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Abstract

Direct identification of cohesive laws in modes I and II of wood bonded joints is addressed by the double cantilever beam (DCB)
and end-notched flexure (ENF) tests, respectively. Moreover, the development and extension of fracture process zone (FPZ) ahead
of the initial crack tip, is analysed by means of digital image correlation (DIC) and embedded fibre Bragg grating (FBG) sensors.
From FBG spectral response, the spectrum geometric mean is determined and the strain induced by wavelength variation
employed to identify the initial and final stages of the FPZ. These stages are used to consistently define the cohesive laws in both
modes I and II. Resistance-curves are determined from the compliance-based beam method (CBBM). Besides, the crack tip
opening displacements (CTOD) are determined by post-processing displacement field provided by DIC around the initial crack tip.
The strain energy release rate as a function of the CTOD are then determined for both mode I and mode II. The respective cohesive
laws are reconstructed by numerical approximation and differentiation. It is concluded that the proposed data reduction scheme is
effective to determine both the FPZ development phase and the corresponding cohesive laws of wood bonded joints in both mode I
and mode II.

© 2015 Sociedade Portuguesa de Materiais (SPM). Published by Elsevier Espaifia, S.L.U. All rights reserved.
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1. Introduction

Wood bonded joints have been playing an important
role in modern wooden constructions and
applications, namely by integrating innovative wood
products. However, requirements have been pointed
out for enhancing experimental characterisation and
modelling of the adhesive bond strength at the
adherent wood interfaces. In this framework, the
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fracture behaviour of wood adhesive joints is of
interest, namely by understanding the fundamental
constitutive behaviour of the fracture process zone
(FPZ) which grows and propagates ahead of crack tip.
The complex fracture mechanisms taking place in the
FPZ have been handed numerically by means of
cohesive zone models (CZM), using interface
cohesive finite elements [1]. In this constitutive
behaviour, cohesive stresses are related with relative
displacements of the adjacent cohesive surfaces [2]. In
spite of the utilization of CZM to model several
materials, the direct identification of the cohesive
laws rises several difficulties. Contrastingly with
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inverse method, in which the shape of a particular law
is assumed a priori and determined by some
optimisation by minimizing numerical and
experimental global structural response [3-5], direct
method do not rely on time consuming modelling
updating and are not limited to issues regarding
uniqueness of the minimisation solution [8-10].
Besides, the direct approach does not assume a priori
the shape of the cohesive law. They rely, however, on
the measurement of both crack tip opening
displacement (CTOD) and the strain energy release
rate (G) during the fracture test. The cohesive law is
then reconstructed by numerical approximation and
differentiation of G versus CTOD relationship, under
the development of the FPZ. This approach was
recently applied to wood and composites bonded
joints under both mode I [4,11] and mode II [12,13]
loading. Resistance-curves (R-curves) were
determined using the compliance-based beam method
(CBBM) [3], whilst the displacement fields ahead of
the crack tip were evaluated by means of digital image
correlation (DIC) [14-16].

In this work, the direct evaluation of the cohesive laws
of Pinus pinaster wood bonded joints under modes I
and II is analysed. The double cantilever beam (DCB)
test was used for mode I loading, whilst the end-
notched flexure (ENF) test was selected for mode II
loading. The proposed identification method is based
on measurements provided by both digital image
correlation (DIC) and fibre Bragg grating (FBG)
sensors. The analysis of the FBG, embedded in the
glue line, was employed to define the initial and final
stages of the formation and development of the
fracture process zone (FPZ). A data reduction scheme
based on the compliance-based beam method (CBBM)
was used for both DCB and ENF fracture tests. In this
method only the load-displacement curve needs to be
measured for the evaluation of the resistance-curve (R-
curve), since it is based on an equivalent elastic crack
length (a.). The CTOD was determined by post-
processing the displacement fields around the crack
tip. By combining these measurements, the cohesive
laws in both mode I and mode II of wood bonded
joints was directly evaluated.

