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A B S T R A C T   

Acoustic Emission non-destructive technique was used coupled with Digital Image Correlation to explore its early 
warning capability in detecting Mode I and mixed Mode fractures in Scots pine samples. The acoustic behaviour 
of the specimens, being different for tree rings number (high and low) and grain angle (0-20-40-60◦), was 
investigated while undergoing an external tensile load by a Universal Testing Machine. A risk amplitude 
threshold (51.9 dB) was experimentally computed a posteriori as an early warning indicator for Scots pine 
samples with mixed Mode fractures. In the case of Mode I fracture, as cracks occur instantaneously, the oncoming 
fracture could not be predicted.   

1. Introduction 

New and sophisticated techniques in the field of preventive conser-
vation of cultural heritage provide the opportunity to monitor materials 
that are vulnerable, and to develop early warning methods which may 
help to know in advance when degradation of the material begins or to 
localise structural fragility. The application of such techniques aims to 
increase the knowledge on the actual conservation state of heritage 
objects such as paintings, textiles, manuscripts, wooden artifacts, etc. 
These techniques are fundamental to support conservation activities but 
also for understanding how the degradation processes are triggered by 
surrounding environmental conditions. In the case of structural health 
monitoring of objects made of wood, the most widely used non- 
destructive testing (NDT) techniques for the assessment of timber 
structures are visual, acoustic, vibration, strength or moisture grading 
probing techniques [1]. 

Wood fracture depends on the modes of loading and on the direction 
of crack propagation, due to the anisotropy of wooden structures and 
properties. The three pure modes of fracture are: Mode I - opening or 
tensile mode, in which the crack surfaces move directly apart (i.e., stress 
is orthogonal to the local plane of the crack surface); Mode II - sliding or 
in-plane shear mode, in which the crack surfaces slide across one 

another in the direction perpendicular to the leading edge of the crack (i. 
e., stress parallel to the crack surface but orthogonal to the crack front); 
Mode-III tearing or anti-plane shear mode, in which the crack surfaces 
move parallel to the leading edge of the crack (i.e., stress parallel to the 
crack surface and to the crack front); while the mixed Mode fracture 
involves a combination of two to three of the pure modes [2]. 

Since the direction parallel to the wood grain offers the least resis-
tance to crack propagation, fractures tend to grow in this direction. The 
loading mode applied to a wooden sample causes a fracture defined 
Mode I, if the grain angle (defined as the angle between the wood fibre 
direction and the vector in axial direction) is 0◦, which means grain 
parallel to the axial direction. As the grain angle increases, the fracture 
can be described by a mixed Mode, until it turns into Mode II when it 
reaches 90◦. Moreover, it is worth mentioning that the fracture tough-
ness perpendicular to the grain is approximately one order of magnitude 
greater than that parallel to the grain [3]. In field of wooden fracture 
under mixed Mode I/II many studies have been done employing 
analytical, numerical, and experimental approaches. A comprehensive 
fracture characterisation of wood components via experimental and 
numerical approaches has been proposed by Moura et al.; they proposed 
equivalent crack concept to obtain cohesive crack properties in Mode I 
with different standard test specimens (i.e., three-point bending 
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(SEN-TPB) [4], double cantilever beam (DCB) [5] and tapered double 
cantilever beam (TDCB) [6]). In their studies, the crack length and 
elastic properties were calculated by a data reduction method. Another 
method was also proposed by Yoshihara [7] by using the four-point bend 
end-notched flexure (4-ENF) specimens of Spruce to extract Mode II 
fracture toughness as a function of crack length or Mode II R-curve with 
a data reduction method. In another study, Yoshihara demonstrated that 
the previously proposed method [7] was able to obtain the relation 
between the Mode II energy release rate and crack length [8]. 
Stanzl-Tschegg’s group studied Mode I fracture of different wood species 
in different crack propagation systems and showed a significant influ-
ence of geometrical factors of a specimen and crack orientation on the 
values of fracture toughness determined experimentally [9,10]. Fakoor 
and Mehri investigated the fracture of composite materials and proposed 
a new method to estimate the Mode II fracture toughness. They dis-
cussed the effect of the fracture process zone (FPZ) on the Mode II 
fracture toughness [11]. Fracture mechanics approaches are gaining 
more prominence, namely the methods based on appropriate fracture 
criteria and simulation of the failure behaviour by associated models, 
however, an overview of the mixed Mode I/II criteria for fracture 
investigation of composite materials was already provided by [12]. 

