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Abstract 

A new method for obtaining energy release rate by the Double Cantilever Beam test for 

angle-ply laminates is proposed. Two different sequences, symmetric and anti-

symmetric, have been studied. The fact that the layers are oriented at different angles 

and the residual stresses, causes the existence of mixed mode fracture. The analytical 

model presented, based on the complementary energy of a laminated beam, is an 

extension of a previous model for unidirectional laminates and includes hygrothermal 

effects. Experimental results of the energy release rate obtained by means of the area 

method agree with those determined by the proposed approach. 
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1. Introduction

Delamination is one of the most common failures in laminated composites due mainly 

to the low interlaminar strength of these materials. The double cantilever beam (DCB) 
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test is widely used to measure mode I critical Energy Release Rate IcG  of unidirectional 

laminates and has been standardized for carbon fiber reinforced plastic (CFRP) 

specimens [1, 2]. 

The standards describe three reduction methods that lead to calculate IcG : the modified 

beam theory, the compliance calibration method and the modified compliance 

calibration method. Results from different methods do not differ more than 3.1% [3]. In 

spite of standards have been developed for unidirectional specimens, these methods 

have been often used to calculate IcG  of multidirectional laminates [4, 5, 6]. 

Nevertheless, some factors which are less effective in unidirectional DCB specimens 

may affect seriously in the case of multidirectional specimens [7], such as laminate lay-

up, symmetry of the laminate, curved crack front, mode mixture, residual stresses or 

damage during the crack growth (fiber bridging effect, fiber matrix debonding, or fiber 

breakage). Nicholls et al. [8] investigated the critical value of G in multidirectional 

CFRPs reporting that the crack can move to other interfaces. They identified four 

different crack morphologies. The stacking sequence in multidirectional specimens is 

related to crack front shape since bending-bending and bending-twisting couplings 

contribute to curved and un-symmetric crack fronts respectively [9, 10, 11]. An 

appropriate selection of the stacking sequence may prevent those issues, making their 

effect on IcG  negligible and leading to a nearly pure mode I [12].  

Taking all these factors into account, in addition to the fact that initiation value is the 

most conservative toughness value, delamination toughness from the DCB test on 

multidirectional laminates should probably be quantified just for initiation values. Some 

studies have come to the conclusion that the initiation value for IcG is practically 

independent from the ply orientation of the delaminating interface [6, 13], while others 



-3- 

state the opposite [14, 15].  

Extensive research concerning this field has been led to develop analytical solutions for 

DCB unidirectional specimens as well as multidirectional ones. Kanninen [16] modeled, 

for isotropic materials, each arm of the DCB specimen as a beam on an elastic 

foundation. Williams [17] completed Kanninen’s model for orthotropic materials, while 

Ozdil and Carlsson [18] extended it to angle-ply laminates. Olsson [19] determined the 

end displacement caused by the transverse compliance in the un-cracked part and the 

Saint Venant effects ahead the crack front. Szekrényes [20] presented an improved 

analysis including Winkler–Pasternak foundation, transverse shear, Saint–Venant effect 

and crack tip shear deformation. Shokrieh et al. [21] revised solutions that model each 

arm of the specimen as a beam on an elastic foundation. Weatherby [22] included a 

rotational spring to a clamped beam in order to incorporate the rotation at the crack tip. 

This model has been later used by other authors [23, 24]. In the last years computer 

based methods such as the virtual crack closure technique and the cohesive zone model 

have been widely used [25, 26, 27]. The previous studies regarding interlaminar 

toughness in multidirectional laminates are in general applied to stacking sequences that 

avoid bending-twisting coupling, due to the difficulties related to twisting curvatures 

associated to mode III. These models, generally, do not deal with the residual stress due 

to hygrothermal effects. Nairn [28] studied the energy release rate for adhesive and 

laminate DCB specimens with consideration of the effect of residual stress concluding 

that the errors are large when the delaminating arms are un-symmetric laminates and 

these effects are not taken into account. 