1. Data reduction
2.1 DCB test

The strain energy release rate under mode I (Gy) is
determined from the tensile stress (1) and CTOD (wr)
according to the following relationship [17]

G, =] o,(%)dw, . )

Accordingly, the cohesive law in mode I can be
determined by

o, (w)=—-+ )

To solve Eq. (2) both Gy and wi must be determined
during a mode I opening fracture test. The DCB test
was selected as schematically shown in Fig. la. The
DCB specimen consists of two rectangular beams
glued together by an adhesive. To analyse fracture in
mode I, a horizontal crack surface of length ao is
initially introduced. The strain energy release rate (Gr)
can be determined by the Irwin-Kies equation as [18]

P* dC
< 2B da )
where P is the global applied load, B is the width of
the specimen, C is the compliance and a stands for
crack length during test. The CBBM is a data
reduction scheme that allows the calculation of dC/da,
avoiding the actual measurement of a during the test
[3]. In this method, C is given explicitly as a function
of a by the following relationship [3]

8a’ 12a

= + 4)
BW'E,  5BhG,,

where Ep and Gir represent the elastic longitudinal
and shear moduli, respectively, which can be
determined independently from either homogeneous
[19,20] or heterogeneous [21,22] tests.

In order to cope with the natural material variability,
the presence of adhesive, and the stress concentration
in the vicinity of the crack tip, Eq. (4) can be firstly
solved to an equivalent elastic modulus (Er) by using
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the initial crack length (ao) and specimen compliance
(Co) in Eq. (4)

5 _8la,+na) (o 12(a, +hA) K 6)
" BI * 5BhG,

where A4 is a crack length correction that accounts for
root rotation elastic effects. This parameter can be
obtained numerically [23].

During the crack formation and propagation, Eq. (4) is
employed to determine an equivalent elastic crack
length (a.) from the current specimen compliance (C).
The R-curve in mode I is therefore obtained by
combining Egs. (3-5)

6P (22> 1
G = | o p—— ©6)
Bh\El 56,

In order to apply Eq. (2) the measurement of the
CTOD is mandatory. A solution is provided by post-
processing DIC displacements according to the
following relationship [16,24]

w, =[w; —wi| (7

where wi” and wr are the components of the
displacement in the direction perpendicular to the
crack propagation, associated to the upper and the
lower cracked surface. In practice, a subset is first
selected at the initial crack tip, and a pair of points
nearby are used for measuring the CTOD during the
fracture test.
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Fig. 1. Schematic representation of the (a) DCB test; (b) ENF test.

2.2 ENF test

The strain energy release rate under mode II (Gn) is
obtained from the shear stresses (o) and CTOD (wr)
as

G, = [ o (w,)dv, )

Inversely, the cohesive law in mode II is determined
by differentiation of Eq. (8) yielding

oG,
oy (WII) = WH 9

i

In practice, the solution of Eq. (9) requires the
evolution of Gy with regard to wy during a mode II
fracture tests. The ENF test was proposed in this
work, as schematically shown in Fig. 1b. A pre-
cracked surface of initial crack length (ao) of 0.7L
[25] is assumed in the specimen to allow self-similar
crack propagation during a certain extent.

Classical data reduction schemes typically require the
measuring of the crack length (a) during the fracture
test together with load and displacement. In order to
overcome these drawbacks, the CBBM was used.
Assuming beam theory with shear effects, the
specimen compliance during crack propagation can be
written as [26]

3a, +2L 3L
C= + (10)
12E.1 5G A

with
a, =a+Aa,, (11)

where Aarpz is the crack length correction accounting
for the FPZ effect, Gir is the shear modulus and
A=2hB and I=8Bh*/12 are, respectively, the cross-
section area and the second moment of area (Fig. 1b).
It is noticed, that Eq. (10) can be used for estimating
the flexural modulus (Ef) of each specimen,
considering the initial crack length (ao) and initial
compliance (Co). Therefore, during crack propagation
the equivalent crack length can be obtained from

5
(& 2 C
(leq =a-+ AaFPZ = |:—CCO" a; + g(—cco" — IJL3:| (12)
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Considering the Irwin-Kies Eq. (3). The strain energy
release rate Gy can then be obtained as

2/3
P’ 2
e L P = P
16B°E,l*| C, ° 3|C
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The wy parameter must be measured experimentally
by a suitable method. In this work, wi was determined
by post-processing DIC measurements according to
the following relationship [13]

wy =[wi —wi (15)

here wy™ and wi are the components of the
displacement in the direction of the crack propagation
associated to the upper and the lower cracked surface.

