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Abstract

In this paper, fracture behavior of woven Glass Fiber Reinforced Polymer (GFRP) composites under
Mode I crack growth was experimentally investigated and numerically modeled, to determine the
effects of lay-up sequence and widths on delamination resistance. Different methods are used for
calculation of strain energy release rate (SERR): for the experimental solution, experimental
compliance calibration method (CCM), modified beam theory (MBT), modified compliance calibration
(MCC) are used and virtual crack closure technique (VCCT) are used for the numerical solution. To
achieve this aim DCB (double cantilever beam) test specimens are used to evaluate the SERR values.
Three-dimensional finite element model is used to perform the delamination, crack analysis, and
Mode I SERR value is calculated by the VCCT. It is seen that there is an agreement between
experimental and numerical results so that the VCCT method is to be an appropriate method for
analyzing a SERR value of woven glass fiber reinforced polymer composites.

Keywords: Polymer composites, Fracture toughness, DCB test, Virtual crack closure technique (VCCT)

0z

Bu ¢alismada, Mod 1 catlak ilerlemesi altinda dokuma cam elyaf takviyeli polimer (GFRP)
kompozitlerinin kirilma davranisi deneysel olarak arastirilmis ve tabaka diziliminin ve numune
genisliklerinin delaminasyon direncine olan etkilerini belirlemek i¢in sayisal olarak modellenmistir.
Agi1ga c¢ikan sekil degistirme enerjisinin (SERR) hesaplanmasi i¢in farkli yéntemler kullanilmistir:
deneysel ¢6ziim i¢in, deneysel uyum kalibrasyon yéntemi (CCM), modifiye edilmis kiris teorisi (MBT),
modifiye uyum kalibrasyon yontemi (MCC) kullanilmistir ve sayisal ¢6zlim i¢in sanal ¢atlak kapatma
teknigi (VCCT) kullanilmistir. DCB test numuneleri, SERR degerlerini elde etmek i¢in kullanilmistir.
Delaminasyon, catlak analizi ve Mod 1 SERR degerilerinin VCCT tarafindan hesaplanmasi i¢in ii¢
boyutlu sonlu eleman modeli kullanilmistir. Deneysel ve sayisal sonuglarin birbiriyle uyumlu oldugu
ve boylece bir dokuma cam elyaf takviyeli polimer kompozitlerin SERR degerini analiz etmek i¢in
VCCT metodunun uygun bir yéntem oldugu gorilmiistiir.

Anahtar Kelimeler: Polimer kompozitler, kirilma toklugu, DCB testi, Sanal ¢catlak kapatma teknigi (VCCT)
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1. Introduction

Woven fabric reinforced composites are the
most important and widely used forms among
large transport aircraft structures due to their
low density compared to other materials. In
recent years, fracture mechanics have found an
extensive application in damage analysis of
composite laminates, especially in delamination
analysis. Delaminations may occur during
manufacture because of incomplete curing or
may result from impact damage, or they may
result from the interlaminar stresses that
develop at stress-free edges or discontinuities.
Delamination in a composite laminate usually
occurs at the interface of differently oriented
plies and tends to grow and also it can be a major
problem for laminated composite structures [1-
5]. The problems of interlaminar performance
are discussed along with the technique used to
measure them and the fracture mechanics
principles applied to improve them. The
delamination  resistance ~ of  laminated
composites can be measured by critical SERR
(strain energy release rates). The DCB (Double
Cantilever Beam) is the most popular specimen
configurations in the experimental
determination of Mode I interlaminar fracture
toughness [6]. Toygar, Toparh and Uyulgan [7]
measured the fracture toughness value of
laminated carbon/epoxy composite materials by
using the CMOD (crack mouth opening
displacement) method experimentally using
SENT (Single Edge Notch Tension) specimens.
Aliyu and Daniel [8], used conventional double
cantilever beam specimens with different
configurations to measure the Mode I fracture
toughness in a graphite/epoxy composite.