Concerning unidirectional laminates a new model for determining IG  has been recently 

proposed [29]. Besides the determination of new compliance and energy release rate 

equations, the analytical model presented leads to calculate the crack length for every 
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pair of load and displacement values, without any optical measurement. Therefore, a 

continuous plot of the R-curve of the specimen is obtained, allowing the study of the 

behavior of the laminate during the propagation period.  

The aim of the present study is to estimate G  for carbon/epoxy angle-ply symmetric 

and anti-symmetric laminates by means of the DCB test. With this purpose, a new 

analytic approach based on the complementary energy of a laminated beam including 

hygrothermal effects is used for the first time, to the best of our knowledge. In that way, 

the model presented in [29], for calculating IcG in unidirectional laminates, is extended 

to angle-ply laminates.  

Two different sequences will be studied in this paper: ( )4
45

as
 ±   anti-symmetric and 

( )4
45

s
 ±  symmetric laminates. These sequences have been chosen due to the fact that 

they have different fiber orientation of the adjacent plies in the mid-plane although both 

have equal properties for each one of the sub-laminates separated by the delaminating 

interface. Moreover, hygrothermal effects are also different in both cases. 

 

Nomenclature 

a    Effective crack length (mm) 

[ ] [ ] [ ], ,a b c   Compliance matrices 

mna    In-plane compliance coefficients (mm/N) 

b    DCB specimen width (mm) 

mnb    Coupling compliance coefficients (N) 

mnd    Flexural compliance coefficients (1/N-mm) 

{ }k
e    Hygrothermal strains matrix at lamina k   
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1 2 3, ,F F F   Equivalent point forces for distributed load (N) 

, ,I II IIIG G G   Strain energy release rate in mode I, II, III (J/m2) 

CG   Critical strain energy release rate (J/m2) 

L    Length of the specimen (mm)  

{ }M    Matrix of the sum of mechanical and hygrothermal moments 

iM    Bending moment per unit length at section 𝑖𝑖 (N) 

isM    Twisting moment per unit length at section 𝑖𝑖 (N) 

HT
sM    Hygrothermal twisting moment per unit length (N) 

im    Bending moment at section 𝑖𝑖 (N-mm) 

it
m    Twisting moment at section 𝑖𝑖 (N-mm) 

{ }N    Matrix of the sum of mechanical and hygrothermal forces 

,HT HT
x yN N   Hygrothermal forces per unit length (N/mm) 

P    Opening load on the DCB specimen (N) 

[ ]k
Q    Reduced stiffness matrix at lamina k  

10 30,q q   Maximum intensities of the distributed forces in the model (N/m)  

*U    Complementary strain energy (N/m) 

1 2 3, ,x x x   Parameters of the distributed forces model (mm) 

kz    Distance from the mid-plane to the lower surface of the thk  layer. 

0 1,α α    Parameters depending on 1 2 3, ,x x x  

iδ    Generalized displacement at point i  in the direction of the generalized 

force iF  

HT
sκ   Twisting curvature due to hygrothermal twisting moment  
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2. Anti-symmetric laminates. 

2.1. Load-strain relations. 

In this study ( )4
45

as
 ±  anti-symmetric and ( )4

45
s

 ±  symmetric laminates have been 

considered. In both cases the sub-laminates, that is, the crack arms of the delaminated 

region are anti-symmetric.  

An anti-symmetric laminate has its plies of the same thickness and material above and 

below the mid-plane but they and are oriented at θ+  and θ− . In addition, in the event 

that plies have a single value of θ  they are called regular anti-symmetric angle-ply 

laminates. 