2. Experimental work
3.1 Material and testing

The wood material used in this work was taken from a
single Pinus pinaster tree. Logs were conditioned to a
moisture content of about 12%. Matched beams were
then cut from mature wood to mitigate material
variability.

DCB wood-bonded joints specimens were then
prepared with nominal dimensions of 24 =20 mm, B=
20 mm, = 0.1 mm, L = 500 mm and an initial crack
length of ap = 100 mm (Fig. 1a). ENF wood-bonded
joints specimen test were prepared with 2L = 460 mm,
ap =162 mm, h = 15 mm, B = 20 mm, ¢ = 0.2 mm.
The wood surfaces were firstly cleaned and polished
using sandpaper to enhance adhesion with the epoxy
adhesive (Araldite® 2015). The pre-crack surface
within the adhesive was introduced by means of a thin
Teflon® film (thickness of 25 um).

The fracture tests were carried out in a screw-driven
Instron® 1125 testing machine at crosshead
displacement rate of 5 mm/min. The applied load was
measured by means of a 100 kN load cell. The load
(P) and the crosshead displacement of the testing
machine (J) were recorded during the test by means of
a National Instruments® USB-6210 daq card
controlled using Labview®, with a sampling rate of 10

Hz, connected to the analogue outputs of the testing
machine. The fracture tests were coupled with DIC in
order to determine the displacement fields at the crack
tip as described in the following.

3.2 Digital image correlation

DIC is a full-field measurement technique in which
displacements of a target speckled pattern are
determined by correlating images at different
mechanical configurations [27]. A speckle pattern was
painted over a region of interest, around and ahead of
the initial crack tip, by means of an airbrush to
achieve suitable grain size, contrast and isotropy at the
scale of observation. The ARAMIS® DIC-2D system
was used in this work [28,29]. The optical system
components and DIC measuring parameters are
summarised in Table 1. A charged coupled digital
(CCD) camera coupled with a telecentric lens was
used for image grabbing. According to the typical size
of the painted speckle pattern, a subset size of 15x15
pixels? was chosen yielding a spatial resolution of
0.27x0.27 mm?. The accuracy in displacement of the
order of 1-2x102 pixel (0.18-0.36 £ m) was achieved
[29,30]. A pair of points were selected for CTOD
evaluation at the initial crack tip, with an initial
vertical distance of about 0.5 mm.

3.3 Fibre Bragg grating sensors

Fibre Bragg grating sensors (FBGs) have been used as
a strain sensor in many engineering applications. One
intrinsic advantage is related to the sensor dimension
due to the fibre diameter (125 um for a standard
SMF28 fibre). For the purpose of this study, FBGs
with a length of 6 mm were produced by the phase
mask technique using a KrF excimer laser emitting 24
ns pulses with wavelength of 248 nm.

Table 1. Components of the optical system and digital image
correlation measuring parameters

CCD camera

Model 8 bits Baumer Optronic FWX20
(1624x1236 pixels?)

Acquisition frequency 1 Hz

Lens

Model Opto Engineering Telecentric

lens TC 23 36

29.3x22.1 mm?

