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Ïîñòðîåíèå è îáîñíîâàíèå êðèâîé òðåùèíîñòîéêîñòè ïðè èñïûòàíèè

îáðàçöîâ â âèäå äâóõêîíñîëüíîé áàëêè: ýêñïåðèìåíòàëüíîå

èññëåäîâàíèå

Â. Àëüôðåä Ôðàíêëèí
à
, Ò. Êðèñòîôåð

á

à Òåõíè÷åñêèé êîëëåäæ èì. Ñàðäàðà Ðàäæè, Àëàíãóëàì, Òèðóíâåëè, Èíäèÿ

á Ãîñóäàðñòâåííûé òåõíè÷åñêèé êîëëåäæ, Òèðóíâåëè, Èíäèÿ

Èññëåäóþòñÿ âÿçêîñòü ðàçðóøåíèÿ è ìåæñëîéíàÿ ðàçðóøàþùàÿ íàãðóçêà äëÿ îáðàçöîâ â âèäå

äâóõêîíñîëüíîé áàëêè èç ñòåêëà/ýïîêñèäíîé ñìîëû, êîòîðûå íàíîñèëèñü òðåìÿ ðàçíûìè

ñëîÿìè. Äëÿ ïîñòðîåíèÿ êðèâîé òðåùèíîñòîéêîñòè (R-êðèâàÿ) ñ ïîìîùüþ ïðåäñòàâëåííîé

ìîäåëè íåîáõîäèìî çíàòü èñòîðèþ ïðèëîæåííîé íàãðóçêè–ïåðåìåùåíèÿ è ðàñïðîñòðàíåíèå

òðåùèíû. Íà îñíîâå ïîñòðîåííîé R-êðèâîé îïðåäåëåíà ðàçðóøàþùàÿ íàãðóçêà íà ãðàíèöå

ðàçäåëà ñëîåâ äëÿ îáðàçöîâ. Ïîëó÷åííîå çíà÷åíèå ðàçðóøàþùåé íàãðóçêè õîðîøî ñîîòâåòñò-

âóåò ýêñïåðèìåíòàëüíîìó çíà÷åíèþ.

Êëþ÷åâûå ñëîâà: îáðàçöû â âèäå äâóõêîíñîëüíîé áàëêè, R-êðèâàÿ, ñòåêëî/

ýïîêñèäíàÿ ñìîëà, àâèàöèîííàÿ êîíñòðóêöèÿ, ðàññëîåíèå.

N o t a t i o n

a – crack length

B – width of the DCB specimen

C – compliance of the specimen

DCB – double cantilever beam

E – longitudinal tensile modulus

G RI – strain energy release rate (SERR)

G cI – fracture toughness or critical strain energy release rate

2h – specimen thickness

K – rotational spring stiffness at the crack tip

P – applied load on both sides of the specimen

� – crack mouth opening displacement

� – potential energy
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Introduction. Laminated composite plates and shells are increasingly being

used in aircraft and aerospace structures because of their high strength to weight

ratio, stiffness to weight ratio, thrust to weight ratio and design versatility.

Laminated composites are highly customizable because the required state of stress

level can be achieved by adopting different fiber orientations and/or stacking

sequence. The fracture processes in composite materials are complex and is

strongly dependent upon stacking sequence, fiber orientation and constitutive

relations. Failure may occur due to fiber-breakage, debonding of fibers, delamination,

formation of matrix micro-cracks and other micro-failure modes. Many researchers

investigated whether the linear elastic fracture mechanics (LEFM) established for

metals is applicable to fiber reinforced composites or not. It is observed that when

the crack surface is smooth and straight and the crack propagates with self-

similarity, the problem can be analyzed by LEFM; otherwise the result may not be

correct. Therefore theories and criteria of linear elastic fracture mechanics must be

suitably modified for composite structures. The failure mechanisms of composite

structures is different from that of isotropic materials. These laminated structures

have high resistance to crack propagation when they are subjected to tensile load

along the fiber direction because the matrix and reinforcement jointly act to form a

barrier to the crack propagation. Crack propagation in laminated composites is

often not collinear but is characterized by the mixed mode [1].

Glass fiber composites were first used during World War II, which was about

20 years before carbon and boron fiber composites were used in aircraft structures.