Over the past years, researchers have been
investigated the effect of the ply orientations on
delamination behavior[9-16]. The effect of
stacking sequence on energy release rate
distribution across the specimen width the
multidirectional DCB specimens is determined
by Davidson, Kriiger, and Konig [17]. Effect of the
remote ply orientation of DCB laminates with
6// 6 and 6 //- O interfaces is investigated by
[18,19] and they found that the initiation and
propagation values of critical strain energy
release rate of 30//30 interface are lower than
30//-30 interface. Schon et al. [20] studied DCB
specimens with three different stacking
sequences of [0]24, [(90/0)2]sand [ £ 45/90/0/ +
45]2s and found that the fracture toughness
depended on the fiber direction, also the 90//90
interface had the larger propagation energy than

45//45 interface. Nonetheless, considerable
research is still required to determine the effect
of lay-up sequence and width effects on critical
SERR in woven laminated composites.

In this study, the main object is to determine the
delamination resistance behavior of plain woven
glass fiber reinforced polymer composites.
Therefore, [0°/90°]16 and [+45°]i6 of plain
woven laminated composites with 20, 25, 30, 40
mm width are subjected to Mode I loading to
obtain critical SERR. In this way, the compliance
calibration method (CCM), modified beam
theory (MBT), modified compliance calibration
(MCC) have been applied and the recorded load
- displacement (F - §) data are used to quantify
the critical SERR of DCB specimen.

3D finite element model has been used for
modeling the woven laminated composites to
analyze the fracture behavior. The Mode I critical
SERR is calculated by the virtual crack closure
technique (VCCT). The effect of lay-up sequence
and width effects on delamination resistance of
woven laminated composites are examined by
comparing the three experimental method and
numerical results.

2. Material and Method

In this study, plain woven fabric-reinforced
glass/epoxy  composite  laminates  were
fabricated with two different orientation
configurations, [0°/90°]16 and [+45°]16 by hand
layup at the composite laboratory of Mechanical
Engineering  Department, Dokuz  Eylul
University. It has sixteen plies of glass plain
weave fabric (0.85 kg/m?) of approximately 60%
volume fraction as the reinforcement and epoxy
resin was used to produce GFRP (Glass Fiber
Reinforced Polymer) plate. A thin non-adhesive
Teflon film with 0.07 mm thickness was placed
at the mid-plane (between 8th and 9th plies) to
simulate an initial delamination by considering
ASTM Standard D5528-13 [21] as seen in Figure 1.

2.1 Specimen preparation for mechanical
testing

Tensile and shear properties of the composite
were measured by ASTM D3039/3039M-17
[22] ASTM D3518/D3518M-13 [23],
respectively.  Specimens were prepared
according to the ASTM suggestion as seen in
Figure 2.

The obtained mechanical properties of woven-
fabric-reinforced glass/epoxy composite by
using video extensometer are given in Table 1.
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Table 1. Physical and mechanical properties of plain woven fabric-reinforced glass/epoxy composite
laminates.

Lay-up sequence Poisson ratio (v) Modulus of elasticity (GPa) Shear Modulus (GPa)
Viz Vi3 E1 E22 E33 Gz
[0°/90°]16 0.28 0.3 28 28 15 4.7
[+45 °]16 0.35 0.4 12 12 8 6

W=25mm and 40 mm

K |+

L=250 mm

:'.* “f ‘[72 mm

Teflon tape

(a)

Teflon tape
5 P

(5}

Figure 1. The detail of the cutting of sample from the manufactured woven-GFRP composite plate a)
(0°/900) fiber orientation, b) (+45 9) Fiber orientation.

120 mnen

a)

Figure 2. a) Geometries of the test specimen for mechanical properties testing, b) view of tension
test
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2.2 Specimen preparation for fracture testing

DCB specimens for fracture testing were
prepared with dimensions of W= 20 mm, 25 mm,
30 mm and 40 mm specimen width, L = 250 mm
total length, h = 2,5 mm the thickness, and ao =
47 mm initial crack length according to ASTM
Standard D5528-13 as shown in Figure 3.

bh=2.5 mm

a0=47 mm

L= 250 mm

Figure 3. The dimensions of DCB test
specimens.

2.3 Fracture testing and data reduction

Tests were performed in a universal testing
machine  (Shimadzu  AG-100)  under
displacement control with a crosshead rate of 2
mm/min. The hinges were bonded on the
specimen with epoxy adhesive and tensile loads
were applied to the specimen via pins through
universal joints (See Figure 4). The specimens
were aligned and centered with the help of a
level while mounting the hinges on the load
grips. Crack propagation was monitored with the
help of video extensometer. For the
measurement of crack growth, marks were
indicated every 1 mm from the crack tip, then
marks were applied every 5 mm. For the DCB
test specimen, the recommended extent of crack
propagation is 65 mm. The tests were performed
at constant room conditions of 22°C and relative
humidity was 50%.