The constitutive relation for an anti-symmetric regular laminate is given by [30]. 
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  (1) 

The fact that bending-twisting coupling is not present in the stacking sequences studied, 

leads to the possibility of analyzing bending and twisting separately. In addition, as the 

angle selected in this work is 45º it results in these relations between compliance 

coefficients:  

 ; ;xx yy xx yy xs ysa a d d b b= = =   (2) 

Regarding hygrothermal effects, although material operates at room temperature, 

equivalent hygrothermal loads due to cooling down from processing temperatures 

should be taken into account. In the sequences studied herein, the non-zero 
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hygrothermal loads are HT
xN and HT

yN forces and HT
sM twisting moment. Besides, 

HT HT
x yN N=  due to 45ºθ = .  

2.2. Complementary strain energy and its derivatives 

The complementary strain energy in a multidirectional laminate due to in-plane stresses 

can be expressed as follows [31]: 

{ } [ ]{ } { } [ ]{ } { } [ ]{ }( )
{ } [ ] { } ( )

*

1
1

1 2
2

2

x y

t t t

L L

n
t

k kk kk
k

U N a N N b M M d M dxdy

Lb e Q e z z −
=

= + +

− −

∫ ∫

∑
  (3) 

Where kz  denotes the distance from the mid-plane to the lower surface of the thk  layer.

xL  and yL  indicate length and width direction respectively. L  is the total length of the 

specimen; { }N  is the matrix of the sum of mechanical and hygrothermal forces and 

{ }M  is the matrix of the sum of mechanical and hygrothermal moments. 

A system in equilibrium subjected to independent iF  generalized forces and a crack of 

length a  is considered. By applying the first principle of Thermodynamics in terms of 

the complementary energy and assuming that an infinitesimal crack advance is a 

reversible process, and consequently the complementary energy is an exact differential, 

the following results are obtained [32]:  

 
*

i
i a

U
F

δ
 ∂

=  ∂ 
 (4) 

  
*1

iF

UG
b a
 ∂

=  ∂ 
 (5) 

Eq. (4) is the Engesser-Castigliano’s theorem, being iδ  the generalized displacement in 



-8- 

the direction of iF . Eq. (5) gives the energy release rate G , being b the crack width. 

Differentiating (3) with respect to iF and a , taking into account that hygrothermal 

terms do not depend on those variables, Eqs. (4) and (5) become in: 

{ } [ ]{ } { } [ ]{ }
{ } [ ]{ } { } [ ]{ }

, ,*
,

, ,

i i

i
x

i i

t t

F F
i F t tL

F F

N a N N b M
U b dx

M b N M d M
δ

 +
 = =
 + + 

∫   (6) 

{ } [ ]{ } { } [ ]{ } { } [ ]{ }( )*
,

1 2
2 x

t t t
a L

G U N a N N b M M d M dx
a
∂  = = + + ∂  ∫   (7) 

As in Eq.(7) the integral limits depend on the crack length, Leibniz`s integral rule can 

be applied in order to obtain the derivative with respect to a . It states that given a 

function ( ),f f x a= , 

( )
( )

( )( ) ( )
( )

( ) ( )( ) ( ) ( )( ) ( ),
, , ` , `

b a b a

a a a a

f x a
f x a dx dx f b a a b a f a a a a a

a a
∂∂

= + −
∂ ∂∫ ∫   (8) 

 

3. Analytical approach 

3.1. Applied and redundant loads 

 
3.1.1. Bending moment 

With the aim to calculate the distribution of bending moments the approach presented 

by De Gracia et al. [29] has been followed. This method, besides the determination of 

compliance and energy release rate equations, leads to calculate the crack length for 

every pair of load and displacement values without any optical measurement. The 

method takes into account large displacements and local deformation effects. 
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Fig. 1 Distributed force along the beam. 

