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� DCB wood specimens with variable inertia were tested in opening mode configuration.
� Good ability of AE combined with statistical tools to monitor the crack tip growth.
� Good correlation between AE results and numerical predictions (fracture properties).
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In this study, crack length evolutions evaluated from both experimental analysis (cluster analysis of
acoustic emission activity) and numerical modelling are compared. The highlight of the work presented
herein is to show the good ability of acoustic emission technique (AET) combined with statistical tools to
monitor the crack tip growth within wood material. At the current state of this work, findings put in evi-
dence a good correlation between AE results and numerical predictions. Results also show a good corre-
lation between energy release rate values evaluated from both compliance method and numerical
modelling through integral invariant method and equivalent crack length approach.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Nowadays, environment effects, and in particular the reduction
of greenhouse effect, are one of the most important issues that are
of great concern to the research community. As per the Kyoto pro-
tocol and the COP 21 meeting, the use of wood in civil engineering
structures reminds one solution for the regulation of these effects
by minimizing both CO2 emission and the use of grey energy. Since
the wood mechanical behaviour is quite complex due to its aniso-
tropic behaviour, the coalescence of various defects (under creep
deformations, moisture content effects, swelling and shrinkage
impacts) during its service life, the increasing use of wood as struc-
tural material in civil engineering is a major challenge, and needs
to increase scientific efforts in understanding the behaviour of tim-
ber structures. Another risk that may slow down the development
of wood solutions is the presence of micro-cracks due to the wood
nature, the industrial drying process [1], etc. Nowadays, engineers
continue to look for predictive solutions both to ensure perennial-
ity of timber structures in terms of crack propagation [2] under
long-term and creep loadings [3], fatigue [4], and to improve engi-
neering design of structures. In addition, wood is a hygroscopic
material whose mechanical behaviour is very sensitive to climatic
changes such as temperature [5] and moisture content variations
[6,7]. For instance, drying process accelerates the crack growth,
whereas humidification process leads to a delay in crack propaga-
tion [8].

In order to bring some responses to these scientific problems,
the JCJC 2013 CLIMBOIS research project (funded by the French
National Research Agency) [9] is dealing with the effects of climatic
and mechanical variations on the durability of timber structures.
Material cracking is one of the most important factors involved
in the collapse of structures. However, if the crack initiation is
detected earlier, and the monitoring of the crack propagation
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within the materials is under control, the structural integrity of
buildings can be easily evaluated [10] by sending alerts. This struc-
tural health monitoring combined with numerical methods, aims
at improving the preventive maintenance program. In structural
health monitoring, the main challenge is to accurately detect and
locate the crack growth that governs the structure damage.

Several authors have tried to investigate the crack tip evolution
in timber structures by using acoustic emission technique (AET)
coupled with fracture mechanics concepts. Some of these authors
[11–13] have applied AET to study the drying process effects on
fracture process of wood materials. Jakiela et al. [14] used the same
process to investigate the impact of climatic changes on wood
material behaviour. In addition, AET was coupled with microscopic
observations of fracture surfaces to investigate the shearing frac-
ture behaviour of ageing wood [15]. The use of AET to investigate
fracture properties of softwood and hardwood materials under
opening mode loading has been previously proposed by Reiterer
et al. [16]. Recently, Lamy et al. [17] successfully used AET for frac-
ture analysis in wood material under opening mode loading using
a Double Cantilever Beam specimen. However, the research works
listed above are restricted to a fracture investigation of wood
material based on experimental analysis or numerical simulation.

As part of this research project devoted both to an identification
of failure mechanisms in wood material and an evaluation of the
crack tip length evolution during tests, laboratory tests have been
carried out under constant environmental conditions to investigate
the crack tip growth within wooden specimens that were sub-
jected to opening mode loading [18]. The acoustic emission (AE)
activity within wood material has been recorded, and an unsuper-
vised classification of these AE data was applied both to identify
the different failure mechanisms, and to allow the acoustic signa-
ture of the crack tip growth to be identified. Evolution of the crack
tip length as the function of imposed displacement is based on the
ability to monitor the acoustic events that are associated with the
crack tip growth. The unsupervised classification method is pre-
sented more in details in [19,18].