103.5+£3 mm

0.018 mm/pixel

Raylux 25 white-light LED

Field Of View (1/1.8")
Working Distance
Conversion factor
Lighting

DIC measurements
Subset size

Subset step
Resolution

15x15 pixel® (0.270%x0.270 mm?)
13x13 pixel® (0.234x0.234 mm?)
1-2 x107 pixel (0.18-0.36 um)
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These sensors were manufactured by Fibersensing®,
with the Bragg peak at 1550 nm and a peak
reflectivity higher than 90%. The fibre with FBG was
embedded in the glue line, during the specimen
manufacture, ensuring that the sensor was positioned
at the centre of initial crack tip and oriented along the
longitudinal direction of specimen (Fig. 1). The
correct alignment of optical fibre was assured using
dead weights attached to its extremities, while
pressing the two arms of DCB specimen during the
adhesive cure. The fibre was connected to a spectral
analyser Fibersensing® Bragmeter FS2200SA that
retrieved reflection spectra with a frequency of 0.5
Hz. This system makes the FBG interrogation in the
1500-1600 nm range and can record simultaneously
the reflection and transmission spectra. The spectral
analyzer and the daq card were controlled by the same
computer and all the data acquired by these two
systems were temporally synchronised.

3. Results and discussion

Fig. 2 shows typical load-displacement curves for both
DCB and ENF tests. As it can be observed, both
curves have a linear behaviour followed by a non-
linear path until maximum load is reached. The non-
linear behaviour is induced by the formation of a FPZ
ahead of the initial crack tip [31]. Crack propagation is
assumed to occur during the monotonically loading
decrease.

Fig. 3 represents the CTOD as a function of the
applied displacement (9) for both DCD and ENF tests.
Typically, the CTOD-8 curve show three distinct
regions, defined by a clear change in its slope, in
accordance with the macroscopic behaviour of the P-o
curve. In a first stage, the CTOD increases at a
constant rate, corresponding to the initial elastic
response. A second region is defined by an increased
rate which is associated to the development of FPZ. In
the last region the curve changes again of slope,
typically  associated with  steady-state  crack
propagation.

The nature and sequence of damage events described
above, inferred from the experimental P-6 and
CTOD-dcurves, was also examined using the
reflected spectral response of the FBG sensor
embedded in the glue line at the initial crack tip. The
reflection spectra are difficult to interpret due to peak
splitting and the appearance of multiple reflection
peaks of equivalent height [32]. Several methods have
been proposed to reconstruct the multi-axial strain
field applied to the FBG. However, these techniques
are, in general, very time consuming and provide

limited information of the specimen overall
mechanical behaviour [33]. To determine the spectral
shift the standard methods try to identify one
maximum reflection peak per FBG and follow the
position of this peak in time [34]. However, if the
reflected spectrum is becoming highly deformed with
multiple peaks splitting, each FBG will yield multiple
peaks with equivalent heights resulting in inconsistent
values for the spectrum wavelength shift evolution. It
was also observed that the overall FBG spectral
reflection response always moves toward higher
wavelengths with the increase of applied deformation,
even if it was not possible to identify a predominant
reflection peak that can be followed and used to
quantify this overall wavelength shift. This problem
was tackled by the use of an alternative method to
quantify the FBG spectral wavelength shift using the
spectral wavelength geometric mean (Agm) that can be
determined for all the measured spectra. The
evolution of this wavelength geometric mean can be
followed in time and then related with the other
macroscopic quantities measured simultaneously
during the DCB test.

In this method, each spectrum is divided in »: optical
power levels, between 10% and 95% of maximum
FBG reflected power (pmax). The geometric mean of
each power level (pi) is determined by

e =T, 4, . (16)

using the n wavelengths (4) that satisfy the inequality
p = pi. The number of terms satisfying this condition
will vary among power levels and, as a consequence,
the root order will also vary accordingly. The final
wavelength representing each spectrum is then
determined by calculating the geometric mean of the
wavelengths representing the m power levels by

A’GM = H:il /?'e;vg . (17)

By using this method the power distribution is taken
into account because wavelengths with higher power
levels will contribute more to the final mean value
than wavelengths with lower power levels. The mean
wavelength shift (44gm) is related to the mean local
strain at the crack tip (&) by the following equation
[35]
1 A4,

e=—1

l_pe /IGMO
where p. = 0.22 is the photo-elastic coefficient for
standard Ge-doped optical fibres and Agmo is the
initial (before the fracture test) value of Agm.