Figure 4. Experimental Setup for DCB Test.

The characteristic load-displacement curves of
woven [0°/90°]16 and [+45°]16 specimens with
different specimen widths were obtained. The
initiation and propagation values of critical
strain energy release rate Gic can be derived from
the recorded load-displacement data. The mean
characteristic load-displacement behavior for
some samples has been given in Figure 5.
Initiation of delamination is determined by a
deviation from linearity. Gic can be calculated
using the load and displacement at the point of
non-linearity of the load-displacement curve.
The unloading curve was also registered, as in
case of significant permanent deformations
and/or non-linearity. The camera was
positioned at a distance 1000 mm away from the

specimen surface. Images are captured during
the test using two CCD-cameras to get crack
mouth opening displacement (CMOD).

To observe the delamination (crack) growth and
to identify crack extension Aa in mm during the
loading, visual observation has been done and
the gripped hinges were pulled apart with a
crosshead speed of 2 mm/min in displacement
control until satisfactory crack growth occurred
in the specimen. First, the loading was continued
with a crosshead speed of 2 mm/min up to the
displacement of about 28 mm and crack
propagation Aa 2-3 mm occurs. Then the
crosshead was returned to zero point with 25
mm/min constant displacement speed to form a
natural pre-crack. Second, the loading was
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continued with a crosshead speed of 2 mm/min
up to the displacement of about 65 mm, after
then the crosshead was returned to zero
displacement with 25 mm/min constant
displacement speed.

2.3.1 Compliance calibration method (CCM)

The method of data reduction is explained as
reported in ASTM Standards as follow:

CCM is used to determine the critical SERR, Gic.
Therefore, Gicis:
_nR6
€~ 2wa

(1

where; Pcis the critical load, a is crack length, W
is the specimen width, 6 is load point

(0°/90°) specimen with 25 mm width
e Precracking cycle

3.0E-02 loading
Precracking cycle
2.5E-02 4 unloading
second cycle loading
2.0E-02 i
= Second cycle unloading
© 1.5E-02 -
<
S
1.0E-02
5.0E-03
0.0E+00 & m i g
0 20 Displ%%emen??mm) 80 100
a)
(+45°) specimen with 25 mm width Precracking cycle
loading
3.0E-02 1~ .
Precracking cycle
unloading
2.5E-02 A second cycle
loading
2.0E-02 A second cycle
= unloading
T 15602
®
o
—
1.0E-02 A
4
5.0E-03

0 20 40 60

Displacement (mm)

<)

80 100

displacement in mm (Figure 5). CCM generates a
least squares plot of log (di/Pi) as compliance
versus log (a:) as seen in Figure 6, where i
represents the number of specimen and changes
from 1 to 5, to use the visually observed
delamination onset values and all the
propagation values. The slope of this line is n.

The average Gic value of [0°/90°] and [+45°]
fiber orientation specimens for different widths
with error bars are obtained and given in Figure
7.As itis seen from the figure, the energy release
rate decreases with increasing specimen width
for different fiber orientation.

(0°/90°) specimen with 40 mm width
e Precracking cycle

5.0E-02 4 loading
Precracking cycle
4.0E-02 4 unloading
second cycle
S 3.0E-02 - loading
== second cycle
E unloading
S 2.0E-02 /
1.0E-02 -/
0.0E.',OO - uA.LL"_a.‘.I.u.I.u.u.l.'.l.l.u.l.l.l.u.'.u.u.l.u.l.l.'

0 20 40 60 80

Displacement (mm)
b)

(£45°) specimen with 40 mm width

5.0E-02 4
4.0E-02 4
s Precracking cycle

= loading
€ 30602 -
® Precracking cycle
S unloading
® 2.0E-02 A
3 second cycle loading

1.0E-02 4

second cycle
0.0E+00 - unloading
0 20 40 60 80

Displacement (mm)

d)

Figure 5. Load-displacement characteristics for some samples, a) woven [0°/90°]16 with 25 mm
width, b) woven [0°/90°]16 with 40 mm width, c) woven [£45 2]16 with 25 mm width, d) woven [+45
2]16 with 40 mm width
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(0%/90°) specimen with 25 mm width