Fracture properties through these characterization static tests
are evaluated in terms of stiffness and R-curves. In this work, the
crack tip length evolutions are first evaluated from both experi-
Fig. 1. Material, DCB specimen, and experimental setup: (a) AE Equipment – (b) DCB sp
during test – (e) DCB specimen (White fir) with AE sensors.
mental analysis (cluster analysis of AE activity) and numerical
modelling (stiffness evolution, integral invariant method) before
being compared. The results show that the crack tip length evolu-
tions are close. The originality of the work presented herein is to
show the good ability of AET combined with statistical tools to
monitor the crack tip growth within the wood, which is an aniso-
tropic and heterogeneous material. Results also show a very good
correlation between energy release rate values that were evaluated
from both the experimental campaign (compliance method
applied on AE results) and the numerical modelling in terms of
R-curve obtained by non-dependent integral techniques.

2. Laboratory experimental setting

This section is devoted to a description of the laboratory tests
that were conducted to investigate the effectiveness of using the
AET to monitor the crack tip propagation within wood material.
The experimental conditions (wood species, specimens, mechani-
cal loading conditions) are described. Both the AE equipment spec-
ifications and the sample preparation are presented. Fig. 1 provides
a general overview of the experimental set-up.

2.1. Modified DCB geometry, wood materials, and testing conditions

In this study, two species commonly used in Europe (Douglas
and White Fir) were tested to identify their failure mechanisms
under mechanical loadings and constant moisture content (around
9%).

The wood sample geometry (Fig. 2) is a Double Cantilever Beam
(DCB) with variable inertia designed to provide the stability of the
energy release rate during the crack growth process under opening
mode solicitation [20,6]. For each species, three samples have been
machined in a Radial-Longitudinal plane. A pre-crack of 50 mm in
length (Fig. 2) was performed along the grain direction with a band
saw (3 mm thick). The symmetry of both geometry and loading
allows assuming a mode I crack opening configuration according
to a particular choice of grain alignment with the crack. Fig. 2
details the dimensions of the modified DCB specimen, as well as
the growth rings: early wood and late wood. Early wood is also
ecimen (Douglas fir) with AE sensors – (c) Testing machine – (d) Crack propagation



Late wood

50 mm

AE sensors
early wood

Fig. 2. Geometry of the modified DCB wood specimen and AE sensors positions.
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called spring wood, and is formed during spring season. Late wood
is also called summer wood.

An electromechanical MTS� press (Fig. 1-c) was used to apply
the loading. The testing machine is equipped with a ±500 N load
cell and a displacement sensor. Two linking parts made of alu-
minium were manufactured (Fig. 1-b), and allow connecting the
specimen both to the jack and the cell force of the testing machine.
The tests were performed at a constant crosshead speed of 0.5 mm/
min. This displacement control allows forcing stable crack growth
during the fracture test. During the test, both resulting force and
imposed displacement values were recorded with a data acquisi-
tion system.

2.2. Instantaneous behaviour of wood materials

The experimental curves obtained after performing the tests are
given in Fig. 3. The curves are labelled in such a way that the num-
ber of the specimen is preceded by the wood species (D for Douglas
fir, and W for White fir). As it can be concluded when examining
the experimental results, the wood species strongly affects the
mechanical behaviour of the specimens. The mean value of the
crack opening displacement before failure was about 4 mm for
Douglas fir specimens, and 3 mm White fir specimens.

2.3. Monitoring the acoustic emission activity within the material

Under mechanical loading, the wood cracks generate transient
elastic waves. The latter are referred to as AE waveforms. A four-
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Fig. 3. Mechanical behaviour of wood spec
channel AE system designed by MISTRAS Group (Fig. 1-a) was used
to record the AE waveforms that were generated during the labo-
ratory tests. Since the crack path within the material is expected
to follow the grain direction, two AE channels were enough to both
record and perform a linear localization of the AE sources (referred
to as AE events). Thus, two lightweight miniature piezoelectric
sensors (Fig. 1-d and Fig. 1-e), with an optimum operating fre-
quency range of 200–750 kHz, were connected to two preampli-
fiers (IL40S model, gain set at 40 dB). These preamplifiers were
connected to the data acquisition card of the AE system. The AE
sensors are coupled to the specimen with a double-face adhesive
tape. This latter ensures a good acoustic coupling between the
specimen and the sensors, and avoid the use of clamps to hold
the sensors positions all along the fracture test.