(18)
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The variation of the mean local strain (&) with regard
to the applied displacement () is shown in Figs. 2
and 3, together with the P-¢ curve and the CTOD-6
curve, respectively. A noticeable rise in the local
strain rate is observed, in close agreement with the
increase of CTOD growth rate (Fig. 3), after the end
of the initial elastic segment of P-J curve (Fig. 2).
That change of local strain rate is understood as an
indicator of the onset of FPZ development. Hence, the
following criterion for the initiation of FPZ can be
stated from the & -Jcurve: it is the displacement
o obtained from the intersection of two straight lines
adjusted to the ¢ -ddata points, before and after the
main slope augmentation of ¢ -d curve. This criterion
is translated to a point (square point) in the P-6 curve
(Fig. 2) and in the CTOD-§ curve (Fig. 3), showing
its consistency.
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Fig. 2. Load and mean strain curves as a function of the applied
displacement: (a) mode I (DCB test); (b) mode II (ENF test).

As it can be seen in Fig. 3, in the neighbourhood of
the maximum load applied to the specimen (for this
specimen, the square point slightly after the maximum
load) the £ -0 curve attains a maximum value, which
is followed by a negative slope. This negative slope
represents a strain relaxation which could be
attributed to the start of crack advance and to the end
of FPZ growth.
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Fig. 3. Crack tip opening displacement and mean strain curves as a
function of the applied displacement: (a) mode I (DCB test); (b)
mode II (ENF test).

The displacement &, matching the maximum & value
(or the first sign change of ¢ -J slope) can be
employed as a criterion to define the full development
of FPZ. The CTOD value associated to o is
represented by a square point in Fig. 4. As it can be
seen, this point is the boundary between the second
and third regions of CTOD-¢& curve discussed above.
The wavelength peak (or Bragg wavelength) is a very
sensitive parameter and its value can be measured
accurately when the applied strain is uniform along
the grating. However, during the fracture test the
spectral response becomes very complex due to the
presence of non-uniform axial strains, displaying
split-peak or multiple-peaks, with no simple means of
interpretation. Moreover, the shape of FBG reflection
spectrum changes considerably during the fracture
test, according to the local damage events. Despite the
complex form and evolution of FBG reflection
spectrum throughout the fracture test, the geometric
mean wavelength Agm (or the related local mean
strain, obtained through Eq. 18) proves to be an
effective way to determine the limits, in terms of the
independent testing variable (i.e. the applied
displacement), of FPZ development [36].
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of the applied displacement: (a) mode 1 (DCB test); (b) mode II
(ENF test).

It is important to note that the FBG sensor length does
not influence the detection of the onset of FPZ
growth. In both fracture tests (DCB and ENF tests)
the change in slope of €-6 curve is a reliable indicator
of this event. However the FBG sensor length
influences the behaviour of the -8 curve in the
neighbourhood of maximum load applied, as can be
concluded from the results of Figure 4. For DCB
specimens the length of FPZ (about 3mm, as
estimated from the change in a. between the square
marks on Figure 4a) is lesser than the length of FBG
sensor (6mm) and a smooth transition of &-8 curve
was registered around the maximum value of €. For
the ENF specimens the estimated length of FPZ
(about 40mm, Figure 4b) is greater than the FBG
sensor length and a sharp change of the mean local
strain (¢) at the start of crack advance was registered
(Figure 4b). Notwithstanding the relation between the
FBG sensor size and the FPZ size, the maximum &
value (or the first sign change of &-0 slope) is a
consistent criterion to define the end of FPZ
development phase. Therefore, the identification of
mode I and mode II cohesive laws can be performed
using the P, § and CTOD experimental values within
the limits identified from the geometric mean value of
the wavelength shift of FBG reflected spectral
response.

a) 0.5 T T T 29415

o4f ,//"P_’J_‘v*\ 23532

1765.0 _

L

G, N/mm
€, pm/n

S
)

1176.8

0.1 588.6

104 106 108 110 112 114
a_.mm
€q

b) 161 T = g T 8000.0

6400.0

4800.0

J
v N/mm
€, um/m

G

3200.0

11600.0

: s .0
150 200 250 300 0

a_.mm
eq

Fig. 5. Resistance and mean strain curves as a function of the
equivalent crack length: (a) mode I (DCB test); (b) mode II (ENF
test).

