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Non-destructive monitoring of crack growth within material becomes an essential tool to
better understand cracking mechanisms of materials, and therefore to reduce failure risks.
This paper presents results from laboratory static tests that were conducted to investigate
the monitoring of crack tip growth within wood material. Double Cantilever Beam speci-
mens with variable inertia were tested in opening mode configuration. Acoustic emission
(AE) technique was used to monitor the acoustic activity within wood material. In a first
step, the reliability of the crack tip monitoring is evaluated in terms of Probability of
Detection (PoD). Results show that for all specimens the PoD is larger than 70% for a detec-
tion threshold of 1 mm. In a second step, a K-means++ algorithm was used to perform a
cluster analysis of AE data, and to allow the AE events that were generated by the crack
tip growth to be identified. Evolutions of both strain energy and AE energy are compared,
and the experimental results show that the first AE events appear when the wood material
reaches its limit to store strain energy, so at the vicinity of the end of its linear elastic
behaviour.

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

Natural or manufacturing processes produce defects in building materials that could propagate under environmental and/
or mechanical loadings, and could induce partial or total collapse of civil engineering structures. It is a well-known fact that
timber elements exhibit micro-cracks [1] which can propagate under cyclic loading, overload, or creep loading [2]. In addi-
tion, wood is a hygroscopic material whose mechanical behaviour is very sensitive to climatic changes such as temperature
and moisture content variations [3]. For example, drying process accelerates crack growth, whereas humidification process
delays crack propagation [4].

In order to bring some responses to these scientific problems, the JCJC2013 CLIMBOIS research project (funded by the
French National Research Agency) [5] deals with the effects of climatic and mechanical variations on the durability of
cracked timber structures. Material cracking is one of the most important factors involved in the collapse of structures. How-
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ever, if the crack initiation is detected earlier, and the monitoring of the crack propagation within the materials is under con-
trol, the structural integrity of buildings can be evaluated [6]. This structural 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. Within the framework of this research
project, the study carried out herein is devoted to both an identification of failure mechanisms in woodmaterial, and an eval-
uation of the crack length evolution during fracture tests. The proposed methodology includes fracture tests under constant
environmental conditions as well as statistical and probabilistic analysis of the acoustic emission (AE) results.

Recent years witnessed a dynamic development of acoustic emission technique (AET). It finds a wider application in many
industrial fields, mainly to monitor the structural health of components [7–9]. In fracture mechanics, some authors have
applied the AE technique in order to identify the process zone [10] or to monitor the fracture parameters in wood compo-
nents [11]. AET has also been applied for tracing fracture intensity in lime wood due to climatic variations [12] and in dried
specimen [13]. But the specimen that was used in these studies didn’t provide a stable crack growth during crack tip
propagation.

This paper presents the results from the laboratory tests that were devoted to the monitoring of crack tip propagation
within wood material by using a stable growth Double Cantilever Beam (DCB) specimen. By means of AET, monitoring of
material damage lies in the ability to identify the most relevant descriptors of cracking mechanisms. The latter are identified
by clustering the AE data. A K-means++ algorithm [14,9] was used, and two AE features – peak-frequency and number of
counts – represent adequately the AE events clustering. This unsupervised classification allows the AE events that were gen-
erated by crack tip growth during the test to be identified.

There are many parameters that affect the accuracy of AE monitoring such as noise signals, geometry and wood species.
Consequently, in this study, probabilistic approaches (Probability of Detection) were used to both characterize uncertainties
and improve the AE experimental protocol [15].

2. Laboratory experimental set-up

This section describes the laboratory tests that were conducted to investigate the effectiveness of using the AET to mon-
itor the crack tip propagation within wood material. The experimental conditions (wood species, specimens, mechanical
loading conditions, etc.) are first described. Both the AE equipment specifications and the sample preparation are then
presented.