The acoustic signal acquisition threshold was set at 35 dB,
which is slightly above the noise background amplitude. The AE
waveforms were sampled at a rate of 40 MHz. Based on the litera-
ture review, which focussed on wave velocities within wood mate-
rial, researchers reported that the anisotropic media of the wood
material strongly affects the acoustic wave propagation velocity.
Indeed, along the grain (longitudinal) direction, the measured
wave velocity varies between 4000 and 6000 m/s (depending on
the species), whereas along the radial direction, the measured
wave velocity varies between 1500 and 2500 m/s [21,22]. In this
study, the pencil lead breaking test was used to evaluate the AE
wave propagation velocities within the wood material. The wave
propagation velocity of 4000 m/s was used in the linear localiza-
tion algorithm of the AE sources.
(b)
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Fig. 4. Monitoring the crack tip growth within the Douglas fir material (Specimen #D009): (a) AE sources localization between the two sensors – (b) Average position of
Cluster#2 AE sources – (c) Correlation law between AE real positions and AE linear localizations – (d) Crack tip growth evolution during opening mode loading.
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2.4. Fracture mechanics investigation

The first part of this section is devoted to a description of the
deeper analysis of AE data with the aim of evaluating mode I frac-
ture properties of wood material. The compliance method is
applied to compute the energy release rate during the fracture test.
The second part of this section describes the numerical modelling
of the modified DCB sample with the aim of evaluating both equiv-
alent crack length and energy release rate during the fracture test.
Sample stiffness evolution is the input data of the numerical mod-
elling. The third part of this section shows the comparison of
results from both the experimental investigation and the numeri-
cal modelling. Evolutions of both crack length and energy release
rate are compared.

2.5. Based on the cluster analysis of AE activity

Before performing fracture mechanics analysis, a crucial step is
to investigate the evolution of the crack tip length as a function of
mechanical loading. This crack tip growth was investigated by per-
forming a cluster analysis of AE events. Thus, an unsupervised clas-
sification method is used to both evaluate the number of failure
mechanisms and allow the acoustic crack tip signature to be iden-
tified. Additional information on the cluster analysis that has been
performed is available in [18].

Fig. 4 provides a general overview of the different steps for
monitoring the crack tip position along the fracture path of a
Douglas fir specimen.

The 1-D localization (between the two sensors, Fig. 2) of AE
events of the three clusters is recalled hereafter (Fig. 4-a). Since
the AE events of Cluster#2 (restricted to events with a peak-
frequency lower than 100 kHz and an amplitude level greater than
50 dB) were associated with the crack tip growth [18], the linear
localization of these AE events during the mode I test (Fig. 4-b)
was used to plot the evolution of crack tip average position
(between the AE sensors). As shown in Fig. 2 the DCB specimen
shape induces an offset between the known positions of the AE
sources, which were generated along the fracture surface, and
those estimated by the linear localization algorithm of the AE sys-
tem. Hence, the results of pencil lead breaking protocol were used
to provide correlation laws that link the known positions to the
corresponding AE source linear localization (Fig. 4-c). This correla-
tion law allows plotting the evolution of the crack tip position
along the fracture path (Fig. 4-d) during the mechanical test.

Fig. 5 provides a general overview of the different steps for
monitoring the crack tip position along the fracture path of aWhite
fir specimen. These steps are similar to those described above.

As shown in Figs. 4-d and 5-d the crack tip growth within the
material during the opening mode loading is fitted with a linear
law. Results from the other four specimens show the same trend.