Fig. 1 shows a simplified model of the distributed forces ahead of the crack tip for the 

upper half of the DCB specimen, where 𝑎𝑎 is the effective crack length, P  the applied 

load, 1x , 2x , 3x  are the lengths of the bases of the distributed loads, while 10q  and 30q  

are their maximum intensities, located at sections 1 and 3 respectively. It is assumed 

that distributed loads equilibrate the effect of the applied load. Thus, force and moment 

at the clamped end are null. In addition, taking into account that the studied specimens 

have not a straight delamination front, a  is defined as an effective length.  

Displacements at sections 1, 2 and 3 are determined by the Engesser-Castigliano’s 

theorem and equated to those obtained by imposing that the displacements at the 

sections correspond to the transverse deformation in the specimen. Applying also static 

equilibrium the values of 1x , 2x , 3x , 10q and 30q are obtained as a function of the 

mechanical properties of the material, the geometry of the specimen, and the applied 

load 𝑃𝑃. With respect to 3x , although it depends on the crack length, its variation with 

the usual values of a  is not meaningful and can be considered constant. 

Once the parameters of the model have been determined, the distributions of bending 

moments xm  corresponding to the whole section are determined as a function of the 

crack length a , being: 

1x   a   2x   3x   

10q   
30q   

P  
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  (9) 

Where 10 1
1  

2
q xF = ; 30 3

3 2
q xF = . 

 

3.1.2. Twisting moment 

Residual stresses induce a rotation in each cracked arm. While in the case of anti-

symmetric laminates both arms rotate in the same sense (Fig. 2b), in the case of 

symmetric laminates there are opposing rotations (Fig. 2a) related to mode III of 

fracture. Then, assuming that the twisting rotation at the load application is prevented in 

the case of symmetric laminates, a twisting moment should be applied by the piano 

hinges. Actually, there is a non-uniform load distribution applied on the piano hinges, 

whose resultant is the applied force P  and the resultant moment is the twisting 

moment.  

 

 

Fig. 2  Deformation due to the hygrothermal moments. a) Symmetric laminate. b) Anti-

symmetric laminate. 
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Fig. 3 shows the twisting moment at the load application point and the reactive twisting 

moment applied at the crack front, related to the non uniform distribution along the 

width of the distributed forces shown in Fig. 1. It is assumed that this moment is 

concentrated at the crack front. Those moments are equal and opposite.  

 

Fig.  3 Twisting moment. 

Thus, force and moment resultants are given by: 

 { }
0

HT
x
HT
y

N
N N

 
 =  
 
 

  (10) 

 { } 0
x

HT
s s

M
M

M M

 
 =  
 + 

  (11) 

As a first approach, it is assumed that the distribution of sM  is uniform along the width. 

The theorem of Engesser-Castigliano will be used in order to calculate the twisting 

moment applied by the piano hinges. Since piano hinges prevent rotation at the load 

application point, the derivative of the complementary energy with respect to the 

twisting moment applied at the load point is zero. Replacing Equations (10) and (11) in 

Equation (6) and taking into account the properties of anti-symmetric laminates 

described in section 2.1, it gives:  

a   

y   
at

m   at
m   
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( )( ), ,

*
,

1 4 2 2 0
2 X X

x y

HT HT
X xs x ss s s ss s sL L

U b N d M M d M M dxdy= + + =∫ ∫   (12) 

Where 
at

X m=   

The half of the whole twisting moment tm of a rectangular section corresponds to sM  

and the other half correspond to the resultant moment of out-of-plane shear forces [33]: 

 
1
2

1
2

t sb

t rb

m M dy

m V ydy

=

=

∫
∫

  (13) 

The distribution of twisting moments is: 

 0t tam m y a= < <   (14) 

Replacing distribution given in Eq. (14) after taking into account Eq. (13), the 

redundant unknown is: 

 
22

a

HT HTxs
t x s

ss

bm b N M
d

 
= − + 

 
  (15) 

According to Eq. (15) 
at

m  does not depend on the crack length. 