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

Fig. 1 provides a general overview of the experimental set-up. In this study, two wood 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%). Three specimens of each species labelled D009, D012, and D013 (D for Douglas fir), and W008, W009,
and W012 (W for White fir) were tested in the experimental campaign.
Fig. 1. Material, DCB specimen, and experimental setup: (a) AE equipment – (b) DCB specimen (Douglas fir) with AE sensors – (c) testing machine – (d)
crack propagation during test – (e) DCB specimen (White fir) with AE sensors.
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The wood sample geometry is a DCB with variable inertia designed to provide the stability of the energy release rate dur-
ing the crack growth process under opening mode solicitation [16,3]. The six wood samples have been machined in a Radial-
Longitudinal configuration. A pre-crack of 50 mm in length (Fig. 1-b) 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 spec-
imen, as well as the growth rings: early wood and late wood. Early wood is also 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 machine is equipped with a ±500 N cell
force, and a displacement sensor. Two linking parts made of aluminium were manufactured (Fig. 1-b), and allow connecting
the specimen to both 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. Both imposed
displacement and resulting force values were recorded with a data acquisition system.
2.2. Monitoring acoustic emission activity

Under mechanical loading, the wood cracks generate transient elastic waves. The latter are referred to as AE waveforms. A
Four-channel AE system designed by MISTRAS Group (Fig. 1-a) was used to record the AE waveforms generated during the
laboratory 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 events). Thus, two lightweight
miniature piezoelectric sensors (Fig. 1-d and -e), with an optimum operating frequency range of 200–750 kHz, were con-
nected to two preamplifiers (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 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 literature review, which focussed on wave velocities within
wood material, 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 specie), whereas along the radial direction, the measured wave velocity varies between
1500 and 2500 m/s [17,18]. In this study, the pencil lead breaking test was used to evaluate the AE wave propagation veloc-
ities within the wood material. The wave propagation velocity of 4000 m/s was used in the linear localization algorithm of
the AE sources. The effectiveness of this linear localization was evaluated in terms of Probability of Detection (PoD) [19,15].
To analyse this effectiveness, repetitive pencil lead breaking tests were performed on the fracture surface of each half-DCB
specimen once the fracture test is finished (Fig. 3).
3. Probabilistic validation of crack tip propagation monitoring

This section describes the experimental set-up that was used to validate the AE configuration in terms of the PoD. After
validation, the results obtained from the repetitive tests are also used to establish linear correction functions between real
positions and those detected by AE.
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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Fig. 3. (a) Half-DCB specimen (Douglas fir) – (b) position of Hsu-Nielsen sources.
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3.1. Description of repetitive pencil lead breaking tests

An experimental study was also carried out in order to both quantify and improve the accuracy of the events locations
estimated by the AE system. The basic principle consists of generating AE waves at known positions located at the fracture
surface of the half-DCB specimen. These known positions are supposed to represent ‘‘crack tip real positions”. AE waves were
generated at these known positions by normalized Hsu-Nielsen sources (2H – 0.5 mm pencil lead) (Fig. 3-a) according to the
EN 1330-9 standard [20,21]. For each wood specimen, once the fracture test is finished, the pencil lead breaking tests were
performed on a half-DCB specimen (Fig. 3-a). The seven positions (1 cm, 1.5 cm, 2 cm, 2.5 cm, 3 cm, 3.5 cm and 4 cm) shown
in Fig. 3-b were selected on the middle axis of the fracture surface of the half-DCB specimen to simulate the evolution of
crack tip positions during crack propagation. To evaluate the reliability of AE measurements, the known crack tip position
was compared with the estimated position of the AE source (given by the localization algorithm program).
3.2. Probability of Detection (PoD)

The performance of an inspection technique can be characterized from the probability of detection [22–24]. For the repet-
itive tests, each pencil lead breaking is denoted as an event d. Fig. 4 shows the problem parameterization that was considered
in the present study. The events d were positioned at j = 7 known points ðxj; yjÞ. Thirty measurements n = 30 were realized at
each j location. Each measure provided a kth AE coordinates (~xj;k; ~yj;k).

Among all uncertainty sources, the event d is considered as deterministic in intensity and position (by considering a posi-
tioning error less than 0.5 mm). The events d were repeated to quantity the measurement error that integrates the uncer-
tainties related to the sensor and the source position for a fixed AE configuration AEcon (distance between sensors, post-
processing algorithm, velocity along the grain, etc.). Since the real position was known, it was possible to quantify the bias
and the uncertainty for each position or configuration. This information is useful to determine correction functions and AE
configurations that minimize the measurement error.