Among the several portable NDT techniques which, during structural 
health monitoring of timber structures, are capable to discriminate the 
fracture modes, Acoustic Emission (AE) seems the most promising 
technique. It is currently used to study the mechanism of damage 
occurring at certain stress levels in wood, as extensively reported by 
Baensch [13]. The AE applied to monitor wooden samples, is mainly 
used in laboratory experiments, as highlighted in Boccacci et al. [1], 
while a very limited number of studies are dealing with the monitor of 
movable wooden objects in situ, specifically wooden furniture [14]. 
During tests, the AE instrumentation is often found coupled with the 
Universal Testing Machine, mainly to perform fracture tests, but also 
tensile, cutting, compressive and torsional tests on the samples, and with 
the Digital Image Correlation often used to record images during the 
experiments. In laboratory tests, wood samples can be subjected to pre- 
or ongoing experimental settings procedures, such as acclimatisation at 
given temperature and relative humidity in climate chamber [15–17], or 
in dryer chamber [18], or simply moistening in water [19–21]. The 
multi-techniques approach frequently used in this field appears to be 
lacking in microscopic observations, although they have proved to be 
very effective in fractography, i.e., a method for studying the fracture of 
materials in failure analysis (as in the case of the use of scanning electron 
microscopy systems with wood [22–25]). Additionally, theoretical ap-
proaches are often explored in parallel with the experimental ones, with 
the aim of obtaining modelling and generalisation e.g., through nu-
merical simulation by using Finite Element Analysis [16,26–28] or 
mathematical formulations [23,29–31]. The AE technique can be also 
employed to perform damage characterization in composite materials. 
Many authors in fact, established the links between composite material’s 
failure features and the AE signals, determining each failure mode of the 
composites under different loading processes. However, AE signals 
generated by heterogeneous materials are not stationary. Moreover, 
combining the merits of different methodologies (i.e., Digital Image 
Correlation, Ultraviolet Visible spectroscopy etc.) to that of Acoustic 
Emission in a multi-technique analysis it was proven to dramatically 
improve the reliability of AE investigation [32–34]. 

Looking in detail at the AE activity recorded in softwood samples as 
one of the widely used building construction materials in Scandinavian 
Countries [1], it emerged that although not thoroughly investigated, 
high/low tree ring density and grain angle can be influencing factors to 
be analysed in depth [20,23,6,10]. 

When the tree ring density has a homogeneous anatomical structure, 
AE signals are numerous and of low energy. In contrast, AE signals can 
be very emissive and/or energetic [15]. In addition, it was found that in 
spruce samples latewood emitted much more AE signals than spruce 
earlywood (because of a higher tracheid number) [19]. Moreover, AE 

signals are highly affected by the grain angle of different wood species 
[20]: e.g., AE counts decrease from 0◦ to 45◦ and increase from 45◦ to 
90◦ [35]. 

The present research aims to evaluate the capability of AE NDT 
technique in the early detection of modes of fracture occurring in 
wooden samples, when subjected to the application of an external load. 
The AE activity of Scots pine samples is here investigated in relation to 
the crack length measurements recorded by a Digital Image Correlation 
camera during tensile tests. Particular attention is paid to the tree rings 
number (TRN) and to the grain angle (GA), features that are considered 
as influencing factors in the acoustic activity recorded and therefore on 
its early warning potential [1]. 