The earliest composites are made of E-glass fabric and polyester resin, and these

were used in few niche components not subject to high loads such as fuselage-

lifting surface attachments or wings and empennage tips. At the time, the aircraft

industry was reluctant to use glass fiber composites more widely because of the

low stiffness of glass-fibers and poor strength and toughness of polyester resins,

particularly at elevated temperatures. The development of stronger, tougher and

more durable resins, such as epoxies lead to the increased use of E-glass laminates

in some aircraft components viz., the entire airframe, wings and fuselage of

modern gliders. In 1960s, the development of S2 glass, which has greater stiffness

and strength than E-glass, allowed a greater variety of aircraft structures and

components to be made. S-glass composites are often used as the face skins to

ultra-light sandwich honeycomb panels and typical applications in commercial

aircraft are wing-fuselage fairings, rudder and elevator surfaces and the leading and

trailing edges of wing panels. Glass/epoxy honeycomb sandwich panels are also

used in a variety of components on modern military aircraft, such as the fixed

trailing edge on the B2 bomber. Another common use of E-glass composites is in

radomes on commercial and fighter aircraft, in bay and wing mounted radomes on

supersonic aircraft and missiles, and in large radar domes on Airborne Early

Warning and Control (AEW&C) military aircraft. This is because of the excellent

transparency of glass to radar signals. Glass/epoxy is widely used in helicopter

components, such as in the spars to the main and tail rotor blades, fuselage body

panels and flooring [2].

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
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fracture characterization of composites structures acquires special relevancy [3].

Publications by Boeing [4, 5] reveal that the residual strength prediction of

composite structures with discrete source damage (Fig. 1) is the area in which more

research is needed.

The crack growth resistance curve was used to predict the ultimate strength of

a damaged pressurized fuselage panel and was tested by Boeing [5].

Shokrieh et al. [6] proved that the R-curve can be used as a material property

by selecting a certain specimen size for the DCB specimen in the range of

8 5 190. .� �a h Two unidirectional laminates of stacking sequence [ ]0 18� (B � 25

mm, 2h� 3.28 mm) and [ ]0 24� (B �25 mm, 2h� 4.1 mm) with different initial

crack lengths are used for their study. But, Suo et al. [7] argued that the R-curve is

not a material property since it depends on the specimen size. They recommended

that R-curves can be used as an experimental probe to study localized damage

response such as polymer craze and interface separation. Publication by NASA [8]

proved that the R-curve method has the potential to be a practical engineering

method for predicting the residual strength of damaged fuselage panels. The

dependence of R-curves on the geometry of DCB specimens 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 investigated

by Tamuzs et al. [9].

The aim of the present study is to construct the crack growth resistance curves

for glass/epoxy laminates of different stacking sequences and to predict the

interface strength of composite laminates under monotonic loading.

1. Data Reduction. Usually the energy release rate in a DCB specimen is

defined as

G
B a

�
�

�

�
. (1)

The generalised Irwin–Kies equation for SERR is given by
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Fig. 1. Fuselage panel with discrete source damage [8].



Considering root rotation, the compliance, C , is given by [10]

C
P

a

EI K
a� � �

� 2

3

23
2 . (3)

Eliminating K in Eq.(3), the fracture toughness can be evaluated from the

fracture data as [11]

G
P a

BEI

P

BacI � �
2 2

3

�
. (4)

2. Experimental Work. The double cantilever beam (DCB) test is the most

commonly used delamination 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 lay-ups viz., 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 glass fiber of 750 g/m2. 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 was made by introducing a thin teflon film of thickness 13 
m

during stacking procedure. Initially the upper and lower mould 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 lay-up process.

The excess resin present is squeezed by using rollers. The laminate is allowed to

cure in the mould for about 24 h in room temperature and then post cured. As per

ASTM standards the optimum length of the DCB specimen should be at least

125 mm, the width of the specimen should be around 20 to 25 mm and the

thickness can be between 3–5 mm. The dimension of test specimen used here is

130 25 2� � h mm, 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 doesn’t 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.

2.1. Experimental Setup. The specimens were tested [11] on Instron 3367

universal testing machine equipped with a 30 kN load cell at room temperature.

They were subjected to a wedge loading under displacement control. The cross

head speed was set at 1 mm/min to ensure steady crack propagation and ease of

recording. The load–displacement (P � �) 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 1 mm

and the following four markings are made in an interval of 5 mm. A magnifying

lens or a travelling microscope was used to track the crack propagation. The crack
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growth from the starter insert was determined by careful inspection of the

specimen edge by magnification lens and by observation of P � � curve.