Considering that the material is heterogeneous, material uncertainties were integrated to each measure point. In addition,
if tests are considered as equally probable and sufficiently representative of real situations, the PoD of a position j is then
Fig. 4. Parameterization of the problem.
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written with respect to the membership of the measured position of the source to a circle of radius rl centered on the exact
coordinates of the source (Fig. 4).
PoDj;AEcon ðd; rlÞ ¼ Pr
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxj � ~xj;kÞ2 þ ðyj � ~yj;kÞ2

q
6 rl

����d
� �

ð1Þ
The value of rl can be considered as the required detection threshold for the localization of the crack tip. This study will
focus on a fixed AE configuration (AEcon). The current configuration of the sensors (Fig. 1) only allows estimating the position
of the source in one dimension (linear localization). Consequently, we focus on the detection of the position in the x-
direction. In such a case, Eq. (1) becomes:
PoDj;AEcon ðd; rlÞ ¼ Pr jxj � ~xj;kj 6 rljd
� � ð2Þ
In this study the PoD was directly evaluated from the n repetitions of the AE measurement at each j position.
PoDj;AEcon ðd; rlÞ ¼
CardðAÞ

n
ð3Þ
where A ¼ i 2 f1; . . . ;ng; jxj � ~xj;kj 6 rljd
� 	

and n = 30.

3.3. Results and discussion

Fig. 5 compares the AE measures with the known positions for each j position. These results include three Douglas fir and
three White fir specimens. It is observed that there is a scatter for a given known position in both cases. The larger scatter
observed for the Douglas fir specimens could be associated to its variable ring structure in comparison with that of White fir
specimens (Fig. 1-b and -d). This scatter justifies the assessment of the PoD to estimate the reliability of AE localization for a
given detection threshold.

It was also noted in Fig. 5 that there is a difference between known and AE localized positions. For most cases, the AE
positions underestimate the real positions. This difference is mainly related to the geometry of the specimen. Hence, these
results could provide correlation laws that will improve the AE wave source localization. These correlation laws were linear
for the analysed results (Fig. 5) and will be used in Section 4 to correct AE localizations.

The repetitive tests described in Section 3.1 were also used to evaluate the PoD as a function of detection thresholds
(Fig. 6). The detection threshold was defined as an indicator of the precision of the AE measures. Fig. 6 presents the PoD
for two specimens (Douglas fir wood and White fir wood), at various detection thresholds and known positions (xreal). It
is observed for both specimens and all positions that the PoD is larger than 70% for a detection threshold of rl = 0.1 cm. It
becomes larger than 90% for rl greater than 0.2 cm. It is also noted that the PoD is not influenced by the position of the acous-
tic source (xreal). These results indicate that AE results corrected by repetitive tests are useful for monitoring crack propaga-
tion particularly for applications when the required precision of detection is within the range 1–2 mm.
4. AE data analysis methods, results, and discussion

This section will focus on the analysis of both the mechanical behaviour of wood specimens and the acoustic emission
activity within the wood material. An unsupervised classification method is used to both evaluate the number of failure
mechanisms and allow the acoustic crack tip signature to be identified.

The experimental curves obtained after performing the DCB tests are given in Fig. 7. As it can be concluded when exam-
ining 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 and 3 mm for Douglas fir specimens and White fir spec-
imens, respectively. A deeper analysis of the mechanical behaviour of the wood species is discussed in Section 4.3, in which
the acoustic emission activity is compared with the evolution in force values.

4.1. Cluster analysis of AE data

4.1.1. Methodology background
This section focuses on the description of the statistical tools that were used to gather the AE events into clusters, and

thus to evaluate the number of failure mechanisms within the wooden specimens subjected to mechanical loadings. The
recorded AE waveforms were analysed by means of the AEwin software developed by MISTRAS Group. Nine AE features were
selected for the data clustering process (six AE features from the time domain: amplitude, number of counts, energy, dura-
tion, rise time, and rise-amplitude, i.e. rise time divided by amplitude; three AE features from the frequency domain: the
peak-frequency, the centroid-frequency, i.e. the centre of gravity frequency, and the weighted-frequency).