3.0E-02 -

Non-linear point
25602 A

Precracking

cle loadin,
2.0e-02 H il e

Precracking
cycle
unloading
second cycle
loading

1.5E-02 o

Load (N)

1.0E-02

5.0E-03

0.0E+00 ~f-wwpuniipinupununny
0 20 40 60 80 100

Second cycle
unloading

Displacement (mm)

a)

(0°/90°) specimen with 25 mm width

*
0.5

0.4
0.3
0.2 4
0.1

Logc

1.5 1.8 21
Log a

b)

Figure 6. a) Load-displacement characteristics. b) Log (6/P) as compliance versus log (a) for Sample

08
r‘E -
E 06 -
- i
u04 T
- : m[0°/90 1
w02 L
%ﬂ : I[i45 E]lnx!l
20 25 30 40

Specimen width (mm)

Figure 7. Influence of width on average Gic of CCM for [0°/90°] and [+45 °] woven laminates. Error
bars are * 1 standard deviations.

2.3.2 Modified beam theory (MBT) method

As reported in ASTM Standard, the critical SERR,
Gic by using MBT can be calculated by

3P§ (2)
Gie = Jp@+ 12D

where; P is the critical load, a is crack length, b is
the specimen width, 6 is load point displacement
in mm. 4 may be determined experimentally by
generating a least squares plot of the cube root
of compliance, C1/3, as a function of delamination
length. The compliance, C, is the ratio of the load
point displacement to the applied load, &§/P
(Figure 8).

-/

/.
013

CLJ/
= A a

a) b)

Figure 8. a) Modified Beam Theory, b) Modified
Compliance Calibration [10].
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2.3.3 MCC (Modified compliance calibration)
method

The method of data reduction is explained as
reported in the ASTM Standard. MCC is used to
determine the critical SERR, Gic. Therefore,

c 3p2c2/3 3)
1€ "241bh

where; P is the critical load, b is the specimen
width, h is the specimen thickness. Generate a
least squares plot of the delamination length
normalized by specimen thickness, a/h, as a
function of the cube root of compliance, C/3. The
compliance, C, is the ratio of the load point
displacement to the applied load, §/P. The slope
of this line is A? (Figure 8).

2.4. Numerical analysis

The virtual crack closure technique (VCCT) is
widely used for computing energy release rates,
based on results from continuum (2D) and solid
(3D) finite element (FE) analyses. VCCT was first
proposed by Rybicki and Kanninen [24] based on
the principles of Linear elastic fracture
mechanics(LEFM). It is an effective method in
solving delamination problems and used in
modeling delamination growth in composites
[25]. Krueger [26] covers the technique and its
applications extensively.

VCCT is based on the assumption that the strain
energy released in the crack propagation process
is equal to the energy required to close the crack
to its original state. The advantage of VCCT is its
numerical simplicity and effectiveness. The
calculation of Mode I strain energy release rate
Gifor each eight-node element position along the
delamination front can be summarized by the
following equation [27]:

G = RyAV (4)

24A
Where Giis Mode I energy release rate, AA is the
crack extension area; Ryis the vertical force at
the crack tip, 4V is the vertical displacements
between the top and bottom nodes of the crack
face in y direction, respectively (Figure 9).

Au,,
<
Av[ = O'
. IR R,

¥
Awy,

/4.
Figure 9. VCCT for eight-node solid element
[27].

Mode I delamination was simulated using the
Ansys 15 (Figure 10). 3D finite element model
(SOLID185, eight-node element) has been used
for modeling of the structure. Delamination is
modeled as a discrete discontinuity in the center
of the DCB specimen with separate unconnected
nodes on the upper and lower surfaces of the
delamination section. The model is divided into
100 elements in length, 21 elements in width,
and 4 elements in thickness. The critical SERR
has been calculated using the virtual crack
closure technique (VCCT). Material properties
used are shown in Table 1. All dimensions and
boundary conditions are similar to the real
experimental set-up, in order to provide
acceptable comparisons (Figure 10). In this
section, the loads corresponding to the point of
non-linearity of the load-displacement curve in
the DCB specimen were used to calculate the
critical strain energy release rates, using
nonlinear elastic finite element models and
Ansys implementation of VCCT.

Crack tip \

Figure 10. Finite element model of the DCB
specimen.