The linear elastic fracture mechanics principles are used to
compute the fracture toughness (GC) or critical strain energy
release rate of the wood material under mode I loading. The term
rate refers to the change in potential energy with crack area. GC

value is evaluated using the following formula under imposed
displacement:

GC ¼ F2

2b
� dC
da

ð1Þ

where F is the applied force, b is the specimen width, and dC=da
denotes the rate of change in the system compliance with respect
to the crack length a. The assessment of GC using Eq. (1) depends



Fig. 5. Monitoring the crack tip propagation within the White fir material (specimen #W008): (a) AE sources localization between the two sensors – (b) Average position of
Cluster#2 AE sources – (c) Correlation law between AE real positions and AE linear localizations – (d) Crack tip growth evolution during opening mode loading.
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on the proper measurement of dC=da. As shown in Fig. 2, the spec-
imen width b equals 20 mm, and the initial crack length a0 equals
30 mm. Hence, for the calculation of dC=da, the crack length a
equals a0 plus the crack tip position (Fig. 4-d for specimen
#D009), and the displacement and force values at the moment of
crack tip growth were needed to compute the system compliance C.

It can be seen from Fig. 6-a and -b (Douglas and White fir spec-
imens, respectively) that the evolution of C with respect to the
crack length a produces a linear trend. The results also show that
the values of dC=daare of the same order (between 1.7E�4 and
2.3E�4 N�1) except for the specimen #W008.

For each of six specimens, the evolution of fracture toughness
with respect to the crack length is plotted (Fig. 6-c and -d). In gen-
eral, the GC values of Douglas fir specimens are higher than those of
White fir specimens. In Fig. 6-c, the results show that the GC values
of all three Douglas fir specimens are of the same order, whereas
Fig. 6-d show that GC value of the specimen #W012 is much higher
than the one of the two other White fir specimens. These findings
are consistent with the mechanical behaviours of specimens
shown in Fig. 3. As it can be seen, all three Douglas fir specimens
failed quite at the same imposed displacement (Fig. 3-a) whereas
#W012 failed much later than the two other White fir specimens.

2.6. Based on energetic approach and R-curves

The force-displacement curves (Fig. 3) allow the characteriza-

tion of the wooden specimens in terms of stiffness evolution ~k dur-
ing the fracture test according to the following expression:

~k ¼ F
d

ð2Þ
~k is characterized by its initial value k0 and its evolution induced by
local damage such as the fracture process zone development and
the crack growth process. Fig. 7 shows stiffness evolutions during
the fracture test.

Each sample stiffness curve (Fig. 7) is used for the determina-
tion of the equivalent crack length corresponding to the accumula-
tion of damage concentrated in the process zone, the crack tip
advance and the crack bridging. This equivalent crack length is cal-
culated by performing a finite element analysis in the elastic
domain based on the mesh visualized in Fig. 8. According to a hor-
izontal symmetry, only the half-DCB specimen is modelled. About
boundary conditions, a radial locking around mechanical fixations
allows taking into account a radial contact without friction.
Because the mechanical loading is an imposed displacement, we
impose a unitary displacement to the symmetric axe. The calculus
of the reaction forces on this line allows the definition of the equiv-
alent loading force.

First of all, the elastic properties are fitted in order to find the
initial experimental stiffness k0. In a next step the equivalent crack

length is calculated in the target to find ~k versus displacement
according to the Fig. 7. In a last step, for each displacement step,
the energy release rate is calculated using the G-theta method
implemented in the finite element software Castem [6], and
defined by the expression (3) for a plane configuration:

G ¼ Gh ¼
ZZ

Crown
ð�We � hk;k þ rij � ui;k � hk;jÞdC ð3Þ

As shown in Fig. 9, the integration domain is a crown surround-
ing the crack tip. Its boundaries are virtually defined by a derivable

vector field ~h. For a pre-crack oriented in the direction x1 the
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Fig. 6. Wood fracture analysis in terms of compliance functions and fracture toughness: Douglas fir specimens (a, c) – White fir specimens (b, d).
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boundary conditions for the~h field are given in Fig. 9. Because the
G-theta method is implemented in a finite element method, this
field is defined by using a thermal gradient analogy.