 

3.1.3. Shear force 

In the case of an anti-symmetric DCB specimen (Fig. 2a), hygrothermal twisting 

moment generates rotations of the same sense in both cracked arms. Then, the specimen 

remains horizontal at the load application, and consequently the non-cracked part and 

the crack front have a twisting rotation, as shown in Fig. 4. As a consequence, there are 

opposite in plane Ns forces in each cracked arm at the crack tip, related to mode III 

fracture.  
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Fig. 4  P force and its components at the crack tip 

Force and moment resultants for this case are: 

 { }
HT
x
HT
y

s

N
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N

 
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 
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The angle aθ  rotated by the laminate at the crack front can be obtained through [34]: 

 
2

HT
s

a aκθ =   (18) 

Where HT
sκ  is the twisting curvature of the laminate due to hygrothermal twisting 

moment. Assuming that the angle aθ  is very small, sin a aθ θ≈  and thus the distribution 

of the shear force per unit length can be expressed as: 

 

 0
2
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s

s
PN y y a

b
κ

= < <   (19) 
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sin aP θ  
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3.2. Energy Release Rate 

3.2.1. Symmetric laminate ( )4
45

s
 ±   

With the objective of obtaining an expression of the complementary energy as a 

function of the crack length, the expressions for bending moments and twisting 

moments obtained in Eqs. (9) and (15) are replaced in (7). 

It is worth noting that terms in Eq.(7) not affected by applied loads are integrated along 

all the length L , and do not depend on the crack length a . Therefore, the derivative of 

these terms with respect to a  is null. 

Taking into account all the above mentioned: 

 ( )
22

2
0 12

2 HT HTxs
x s

ss

xx
ss

P b N M
d

dG a a d
b

α α
 

+ 


+ −


= +   (20) 

Where factors 0α and 1α just depend on the dimensions 1 2,x x and 3x . 

Terms affected by xxd  in Eq. (20) can be considered the part of the energy release rate 

due to fracture mode I and the second term corresponds to fracture mode III. Therefore 

the contribution of modes I and III are: 

 ( )
2

2
0 12

xx
I

P dG a a
b

α α= + +   (21) 

 
2

2 H
II

T HTx
xI s

s
s

ss
s

b NG d M
d

 
− + 

 
=   (22) 

The physical meaning of the negative sign of IIIG is related to the fact that hygrothermal 

effects induce an initial mode III deformation without any load, as can be seen in Fig. 

2a. Therefore, when the load is applied, the total energy necessary for the crack advance 

is less, although the total amount is positive. 
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3.2.2. Anti-symmetric laminate ( )4

45
as

 ±   

A similar process to the one used in the previous section, leads to the expression for 

determining the energy release rate G  for anti-symmetric laminates. Replacing bending 

moments and forces obtained in (9) and (19) in Eq.(7): 

 ( )
2

2
0

2 2

12 2 4
xx ss

H HT
s

xs

T
s Pd P aG a a b

b b
aα α κ κ

=
 
 


+ + +


+   (23) 

As it has been explained for symmetric laminates, terms affected by xxd  are related to 

mode I while the other term corresponds to fracture mode III: 

 ( )
2

2
0 12

xx
I

d PG a a
b

α α= + +   (24) 

 
2 2

2 4
s

HT HT
s ss

III xs
aG b

b
P aκ κ

= +
 
 
 

  (25) 

It is worth noting, as can be seen by comparing Eq.(20) and (23), that the part of the 

energy release rate corresponding to fracture mode I is the same in both configurations 

studied, while the energy due to mode III differs, depending on the crack length in the 

case of an anti-symmetric laminates. As in the previous case, IIIG  is negative since in 

the sequence studied xsb  is negative and predominant over the other term. 

4. Experimental 

The material used in this study is T6T/F593, a thermosetting epoxy resin (F593) 

reinforced by Toray T300 continuous carbon fiber provided by Hexcel Composites. 