Cluster analysis is a statistical methodology to analyse the AE sources. Before performing cluster analysis, the first and
crucial step is to choose the AE features in order to eliminate irrelevant and redundant signals [14,9]. The selection of the
relevant features was done using the Laplacian score and the correlation coefficients.



Fig. 5. Correlation laws between the known positions and the corresponding AE linear localizations: (a) Douglas fir – (b) White fir.

Fig. 6. Probability of Detection for crack tip propagation: Douglas fir (D009) and White fir (W012) specimens.

Fig. 7. Mechanical behaviour of wood specimens: (a) Douglas fir – (b) White fir.
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The Laplacian score of each AE feature ranges between 0 and 1; a larger value indicates a higher cluster ability of the
selected AE feature. Correlation coefficients of AE features indicate their level of correlation with the others AE features.
The AE features with the best Laplacian score and correlation coefficient values were used as input data in the cluster
algorithm.

Among cluster algorithms, the most frequently used methods are K-means, self-organized map combination with K-
means and fuzzy-C means algorithms. K-means is the simplest and most effective method for AE signal clustering. To per-
form cluster analysis of the AE events recorded during the tests, the Principal Component Analysis (PCA) and the K-means++
algorithmwere used to gather similar AE events into clusters. The PCA is an orthogonal linear transformation of multidimen-
sional AE events into lower dimension set of uncorrelated features that are the principal components. The K-means++ algo-
rithm is a modified release of the k-means algorithm that is based on an iterative algorithm in which a predefined number
‘‘k” of centroids is spread throughout the data, and the data samples are allocated to the closest centroid. In this study, the
cluster analysis was performed using the Statistics toolbox and functions in the SOM toolbox in MatlabTM software [14,9].



260 M. Diakhate et al. / Engineering Fracture Mechanics 180 (2017) 254–267
In this study, the optimal number of clusters is chosen based on the values of two clustering evaluation indices that are
commonly used in the literature [25,26]: the Davies-Bouldin index (DB) and the Silhouette Coefficient (SC). The DB index is a
function of the ratio of the sum of within-cluster scatter to between-cluster separation [27,26]. The SC index measures how
distinct or well-separated a cluster is from other clusters. Additional detail on both the DB and SC criteria is available in
[27,26,14]. The optimal number of clusters leads to a highest value of SC index and a lowest value of DB index. With these
values, the clusters are dense and well separated, which corresponds to the standard concept of a cluster [9]. In general, SC
index greater than 0.6 assures that the clustering is of sufficient quality [25].
4.1.2. Cluster analysis results
Fig. 8 provides a general overview of the results from the cluster analysis of the AE data of Douglas fir specimens.
The Laplacian score of each of the nine AE features that were selected using the AEwin software is evaluated (Fig. 8-a). The

level of correlation between each AE feature and the amplitude and the peak-frequency is analysed (Fig. 8-b). Rise time,
energy, and rise-amplitude features showed the lowest Laplacian scores. The rise time is also lowly correlated with peak-
frequency and amplitude. The correlation analysis also shows that peak-frequency, centroid-frequency, and weighted-
frequency are independent from amplitude. In summary, based on correlation analysis and Laplacian scores, amplitude
Fig. 8. AE data clustering (Specimen #D009): (a) Laplacian score – (b) correlation between AE features – (c) optimization of the number of clusters – (d) and
(e) clustering of AE events using two AE features – (f) linear localization of clusters during test.
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(or number of counts), peak-frequency, centroid-frequency are considered independent, and thus are used as an initial set of
AE features in the cluster algorithm.

As stated above, the optimal number of clusters leads both to a minimization of the DB index and a maximization of SC
index. The number of clusters ‘‘k” is selected within the range from 1 to 10. Fig. 8-c shows that the optimal number of clus-
ters for the Douglas fir AE data is three. This means that three failure mechanisms can be identified from the acoustic activity
within the Douglas fir material.