The paper is structured in three sections: “Materials and Methods” 
reports the detailed description of tested materials and the equipment 
used in the experiments, as well as the steps followed to elaborate data, 
and to design the novel early warning method proposed. In “Results and 
Discussion”, the outcomes of the preliminary analysis are provided, and 
the results related to the early warning method developed here are 
discussed. Then, “Conclusions” reports the findings and discusses the 
implications of the achieved results. 

2. Materials and methods 

2.1. Scots pine wood samples 

The tested material was a set of specimens obtained from two large 
boards of Scots pine, a wooden species characterised by a density 
ranging between 505 kg/m3 and 540 kg/m3, and the moisture content 
range between 12.0% and 12.4% [36]. The two boards were industrially 
dried and each of them had a different number of tree rings along the 
length of the sample. The samples were divided into groups (low and 
high) based on the tree rings number (TRN) visually counted within the 
linear length of each sample (100 mm). The former includes samples 
with TRN equal or lower than 11, the latter includes samples with TRN 
higher than 11. 

The set of samples included 15 pieces free of defects that were cut as 
SENT (single edge notch tension) specimens at the Wood Centre of the 
Norwegian University of Science and Technology (NTNU, Trondheim, 
Norway) in April 2021. The one-sided initial notch of 14 mm length and 
0.3 mm width was applied at mid-length of each specimen by means of a 
new fine carpentry pull saw (i.e., factory sharpened) so that each spec-
imen would start with the same initial crack geometry. The cut was 
applied using an angle jig and stopper to ensure consistency of the cuts 
across samples. Each sample was control measured using a caliper. The 
samples used for the present work were cut from the boards in the radial 
longitudinal (RL) direction (as shown in Fig. 1a), which corresponds to 
the cut along the longitudinal axis. Their dimensions were 100 mm x 35 
mm x 10 mm (length × width × height, as shown in Fig. 1b). 

The notch was oriented in the parallel direction with respect to the 
grain angle, as shown in Fig. 2, where the samples were further sub- 
divided into four categories according to their grain angle (GA) values 
(i.e., 0◦, 20◦, 40◦ and 60◦). The zero-degree angle was specifically cho-
sen as representative of Mode I fracture, while the other angles were 
chosen to study how the mechanical characteristics varied, as well as the 
detectability by AE technique in accordance with an increasing mixed 
Mode of fracture. 

The specimens were named with the letter “H” or “L” indicating high 
or low TRN, respectively, followed by the GA number (0◦, 20◦,40◦ and 
60◦) and by the letters “PA” indicating the parallel direction of the notch 
with respect to the grain. The last character was the number of speci-
mens obtained for each group. A few samples were not considered in the 
further analysis of the raw data due to their microscopic structure and/ 
or the anomalies occurred during the data detection in the laboratory 
experiments. Table 1 shows the specimens tested for each TRN group 
and for each GA category. 
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2.2. Equipment 

Fig. 3 schematically shows the equipment (Universal Testing Ma-
chine, DIC camera and AE detector) employed to test Scots pine samples, 
their set-up, and the list of parameters used for the following analysis. 

The Universal Testing Machine (UTM of 5kN by MTS producer) was 
used to perform tensile tests on the samples with a displacement rate of 
0.5 mm/min [37]; experiments took place at the Norwegian University 
of Science and Technology (NTNU, Trondheim, Norway), in April-May 
2021. 

The fracture initiation and propagation occurring during the exper-
imental tests were evaluated over time by means of a commercial Digital 
Image Correlation (DIC) system VIC-2D 7 (Correlated Solutions Inc.) 
together with its high-resolution camera (Stringray_F-504) [38] taking 
about 20 frames/s. Before starting the experiments, a random pattern of 
roughly circular “speckles” of uniform size and random locations was 
created on the specimens (Fig. 2). The high contrast produced by means 
of an airbrush filled with black ink over the base material was helpful in 
creating reference points to detect the fracture propagation and the 
related fracture process zone (FPZ). The set-up of VIC-2D 7 system fol-
lowed the company’s instruction to prepare our tests and generate 

Fig. 1. (a) Illustration of the Scots pine wood board with fundamental sections; (b) Illustration of the SENT sample with the anatomic directions (T=tangential, 
L=longitudinal and R=radial) and dimensions. 