Elementary plies of unidirectional material with a 55% volume-content of fiber were 

used to manufacture angle-ply laminates by hot press molding. The mechanical and 

thermal characteristics of unidirectional prepregs are summarized in Table 1. 
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( )xE GPa   ( )yE GPa   ( )xyG GPa   xyν   1
1(º )Cα −   1

2 (º )Cα −  [35]  

124  8.4   4.7   0.3   94.5 10−− ⋅   55.2 10−⋅   

Table 1 Mechanical and thermal properties of the unidirectional ply 

Two kinds of sixteen-layered multidirectional laminates were produced with a Teflon 

film embedded at mid-thickness during the piling up process in order to make the initial 

crack.  

Five specimens of each sequence were cut with a diamond disc saw, being the nominal 

thickness and width of the specimens 3 mm and 15 mm, respectively. The edges of the 

laminate were discarded for the preparation of the specimens. Piano hinges were bonded 

to the specimens and tests were performed using a universal testing machine MTS–

Insight 10 with a load cell of 250 N as shown in Fig. 5. In order to avoid the influence 

of the resin rich area the specimens were precracked in mode II, by a 3-point bending 

test. After this process, the nominal crack length was 40mm approximately, which 

makes the specimens suitable for application of beam theory [2].  

Prior to DCB tests, the longitudinal flexural modulus was measured for every specimen 

by means of three-point bending tests at different spans, obtaining similar values for 

both configurations [36]. The resulting average value was 14.2 GPa .  



-17- 

 

Fig. 5  DCB test configuration. 

5. Results 

5.1. Load-displacement curves 

Load-displacement curves of both sequences studied are shown in the Fig.  6. As can be 

observed, the critical point corresponding to crack initiation is not easy to define. As a 

consequence, standards [1, 2] propose three points on the load-displacement curve to 

determine the crack onset value for unidirectional specimens, these are, the deviation 

from linearity point (NL), the 5% compliance increase (5% offset) and the one observed 

visually (VIS). In the case of multidirectional specimens, due to its lack of straight 

crack front, the latter is not meaningful. The NL point is sometimes ambiguous since 

nonlinear behavior may be due to other reasons such as local crack growth while the 5% 

offset point is a less scattered method than NL, but it produces higher values [37]. The 

non linear point has been used for calculations presented in this study.  
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Fig.  6. Load-displacement curves. 

5.2. Crack propagation  

As it was expected, a pronounced thumbnail shaped crack front is observed during 

delamination. This is the effect of the curvature in the y axis which provokes a 

maximum strain in the middle of the crack front [11]. 

Two different crack propagation modes have been observed during the tests. On the one 
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hand, every anti-symmetric specimen showed similar shape of crack propagation. Crack 

starts propagating through one of the adjacent plies, however, immediately after 

propagation starts, on one side of the specimen the crack crosses this adjacent ply and 

propagates through the next one (Fig. 7). This latter crack expands linearly taking up the 

complete crack front after an advance equal to the specimen´s width. Thereafter, since 

the specimen has two arms with different thickness, crack continues its advance a few 

millimeters before the described process starts again increasing the difference between 

the thicknesses of the arms. This manner of crack propagation has been described by 

Laksimi et al. [13]. 

 

(a) [ ]4
45º

s
±  

 

(b) ( )4
45º

as
 ±   

Fig. 7. Crack propagation surfaces. a) Symmetric specimen; b) Anti-Symmetric 

specimen. 

On the other hand, while three of the symmetric specimens showed the same behavior 

as the anti-symmetric ones, a different crack propagation process was observed in the 

others. In this case, the crack propagated in a zig-zag fashion. As can be observed in 

Fig. 7, the crack advanced simultaneously in the mid-layer and in the adjacent ply. A 

similar geometrical structure has been reported before for cross-ply specimens [38]. 

The behaviors described provoke an asymmetry between the specimen arms. 