3. Results

The woven GFRP composites with [0°/90°]16 and
[+45°16 stacking sequence have been studied
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and the mechanical properties and interlaminar
toughness, Gic value are obtained experimentally
and numerically. Figure 5 shows a typical load-
displacement curve for some samples of woven
[0°/90°]16 and [+45]16 specimens. It is seen that
some degree of non-linearity and small
permanent deformations are visible in the
unloading curves of specimens. The non-
linearity can be partly attributed to the

specimens  undergoing  relatively
displacements towards the end of the tests.

large

The critical SERR, Gic can be calculated from the
recorded load-displacement data by using CCM,
MBT and MCC methods. The effect of width on
average Gic for [0°/90°] and [+45°] fiber
orientation specimens are given in Table 2. It is
seen that [0°/90°] stacking sequence specimens
have higher toughness values than, [+45°]16.

Table 2. The interlaminar toughness of the woven GFRP with different lay-up sequence and width.

lay-up sequences and [0°/90°]16 [+45°]16
widths of specimens 20 25 30 40 20 25 30 40
CCM 0.59 058 057 0.56 0.54 054 053 0.53
Gic MBT 0.69 069 0.68 0.68 066 0.66 0.66 0.65
(J/mm?2) MCC 0.61 061 060 0.60 0.59 059 059 059
VCCT 0.62 0.62 061 0.59 0.57 056 056 0.55

According to obtained results given in table 2,
CCM and MCC methods have close results and
MBT results deviate from CCM and MCC results.
As it is seen from Table 2, in experimental
results, the characteristic behavior of toughness
is the same. It means that critical SERR decreases
slightly relative to the amount of increasing
width. For example, in CCM results when the
specimen width increases from 20 mm to 40 mm,
the toughness value decreases 5.05% and 3.28%
for woven [0°/90°]16 and [£45°]16, respectively.
Nevertheless, the energy release rate decreases
slightly with increasing specimen width for both
types of woven specimens. Furthermore, the
obtained experimental toughness value of
woven [0°/90°]16 specimen is greater averagely
6.77% than woven [+45°]16 specimen. In the
0//90 interface, the matrix cracking occurs
during the delamination propagation which
absorbs extra energy. Shokrieh et al. [16] found
that the initiation and propagation of fracture
toughness of the E-glass/epoxy DCB specimen
with 0//0 interface is less than other specimens
and by changing the direction of fibers at the
interface, e.g., 0//30, 0//45 and 0//90, more
energy is needed to peel off fibers from the
fracture surface.

Finite element analysis was conducted to
validate the closed form solution. By using VCCT,
the toughness value Gic has been obtained for
DCB specimens numerically. As it is seen from
Table 2, VCCT results show good agreement with

CCM and MCC results. for example, [0°/90°]16
specimens the differences between numerical
and CCM results are approximately 5.57% for 20
mm width, 3.2% for 25 mm width, 5.7% for 30
mm width and 6.01% for 40 mm width. For
[+45°]16 specimens the differences between
numerical and CCM are approximately 4.19% for
20 mm width, 3.88% for 25 mm width, 3.75% for
30 mm width and 4.5% for 40 mm width. As a
result of numerical analyses, it can be seen that
the toughness decreases slightly relative to the
amount of increasing width, it means that the
change of width of DCB specimen is not a great
effective parameter for interlaminar toughness
values.

The results of the experimental test and
numerical analysis showed good agreement
demonstrating the effectiveness of the proposed
experiment and numerical methods lamination
through the thickness.

4. Discussion and Conclusion

The problems of interlaminar performance are
discussed along with the technique used to
measure them and the fracture mechanics
principles applied to improve them. In this
study, to research and verify the compatibility of
experimental and numerical studies CCM, MBT
and MCC methods are applied to the laminated
composites to observe fracture characteristics
and the effect of width and stacking sequence
with different orientations of woven GFRP on
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fracture parameters. It has been obtained that

woven [0/90]i6 specimens have higher
toughness values than woven [+45°]16
specimens. Some decreases have been

eventuated in toughness values by an increase in
width.

As mentioned in ASTM D5528-13 standards for
unidirectional laminates, the change of width of
DCB specimen is not an effective parameter for
interlaminar toughness values and in this paper,
it is seen that width parameter is not very
effective on interlaminar toughness value on
woven GFRP also. It is concluded that the SERR
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