Fig. 8-d and -e present the projection of the three clusters of AE events onto a two-dimensional plot by two principal com-
ponents. The results show that AE data are well separated, and clusters bounds are clearly identified. It can be concluded that
amplitude (or number of counts) and peak-frequency are the most important AE features in the chosen set of four, as shown
by the good separation of the clusters points in the space of these two AE features. AE events of the Cluster#1 exhibit a peak-
frequency lower than 100 kHz, an amplitude lower than 50 dB, and a number of counts lower than 20. AE events of the Clus-
ter#2 exhibit a peak-frequency lower than 100 kHz, an amplitude level greater than 50 dB, and a number of counts greater
than 20. AE events of the last cluster (#3) exhibit a peak-frequency greater than 100 kHz, an amplitude level lower than
50 dB, and a number of counts lower than 20.

Fig. 8-f shows the linear localization (between the two sensors, Fig. 2) of AE events of the three clusters during the mode I
fracture test. The results of this figure will be discussed later.

As in the previous section focused on the clustering of the AE data that were recorded during the mechanical tests on
Douglas fir specimens, the same clustering process is followed to investigate AE activity within the White fir material.
Fig. 9 presents the results from the cluster analysis of the AE data of White fir specimens. In Fig. 9-a, the results show that
amplitude (or number of counts) and peak-frequency are the most important AE features in the chosen set of four, as shown
by the good separation of the clusters points in the space of these two AE features. Clusters bounds are similar to those from
AE analysis of Douglas fir specimens. Fig. 9-b shows the linear localization (between the two sensors, Fig. 2) of AE events of
the three clusters during the mode I test.

Lamy et al. [10] have performed mode I tests on wooden specimens, and the crack tip propagation was monitored by
means of digital image correlation. The shape of the crack tip propagation they have observed shows a similar trend to that
of AE events of Cluster#2 (Figs. 8-f and 9-b). Based on this analysis, the acoustic signature of the crack tip propagation
(Table 1) within both Douglas andWhite fir material is characterized by a peak-frequency lower than 100 kHz, and an ampli-
tude level greater than 50 dB (or a number of counts greater than 20). In addition, AE events of Cluster#1 could be associated
with wood micro-cracks, and based on the observation of fracture surfaces of specimens, AE events of Cluster#3 could be
associated with wood-fibre breaks.

All relevant results concerning the AE data clustering of Douglas and White fir specimens are summarized in Table 1. It
can be seen that for the specimen #D013, the two principal components that allow the clusters to be dense and well sep-
arated (graphically speaking) were the centroid-frequency and the amplitude. When focusing on the clustering quality of
the AE events, the results show that this quality is good (0.6 < SC < 0.7) for almost all specimens. For the specimens D012
and D013, it can be seen that the three clusters follow the same distribution. Within every tested specimen, the AE events
of Cluster#1 represent for almost half of the acoustic events. AE events of Cluster#2 represent for almost one third of the
acoustic events.
4.2. Crack tip propagation within wood material

This section focuses on the monitoring of the crack tip growth within the wooden specimens subjected to mechanical
loadings.
Fig. 9. AE data clustering (Specimen #W008): (a) clustering of AE events using two AE features – (b) linear localization of clusters during mode I fracture
test.



Table 1
Douglas and White fir materials: three failure mechanisms identified from the AE data clustering using k-means++.

Sample # Number of Percentage of events in each cluster AE signature of

AE events DB value SC value Cluster #1 Cluster #2 Cluster #3 The crack tip

D009 3521 0.698 0.659 62.9% 32.3% 4.8% PF � 100 kHz and A � 50 dB or C > 20
D012 5317 0.975 0.581 47.2% 26.7% 26.1% PF � 100 kHz and A � 50 dB or C > 20
D013 10494 1.009 0.549 47.2% 26.7% 26.1% CF � 250 kHz and A � 50 dB
W008 3972 0.612 0.655 59.6% 32.2% 8.1% PF � 100 kHz and A � 50 dB or C > 20
W009 6186 0.687 0.706 46.4% 38.1% 15.5% PF � 100 kHz and A � 50 dB or C > 20
W012 10588 0.680 0.664 57.2% 35.1% 7.7% PF � 100 kHz and A � 50 dB

Abbreviations: Peak-frequency (PF)/Amplitude (A)/Number of counts (C)/Centroid-frequency (CF).