The first step in applying the CBBM is the evaluation
of the equivalent elastic crack length (a.) from the P-6
curve. Fig. 4 shows the variation of a., with the
applied displacement, together with the & -& curve,
for both DCB and ENF tests. The first significant
value of a. occurs at the onset of FPZ and is equal to
the initial crack length (ap). In the early stages of
linear elastic response of specimens the calculated
values of a, are noisily and its evolution with the
applied displacement is meaningless. After the onset
of FPZ, a. advances at a growing rate, until a constant
propagation rate is achieved. It is remarkably noted
that the transient region of equivalent crack
propagation (i.e., the region where da./df is growing)
matches with the FPZ growth identified in the ¢ -6
curve. This behaviour was systematically observed
among the tested specimens. The second step of the
data reduction is the evaluation of the R-curve. The
obtained results can be seen in Fig. 5, where the Agm
versus a. relationship is also superimposed. An initial
(Gri) and critical (Gr) strain energy release rates in
mode I were evaluated from the R—curves afterwards.
Gii is assumed to be the value of strain energy release
rate at & whereas Gic is assumed to be the strain
energy release rate at o, just before steady-state crack

33



34

J. Xavier et al. / Ciéncia & Tecnologia dos Materiais 27 (2015) 27-35

propagation. It is worth noticing that the & -a. curve
exhibits the same trend of the R-curve, in the pre-FPZ
development region and in the post-FPZ development
region.

Fig. 6(left) shows the evolution of the strain energy
release rate with regard to the CTOD on both mode I
and mode II, obtained by combining CBBM and DIC
measurements. This type of curve is the basic
information required for the direct identification of the

data points in the reconstructing process of the
cohesive law [36], as shown in Fig. 6. This procedure
allows filtering the experimental data before
analytical differentiation, thus circumventing the
noise amplification characteristic of numerical
differentiation. Only the data points within the limits
of FPZ development were taken into account in the
regression analysis. The cohesive laws were then
determined by analytical differentiation of the logistic

cohesive laws (Fig. 6(right)). A continuous function approximation function, as shown in Fig. 6.
(the logistic function) was used to approximate the
. 5.
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Fig. 6. Strain energy release rate as a function of CTOD and cohesive law identification: (a) mode I (DCB test); (b) mode II (ENF test).

4. Conclusions

In this work the direct characterisation of the cohesive
law in both mode I and mode II of P. pinaster wood
bonded joints is addressed. The DCB and ENF
fracture tests were selected for mode I and mode II
loading, respectively. Both type of specimens were
instrumented using digital image correlation (DIC)
and fibre Bragg grating (FBG) sensors embedded in
the glue line. The CBBM was consistently used for
determining the strain energy release rate in mode I
(Gr) and mode II (Gr) from the global response of the
material measured in terms of the P-J curves. DIC
measurement allowed the determination of the crack

tip opening displacement in mode I (wi) and mode II
(wn) with suitable balance between spatial resolution
and resolution. The cohesive laws in mode I (oi-wr)
and mode II (ow-wn) were determined following a
numerical reconstruction and differentiation algorithm
based on the Grw; and Gp-wy relationships,
respectively. The geometric mean value of the
wavelength shift of FBG reflected spectral response
was used to detect the development of fracture
process zone (FPZ). The actual extension of this
region is very difficult to assess experimentally.
However, a post-processing analysis of the FBG
reflected spectral response allowed a consistent length
extension evaluation of the formation of the FPZ.
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