different temperatures.
The value of the independent variable had to be increased in a
way similar to the variation in the elastic properties. Linear inter-
polation was then performed between these values. This study
used the analytical field in the Y direction to express the tempera-
ture distribution. Fig. 9 illustrates the comparison between DIC and
numerical results for FGM sample No.2. Table 3 shows the relative
error for the load range 637–1912 N.

For sample No.2, where the crack was placed on the stiff side,
the experimental results for the SIFs and T-stresses at loads
284.5–1128 N are shown in Table 4. Fig. 10 appears the comparison
between the experimental and the numerical results for this sam-
ple at different loads. Table 5 illustrates the relative error between
the experimental and numerical results for sample No.1. Good
agreement was captured between the experimental and numerical
results of SIFs (KI) and T-stresses, while the results of KII showed
disagreement due to dependence on coefficient with high order
terms in William’s equations [17,26]. It is worth noting that the
size of the data collection that was adopted in the DIC calculations
was 24 mm, as the verifications found stability of results with this
variable starting from 20 mm.
5. Conclusion

In this study, an epoxy /glass FGM was manufactured using the
hand lay-up method. Mechanical properties were extracted by ten-
sile testing according to ASTM D638 to determine the elastic mod-
ulus, it which was changed continuously as a function of the
position. SIFs and the non-singular term of T-stresses were evalu-
ated experimentally by employing DIC, and the experimental
results were verified using the ABAQUS FE program. The results
of this study can be summarized in the following points:

When the crack was placed on the compliant side, the crack
growth was delayed and the time required for failure increased,
compared to when the crack was placed on the stiff side.

The specimen with crack tip location on the stiff side experi-
enced higher SIFs than the one with cracks on the compliant side.
8

Good agreement was found between the experimental and
numerical results for SIFs KI and high-order terms of T-stresses.
The results of KII show disagreement due to the dependence on
coefficient with high order term in William’s equation.
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