Fig. 10. Monitoring the crack tip growth within 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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Figs. 10 and 11 provide a general overview of the different steps for monitoring the crack tip position along the fracture
path of Douglas fir and White fir specimens, respectively.

The linear localizations (between the two sensors, Fig. 2) of AE events of the three clusters are recalled in Figs. 10-a and
11-a. Since the AE events of Cluster#2 (restricted to events with peak-frequency lower than 100 kHz and an amplitude level
greater than 50 dB) were associated with the crack tip growth, the linear localizations of these events during the mode I test
were used to plot the evolution of crack tip average position (between the AE sensors) (Figs. 10-b and 11-b). 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 (Fig. 3-a), and those estimated by the linear localization algorithm of the AE system. 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 (Figs. 5, 10-c and 11-c). Theses correlation laws allow plotting the evolutions of the crack tip posi-
tion along the fracture path (Figs. 10-d and 11-d) during the mechanical test.

Now let’s analyse in Fig. 12 the evolution of the crack tip position along the fracture path during the mode I fracture test.
The graphical results (Fig. 12-b and -d) show that the evolution of the crack tip position with respect to the imposed dis-
placement produced a linear trend. For Douglas fir specimens (Fig. 12-b), it can be seen that the slopes of the regression lines
are of the same order, and range between 13 and 18. For White fir specimens (Fig. 12-d) the scattering in the slope values is
more pronounced. These findings are consistent with the mechanical behaviours of specimens shown in Fig. 12-a and -c.



Fig. 11. Monitoring the crack tip propagation within 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.

Fig. 12. Monitoring the crack tip position within wood material versus the imposed displacement (Douglas and White fir).
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Indeed, as it can be seen, all three Douglas fir specimens failed quite at the same imposed displacement, whereas the spec-
imen #W012 failed much later than the two other White fir specimens. These results highlight the crack tip monitoring sen-
sitivity to the fracture resistance of the specimen.

4.3. Relationship between AE activity and mechanical behaviour

This section is devoted to a deeper analysis of the wood behaviour based on the AE activity that was recorded during the
mode I test. Indeed, mechanical test results and AE activity within the material can be analysed separately to determine
damage evolution in the specimen. However, when one is taken into account and the other is omitted a comprehensive frac-
ture analysis cannot be investigated. Therefore, in order to perform a deeper analysis of the wood behaviour, a function that
combines both mechanical and acoustic energy is considered herein. This function, equation (4), also known as the Sentry
function, is expressed in terms of the logarithm of the ratio between the strain energy ES(x) and the acoustic energy Ea(x),
where x is the test driving variable (usually displacement or strain) [28].
f ðxÞ ¼ ln
ESðxÞ
EaðxÞ


 �
ð4Þ
The Sentry function f(x) is divided into four distinct stages, and each one describes a particular signature of the mechan-
ical behaviour of the material (Fig. 13). The stage P1, during which the function f(x) increases, is associated with the strain
energy storing phase. During this stage, the ability of the wood material to store energy reaches its limit, and the AE energy
significantly increases due to the micro cracks within the material. The stage P2, abrupt drop in the Sentry function, is asso-
ciated with a sudden release of one part of the strain energy that was stored during the stage P1. This sudden release of
mechanical energy is accompanied with the generation of acoustic waves with a high level of energy. After each major failure
(stage P2), the slope of f(x) decreases until the material loses its ability to store strain energy. At this stage of the mechanical
behaviour, the slope of the Sentry function reaches zero (stage P3) or below zero (stage P4).

The mechanical behaviours of the both species Douglas fir and White fir were investigated based on the Sentry function
evolution. For both wood species, typical evolutions of both mechanical behaviour and Sentry function values are presented
and interpreted in Figs. 14 and 15.

These experimental results show that for all specimens the first acoustic emission events appear when the wood material
reaches its limit to store strain energy, i.e. at the vicinity of the end of its linear elastic behaviour. Based on this observation,
both imposed displacement and resulting force values that correspond to the linear elastic limit of the material behaviour are
summarized in Table 2.