Consequently, the specimen has a rotation similar to that in ADCB tests related to mode 

II, as it is shown in Fig.  8. That complex combination of modes could be analyzed by 
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modeling the problem with 3D Finite Element Method and the Virtual Crack Closure 

Technique (VCCT). 

In view of the above, the use of a visually measured crack length values beyond the end 

of the pre-crack are questionable. In the present paper, values of crack length used to 

calculate G have been obtained through the method presented in [29]. This method 

leads to calculate an effective crack length for every pair of load and displacement 

values based on the change of the compliance. Moreover, as hygrothermal effects are 

constant, the slope of the load-displacement curve does not change with respect to that 

reference and the same method can be used. 

 

Fig.  8 Rotation of the specimen due to the asymmetry of the cracked arms. 

 

5.3. Critical Energy Release Rate 

Taking into account the propagation behavior observed and according to other authors 

[6] only initiation values will be considered to calculate interlaminar properties. In order 

to compare the results obtained by means of the proposed model, G  will also be 

calculated through the modified beam theory (MBT) with crack length correction 

proposed by Williams [17] and by means of the “area” method. According to Shokrieh 

[39], the method developed by Williams leads to reliable results in angle-ply DCB 
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specimens. It has been used by several authors for calculating IG  in multidirectional 

laminates [13, 40, 41]. Unlike this method, other models habitually used to calculate 

IcG  such as the Corrected Beam Theory, the Berry´s Compliance Calibration Method 

and the Modified Compliance Calibration Method will not be considered in this paper 

because they require propagation values and as stated above these values are not 

reliable. 

Regarding the area method, it is worth noting that values obtained by this method can 

not readily be associated with any particular crack length, because it involves an 

average value between two increments of crack length [42]. Nevertheless, as the crack 

length has been determined for every pair of load-displacement values, a minimum 

crack growth of 1mm has been considered for calculations. Therefore, further 

propagation values are not considered and the average calculated values can be related 

to a determinate initial crack length.  

 

Fig.  9 Critical energy release rate for five symmetric specimens. 

 
Fig.  9 shows cG  obtained through the three methods described for five symmetric 

specimens. Results calculated through the MBT are, in general, slightly higher than the 

others. It may be due to the fact that this method does not take into account 

hygrothermal effects that, as has been calculated in section 3.1.2, lead to a negative 
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term. The value of this term, and so, the part of mode III energy release rate for the 

studied symmetric specimens is 28,7 /IIIG J m= − . 

 

Fig.  10  Critical energy release rate for five anti-symmetric specimens. 

In the case of anti-symmetric laminates, Fig.  10, results for different specimens also 

vary quite a lot. However, values obtained for each specimen through different methods 

are very similar. For this configuration, the negative term that includes hygrothermal 

effects (Section 3.1.3) results in 3 29, 2 10 /IIIG J m−= − ⋅ , that is negligible. Fig. 11 shows 

the average values for CG  calculated for both configurations studied. 

 

Fig.  11  Average critical Strain Energy Release Rate. a) Symmetric laminate. b) Anti-

symmetric laminate. 
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6. Summary and conclusions 

An analytical and experimental study regarding the critical energy release rate in 

symmetric and anti-symmetric DCB specimens has been presented. It is an extension of 

a previous model for unidirectional laminates. Laminates with anti-symmetric cracked 

arms have been analyzed.  

An expression for the energy release rate has been obtained for both cases, symmetric 

and anti-symmetric laminates including hygrothermal effects. In both cases, these 

effects lead to a negative contribution to the energy release rate associated with mode III 

fracture. 

Two crack propagation modes have been observed, leading both of them to an advance 

through different plies. The consequent asymmetry between the cracked arms provokes 

a rotation related to mode II. Therefore, only initial crack advance values have been 

taken into account that propagation values are not reliable. 

The consideration of the hygrothermal effects in the material studied results in a 

decrease of an approximate 3% of the energy release rate for symmetric laminates, 

while the effect on those anti-symmetric is below 1%.  
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