3. Generation of Crack Growth Resistance Curves (R-Curves). Future

lightweight composite transport aircraft will be designed to sustain discrete source

damage (see Fig. 1) caused by uncontained engine failure. Poe et al. [13] used an

energy balance approach called the R-curve method is being used for residual

strength predictions of composite specimen under tensile load. Bui et al. [14] argue

that two values of strain energy release rates must be considered in interlaminar

fracture characterization: G c initI � characterising delamination onset and G c propI �

related to delamination steady-state growth. They assert that G cI can be considered

equal to the energy release rate recorded during delamination growth. However,

they support that for a more realistic approach to the analysis of delamination, both

values should be considered in the characterization of the R-curve effects.

Jacobsen et al. [15] modelled the R-curves of mode I intralaminar crack

growth in composites using measured bridging laws. They confirmed that better

accuracy is achieved if a nonlinear law is used instead of a linear one. They

observed that under large-scale bridging the R-curve is not a material property.

Moreover it was concluded that under this condition the linear elastic fracture

mechanics approach overestimates the steady state crack growth resistance. They

also argue that in this case, J -integral approach must be performed for accurate

predictions.

Ozdil et al. [16] conducted an experimental study on glass/polyester quasi-

unidirectional and angle-ply laminate DCB specimens of lay-up sequences [ ]0 6� ,

[ ] ,	 �30 5 and [ ]	 �45 5 with mid-plane delamination. They conclude that the

initiation toughness decreases with increase in off-axis angles in angle ply laminates.

Due to large-scale plasticity LEFM is not strictly applicable to the [ ]	 �45 5

specimens and hence nonlinear fracture mechanics based methods are to be

considered. Polaha et al. [17] performed tests on DCB specimens made of

graphite/epoxy laminates with ply interface angles 0 0� � , 5 15� � , 	 �15 , 30 30� � ,

	 �30 . They found that the initiation and propagation toughness decreases with

increase in lay-up angles. Laksimi et al. [18] studied the behavior of multi-

directional glass/epoxy composite laminate under mode-I loading. To minimize

coupling effects, the stacking sequence selected for their study was [ ]	 �0 2s s with

� �15 , 30� , 45� , and 60� . From their experiments, it is noticed that the

orientation of angle,  has no influence on G cI and that the G cI values are

almost identical except 60� . For � �45 , the transverse crack (bifurcation) was

observed by the authors. Because of rotation of the specimen due to the bifurcation,

the crack propagates under a mixed mode produced by a shear stress.

It is generally reported that G cI values at initiation, and especially at

propagation, are higher than those of [ ]0� n laminates. The main feature seems to

be that, after relatively small interlaminar propagation, the crack jumps to a

neighboring interface. In studies involving specimens with initial cracks in

� � � �45 45 interfaces, the intralaminar damage and the extensive fiber bridging

behind the crack tip were responsible for a pronounced increase of G cI [16, 19].

Robinson et al. [20] observed that the quantity of fiber bridging significantly varies

from specimen to specimen in � � � �45 45 interface. One of the specimens with

� � � �45 45 interface exhibited extensive fiber bridging, gives a maximum G cI of
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1.3 kJ/m2 and another specimen exhibited much less fiber bridging gives a

maximum G cI of 0.6 kJ/m2. Ramkumar et al. [21], studied the mode-I fracture

using DCB specimens of two sequences [ ]0 24� and [ / / ] ,0 45 02� 	 � � s made of

carbon/epoxy (T300/5208) material. They found that the energy release rates of

two specimen as 102.6 and 100 J/m2, respectively and found they are closer.

Laksimi et al. [22] argued that the strain energy release rates for the initiation

cracks and the delamination growth, G c initI � and G c propI � , respectively are higher

for [ ]0 90� � or [ ]90 90� � interface layers than [ ]0 0� � layers. They argued that the

presence of the 90� plies in the propagation plane increases the delamination

resistance. Morais et al. [23] clearly proved that G cI values of [ ]0 90 12� �
specimens were higher than those of [ ]0 24� ones and no fibre bridging was

observed in the [ ]0 90 12� � specimens.

The R-curve method requires two steps to predict the residual strength of a

damaged composite panel. The first step is to generate an ‘‘allowable-like’’ R-curve

using energy release rates derived from tests of DCB specimens. The second step is

to compute the energy release rates (generation of G-curve) of the specimen and to

compare these values to the R-curve for the prediction of interface strength.