As previously shown in Fig. 12-a, the mechanical behaviours of the studied Douglas fir specimens highlight different lin-
ear elastic limit values of the material. This difference in force values (Table 2) could derive from the part of wood material
(early wood or late wood) within which the crack tip propagates (based on visual observations of the fracture surfaces of
specimens, Fig. 14). Results in Fig. 12-c also highlight different linear elastic limit values for the White fir material, but at
the current stage of the study, visual observations of fracture surfaces do not enable us to identify within which part of wood
material the crack tip propagates.

For each specimen (Figs. 14 and 15), the first stage of the Sentry function is characterized by the sudden release of strain
energy (stage P2, Fig. 13). This stage is reflected in the first step in the crack tip growth (Fig. 12-b and -d). Following this first
stage of the Sentry function, several storing phases of strain energy can be observed. These storing phases highlight the abil-
ity of the wood material to continue to store strain energy. The release of this stored strain energy leads to crack tip growth.
5. Conclusions

The CLIMBOIS research project (funded by the French National Research Agency) deals with the effects of climatic and
mechanical variations on the durability of cracked timber structures. Within the framework of this research project, this
study was devoted to both an identification of failure mechanisms in wood material and an evaluation of the crack tip length
Fig. 13. Sentry function scheme.



Fig. 14. AE activity within the Douglas fir material versus mechanical behaviour of the specimen.

Fig. 15. AE activity within the White fir material versus mechanical behaviour of the specimen.
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evolution during tests. Mode I fracture tests under constant environmental conditions were performed on DCB specimens
with variable inertia. In addition, this study includes statistical and probabilistic analysis of the acoustic emission (AE) activ-
ity recorded during the fracture tests.

An experimental study was also carried out in order to both quantify and improve the accuracy of the events locations
estimated by the AE system. For each wood specimen, once the fracture test finished, AE waves were generated at several
known positions located at the fracture surface of the half-DCB specimen. The estimated AE sources positions resulting from
the waves generation were compared with the known positions in order to evaluate the reliability of AE measurements in
terms of Probability of Detection. The PoD was defined as a function of threshold detection values. The results showed that
the PoD is larger than 70% for a detection threshold of rl = 1 mm, and becomes larger than 90% for rl greater than rl = 2 mm.



Table 2
Douglas and white fir specimens: Detection of the very first AE events correlated with the elastic limit of the wood material.

Sample # First AE events at Crack tip growth

F [N] D [mm] within the

D009 152 0.886 Early wood
D012 180 0.840 Late wood
D013 194 0.833 Late wood
W008 194 0.850 –
W009 122 0.550 –
W012 147 0.780 –

Abbreviations: Force (F)/Imposed displacement (D).
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These results indicated that AE results corrected by repetitive tests are useful for monitoring crack propagation particularly
for applications when the required precision of detection is within the range 1–2 mm.

A Cluster analysis of acoustic activity was applied to identify the crack tip acoustic signature. This identification aimed at
performing a real-time monitoring of the tip growth within the material. A K-means++ algorithm was used, and two AE fea-
tures – peak frequency and amplitude – represent adequately the AE events clustering. From the cluster analysis, AE events
with peak-frequency lower than 100 kHz and an amplitude level greater than 50 dB were associated with the crack tip
growth. The AE monitoring results showed that the evolution of the crack tip position with respect to the imposed displace-
ment produced a linear trend. In addition, results highlighted the crack tip monitoring sensitivity to the fracture resistance of
the specimen.

In the last part of this study, a deeper analysis of the wood mechanical behaviour was performed by means of the Sentry
function in which the correlation between the mechanical energy and the AE energy was analysed. For each of the six spec-
imens, the experimental results show that the first AE events appear when the wood material reaches its limit to store strain
energy, so at the vicinity of the end of the linear elastic behaviour of the material. The Sentry function evolution highlights
the ability of the wood material to continue to store strain energy. The release of this stored strain energy leads to crack tip
growth.

These results indicate that AET is a promising tool for monitoring (detect and locate) cracks within wood components.
Further research work will focus on crack monitoring under variable climatic conditions, and the consideration of various
geometries and cracks.
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