This calculus allows drawing the R-curve usually defined in the
quasi-brittle fracture approaches [23,24]. Fig. 10 presents R-curves
for Douglas and White Fir samples.

2.7. Comparison of fracture properties and discussions

In this section, the crack length evolution as well as the energy
release rate evolution from both the experimental investigation
and the numerical modelling are compared and interpreted.
Let’s first compare (Figs. 11 and 12) the crack length evolutions
with respect to the imposed displacement (Douglas fir and White
fir specimens, respectively). The graphs show that the crack length
evolutions from both experimental investigation (AE monitoring)
and numerical modelling are of the same order. In addition, a very
good fit is observed for two specimens: D009 and W012. As it can
be seen in Fig. 6-c and d, these two specimens exhibit the highest
energy release rate values. The results from comparison of both
methods (Figs. 11 and 12) seem to highlight the numerical mod-
elling results sensitivity to the fracture resistance of the specimen
(Figs. 11-a and 12-a). In fact, for a given value of imposed displace-
ment, the Douglas fir specimen #D009 exhibits a crack length
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smaller than the one of specimen #D013. The same observation
can be made between the White fir specimens #W012, and
#W009.

In the second part of this section, let’s compare (Figs. 13 and 14)
the fracture toughness evolutions with respect to the imposed dis-
placement. The results from both methods (experimental investi-
gation and numerical modelling) show that the best correlations
are obtained for the specimens D009, W009, and W012. As pointed
out previously, D009 and W012 exhibit the highest energy release
rate values (Fig. 6). However, if AE monitoring results are in good
agreement with those from numerical simulations, the R-curve’s
form confirms that wood material is characterized by a quasi-
brittle fracture behaviour as already illustrated by Morel et al.
[23,24]. In this context, the parallel behaviour between the equiv-
alent crack length evaluated by the FE model and the one moni-
tored by AET requests the development of an advanced model
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Fig. 11. Douglas fir material: AE monitoring versus numerical modelling to evaluate crack length evolution during opening mode loading.
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Fig. 12. White fir material: AE monitoring versus numerical modelling to evaluate crack length evolution during opening mode loading.
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Fig. 13. Douglas fir material: AE monitoring versus numerical modelling to evaluate energy release rate evolution during opening mode loading.
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Fig. 14. White fir material: AE monitoring versus numerical modelling to evaluate energy release rate evolution during opening mode loading.
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that takes into account a process zone and an uncoupling process
in order to separate the effects of a real crack tip growth from those
of a localized damage repartition in this process zone.

3. Conclusions and perspectives

The CLIMBOIS research project (funded by the French National
Research Agency) is dealing with the effects of climatic and
mechanical variations on the durability of timber structures. As
part of this research project devoted both to an identification of
failure mechanisms in wood material and an evaluation of the
crack tip length evolution during tests, laboratory tests have been
carried out under constant environmental conditions to investigate
the crack tip growth within wooden samples that were subjected
to opening mode loading. In a previous work of this CLIMBOIS pro-
ject [18], acoustic emission activity frommode I fracture tests have
been recorded. A Cluster analysis of this acoustic activity led to an
identification of the crack tip acoustic signature. This identification
allows performing a real-time monitoring of the tip growth within
the material. In this work, crack length as well as energy release
rate evolutions from both experimental investigation (acoustic
emission monitoring) and numerical modelling (energetic
approach and R-curve) are compared. Sample stiffness evolution
is the input data of this numerical modelling. The experimental
results were used to compute the system compliance and then
the energy release rate evolution with respect to the crack length.
The comparison results show a very good fit between crack length
evolutions from experimental and numerical methods. In addition,
the results seem to highlight the numerical modelling results sen-
sitivity to the fracture resistance of the specimen.

In terms of perspective, the energetic study shows us the need
to develop a quasi-brittle approach in order to investigate the pro-
cess zone effects. This aspect should be included both in AET reso-
lution and numerical algorithms. Finally, in the coming work, the
Mixed Mode Crack Growth (MMGC) specimen will be used in order
to investigate the ability of AET to monitor the crack tip position
with wood material that is subjected to variable environmental
conditions.
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