Experiments were performed to obtain energy release rates for the DCB specimens

subjected to wedge loads. Energy release rate vs. crack growth increment curves

(G-curves) for various loads are plotted. Since the R-curve is an allowable curve,

the cracks cannot grow beyond the R-curve. The intersection of each G-curve and

R-curve determines the crack growth increment for a corresponding load. In the

present study, R-curve is generated using power law of the form G GRI � �0

�A a m( ) .�

In the present work, the crack growth resistance curve of [ ]0 6� glass/epoxy

DCB specimen was generated from the test data (Fig. 2a) and is given in the form

G aRI � �410 2828 0 3( ) ..� Note that in Fig. 2b, the G-curve of the unidirectional

DCB specimen at 123 N is tangent to the R-curve. Therefore, the present analysis

predicts a large damage growth around 123 N and this value is very closer to the

test result. For [ ]	 �45 3 glass/epoxy DCB specimens, the R-curve was generated

from the test data (Fig. 3a) in the form G aRI � �469 537 0 3( ) ..� From the R-curve

(Fig. 3b), the failure load obtained is 71.5 N for the laminate, which is lower than

both the unidirectional and cross-ply laminates. For [ ]0 90 3� � lay-up,

mathematically the R-curve (Fig. 4a) is given by G aRI � �578 579 0 27( ) ..� The

G-curve (Fig. 4b) of 175 N is tangent to the R-curve (at a small crack growth

increment of 1 mm) and is the interface failure load of this specimen. From this

present study it has been observed that the initiation toughness of [ ]0 90 3� �
specimen is higher than [ ]0 6� and [ ]	 �45 3 specimens. From previous studies it is

observed that the delamination growth in composites can occur too rapidly over a

fairly small range of load and hence, G cI needs to be considered in damage

tolerance analysis [24].

4. Results and Discussions. Fracture analysis has been carried out on the

double cantilever beam specimens made of glass/epoxy of three different lay-ups.

The rotational stiffness of the support at the crack tip of the DCB specimen K is

determined by substituting the initially recorded fracture data (viz. load P,
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displacement �, and crack size a) from the loading/unloading curves, and the

Young modulus E of the material. If the stiffness is very large, all the methods

give almost closer results and hence the effect of K may not be significant in the

particular case [11]. The experimentally recorded P � � history of DCB test

specimens with crack were used to derive energy release rates. DCB specimens of

three different lay-ups viz., [ ] ,0 6� [ ] ,	 �45 3 and [ ] ,0 90 3� � with mid-plane

delamination were used to measure energy release rates for the construction of the

R-curve. The G RI vs. �a curve was generated for each specimen. Energy release

rates for the DCB specimen under various wedge loads, a range of crack growth

increments were computed and the results were used to construct G-curves of

various loads. The G-curves of the DCB specimens were compared with the

R-curve to determine the interface strength of the DCB specimen made of
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b

Fig. 2. R-curve of [ ]0 6� glass/epoxy DCB specimen from test data (a) and inter-laminar failure load

from R-curve of [ ]0 6� DCB specimen (b).



glass/epoxy laminates. For a particular load P , the G-curve is tangent to the

R-curve and at this load the catastrophic failure occurs, which is the interface

failure load of the particular specimen. From Table 1 it is found that the correlation

between the R-curve failure load predictions and the experimental results of

present work is very good. This correlation suggests that the R-curve method has

the potential for predicting the interface strength of composite laminates of different

stacking sequence with delamination/damage.

The compliance variation with crack growth increment of DCB specimens of

different lay-ups made of glass/epoxy is shown in Fig. 5. From Fig. 6, it has been

observed that the initiation toughness of [ ]0 90 3� � specimen is higher than [ ]0 6�
and [ ]	 �45 3 specimens which agrees with other publications and the propagation

toughness of [ ]0 90 3� � laminate is less than that of unidirectional laminate which
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Fig. 3. R-curve of [ ]	 �45 3 glass/epoxy DCB specimen from test data (a) and inter-laminar failure

load from R-curve of [ ]	 �45 3 DCB specimen (b).



conflicts with many of the publications [24, 25]. The reason is that the [ ]0 6�
laminate exhibited more fiber bridging during propagation than other two lay-ups.

Fiber bridging causes a large, G cI value which overestimates the real mode I

fracture toughness [25]. 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.

Delaminations that form in multi-ply laminated composite structures occur

between plies of dissimilar orientation, fiber bridging does not occur. Hence, fiber

bridging is considered to be an artifact of the DCB test on unidirectional materials.