Fig. 2. Samples with pre-crack notch parallel to (a) 0◦ grain angle, (b) 20◦ grain angle, (c) 40◦ grain angle and (d) 60◦ grain angle with respect to the axial direction. 
Sample size:100 mm x 35 mm x 10 mm. 

Table 1 
Designation of the samples included in the analysis and corresponding tree rings 
number (TRN) group and grain angle (GA) category.  

Samples Tree Rings Number Grain angle (◦) 

H00PA5 HIGH 12 0 
H20PA4 13 20 
H40PA4 18 40 
H40PA6 18 
H40PA7 22 
H60PA5 24 60 
H60PA6 23 
L00PA5 LOW 4 0 
L20PA4 4 20 
L40PA4 9 40 
L40PA5 8 
L40PA6 8 
L60PA4 10 60 
L60PA5 4 
L60PA6 9  

Fig. 3. Scientific instruments used in the experiments and analysed parameters.  
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high-quality data for post-process. The collected images were analysed 
through Surfer ® 9.0 (distributed by Golden Software) to measure the 
length of the fractures. 

The AMSY-6 (manufactured by Vallen System) allowed us to detect 
the Acoustic Emission activity emitted by the samples under stress, by 
means of one single sensor positioned in the back side of each sample. 
Amplitude (A), Counts (C) and Energy (E) were recorded and investi-
gated in this study as the most important AE parameters in the time 
domain [39]. 

2.3. Data pre-processing and analysis 

The outputs obtained by the three instruments AE, UTM and DIC for 
each sample were synchronised in time and AE raw data were filtered by 
all the signals below 40 dB to discriminate only real AE events from 
spurious noise signal. Samples showing missing data or particularly high 
environmental or electronic background noise were excluded from the 
analysis. Indeed, these data were not representative of a real acoustic 
activity caused by the application of external load. 

After that, in accordance with the procedure described in [40], the 
completeness index (CoI) was calculated to assess the completeness of 
the raw data analysed. CoI was determined by using Eq. (1), as the ratio 
between the number of good measurements (Nr) (i.e., not affected by 
poor instrumental performance) and the total numbers of the series 
(TN). The CoI ranges from 1 (excellent instrumental performance) to 
0 (very poor instrumental performance). 

CoI =
Nr
TN

(1) 

The length of the propagating fractures was measured in pixels, 
taking the width value of the samples as reference (35 mm), and the 
pixels were converted into millimetres, using the proportion 1 pixel ~ 
0.04 mm (±1 mm for GA=0-20◦ and ±2 mm for GA=40-60◦). The 
length of the fracture (l) as a function of time (t) was derived frames by 
frames for each sample (Fig. 2). Sample images recorded through DIC 
were processed to enhance contrast between speckle pattern and raw 
sample background. This procedure was applied to all frames in order to 
identify the fracture process zone (FPZ). 

The cumulative summations of fracture length (Σl), and AE param-
eters (Amplitude, Counts and Energy) were used to evaluate the indi-
vidual trend of AE activity over time. 

In addition, the load (L) applied to the tested materials, and the 
Density Linear energy Value (DLV), were used to study the energy 
release as the ratio between the cumulative sum of the energy released 
and the linear fracture (ΣEAE) (Eq. 2, expressed in e.u./mm)[26]. 

DLV =
ΣEAE

Σl
(2) 

A single database for each sample, including all the variables ob-
tained by the three instruments, was used to perform the following 
analysis. 

2.4. Identification of the early warning (EW) detection method 

At first, during the test, two main stages of the fracture process were 
discriminated for all the Scots pine samples. Consequently, each dataset 
was split into two time intervals:  

• Δt1: time elapsed between the start of the experiment and the crack 
initiation at macro-level.  