Therefore, the generic significance of G cI propagation values calculated beyond

the end of the implanted insert is questionable, and an initiation value of G cI

measured from the implanted insert is preferred [12]. Since the lower bound of G cI

occurs in the absence of a fiber-bridged zone, one can conclude that G cI , increases
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a

b

Fig. 4. R-curve of [ ]0 90 3� � glass/epoxy DCB specimen from test data (a) and inter-laminar failure

load from R-curve of [ ]0 90 3� � DCB specimen (b).
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T a b l e 1

Inter-Laminar Failure Load of E-Glass/Epoxy DCB Specimens of Different Lay-Ups

Lay-up Energy release rate G cI , J/m2 Interlaminar failure load P, N

Eq. (4) [11] R-curve Experimental R-curve Relative error

(%)

[ ]0 6� 2 5 86h � . mm, a0 43� mm, B � 25 mm, L �130 mm, E � 36 GPa

1075 987.0 118.1 123.0 3.98

[ ]	 �45 3 2 6 36h � . mm, a0 46� mm, B � 25 mm, L �130 mm, E �12 9. GPa

543 536.6 68.2 71.5 4.61

[ ]0 90 3� � 2 616h � . mm, a0 47� mm, B � 25 mm, L �130 mm

724 667.7 72.6 75.0 3.20

Fig. 5. Compliance variation with crack growth increment of DCB specimens of different lay-ups

made of glass/epoxy (present study).

Fig. 6. Comparison of crack growth resistance curve of DCB specimens of different lay-ups made of

glass/epoxy.

[ ]0 6�
[ ]	 �45 3

[ ]0 90 3� �

[ ]0 6�
[ ]	 �45 3

[ ]0 90 3� �



as lay-up angle increases. Hundreds of literatures were published for different

materials’ systems to evaluate fracture energy. Closer agreements were obtained for

materials, but exact values of G cI or failure load are not observed. The reasons for

the variation in results may be due to specimen geometry, lay-ups, fiber

misalignment, fiber nesting, free edge effect, transverse matrix cracking, loading

history and/or variation in material quality.

In the present study, the initiation toughness of glass/epoxy composite increases

with increase in lay-up angle (Fig. 6) and is not true for steady state toughness.

This may be due to the complex fracture behavior of composites. Since the lower

bound of G cI occurs in the absence of a fiber-bridged zone, one can conclude that

G cI , increases as lay-up angle increases. However, since the initiation had occurred

from a thin insert and not a truly sharp crack tip, the initiation value may not be

valid in most of the cases [25].

Conclusions. The present study applies the crack growth resistance curve

(R-curve) method to predict the interface strength of composite specimens of three

different lay-ups with artificially induced delamination. Based on linear elastic

fracture mechanics approach, the R-curve method uses energy release rate as a

fracture parameter to quantify the intensity of the energy state at the crack tip.

From the experiments, it is verified that the R-curve method has the potential to be

a practical engineering method for predicting the inter-laminar fracture strength of

laminated glass/epoxy composites.

Ð å ç þ ì å

Äîñë³äæóºòüñÿ â’ÿçê³ñòü ðóéíóâàííÿ ³ ì³æøàðîâå ðóéí³âíå íàâàíòàæåííÿ äëÿ

çðàçê³â ó âèãëÿä³ äâîêîíñîëüíî¿ áàëêè ç³ ñêëà/åïîêñèäíî¿ ñìîëè, ùî íàíîñè-

ëèñü òðüîìà ð³çíèìè øàðàìè. Äëÿ ïîáóäîâè êðèâî¿ òð³ùèíîñò³éêîñò³ (R-êðè-

âà) çà äîïîìîãîþ ïðåäñòàâëåíî¿ ìîäåë³ íåîáõ³äíî çíàòè ³ñòîð³þ ïðèêëàäå-

íîãî íàâàíòàæåííÿ – ïåðåì³ùåííÿ òà ðîçïîâñþäæåííÿ òð³ùèíè. Íà îñíîâ³

ïîáóäîâàíî¿ R-êðèâî¿ âèçíà÷åíî ðóéí³âíå íàâàíòàæåííÿ íà ãðàíèö³ ïîä³ëó

øàð³â äëÿ çðàçê³â. Îòðèìàíå çíà÷åííÿ ðóéí³âíîãî íàâàíòàæåííÿ äîáðå çá³ãà-

ºòüñÿ ç åêñïåðèìåíòàëüíèì.
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