• Δt2: time elapsed between crack initiation and the instant of the 
complete fracture. 

In order to detect an early warning (EW) stage in the acoustic activity 
recorded before the fracture process, the procedure was mainly focused 
on the analysis of data collected over the Δt1 time interval. 

At first, the evolution of fracture process was studied by computing 
the second derivative of the cumulative signals of AE parameters with 
respect to time for each sample. Then, a filter of 90th percentile was 
applied to discriminate abrupt changes in AE events before the crack 
initiation. 

In addition, the persistence of intense AE signals was studied by 
computing the number of occurrences higher than the 68th percentile for 
each sample due to their deformation under the external load. The 68th 

percentile was chosen as the percentile within which the natural fluc-
tuation of the measured variable lies (68% of the measures lies within 1 
standard deviation of the mean in the normal distribution). We hy-
pothesize that this filter allows to discriminate an EW acoustic activity 
before the crack initiation. 

However, in a practical application it is not possible to calculate the 
68th percentile in real-time during the monitoring of AE activity, 
because as soon as data begin to be stored, they progressively increase in 
number, changing the distribution as well as the 68th percentile value. 
Therefore, a threshold was then identified as the median value among 
the 68th percentiles of amplitude (A) computed for all the acoustic sig-
nals available from the samples. This threshold was experimentally 
calculated a posteriori as a general reference for all the Scots pine SENT 
samples considered in the present work. Particularly, this early warning 
threshold was used to predict at which time after it is exceeded, a crack 
occurs in the above-mentioned samples depending on different TRN and 
GAs (and so to their different modes of fracture). Therefore, the early 
warning time interval (Δtew) expressed in s, was found through Eq. (3), 
where tstart is the time at the crack initiation point and tew represents the 
time value at which the pre-crack acoustic activity exceeds the a poste-
riori set threshold (i.e., median value of 68th percentiles of the amplitude 
of all the samples). 

Δtew = tstart − tew (3)  

3. Results and discussion 

3.1. Data preprocessing and analysis 

The completeness index (CoI) of the set of samples was high (CoI=
0.88), since 2 out of 17 tested samples were excluded from the analysis 
due to an intense AE activity derived from environmental and electronic 
noise. 

Fig. 4 shows the speckle images of sample “H00PA5” (taken as an 
example) at three loading points: a) before crack initiation (black), b) 
after crack initiation (light blue), and c) at the end of the fracture process 
(red). The comparison puts in light the propagation of the fracture under 
load. However, a random speckle pattern applied on a light wooden 
sample through airbrush painting has not made it possible a clear 
discrimination of microcracks related to the development of a fracture 
process zone (FPZ). As the FPZ size does not affect AE signals before 
macro-crack initiation, it does not represent a limitation in exploring the 
capability of AE technique in early detecting Mode I and mixed Mode 
fractures. 

Time plots of AE parameters (pure signal) and the corresponding 
cumulative curves allowed us to visualise the trend and to detect crack 
occurrence. In Fig. 5, the example of “H20PA4” sample (high tree rings 
number – 20◦ grain angle) is reported. 

Points scattered at low amplitude (around 40 dB) showed in the time 
plot of pure signal amplitude parameter, could be due to mixed events 
(real events of low intensity and noise), while high amplitude values 
indicate real events occurred at the initiation of the crack and during its 
progression (similarly for the counts and for the energy parameters). In 
the cumulative curves in Fig. 5, the simultaneous vertical rise of the y- 
axis values provides the “temporal window” (x-axis) over which the 
crack propagation is expected to occur. When an increase of the cu-
mulative values is not observed, it can be associated with absence of AE 
activity. All samples showed a similar pattern, with different values of 
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AE parameters and different extensions of time windows. Additionally, 
the amplitude parameter (A) – that reached saturation at 100 dB, during 
the occurrence of the fracture – has been seen to more clearly display the 
acoustic activity happening in every sample in advance with respect to 
the physical appearance of failure. For its greater sensitivity when 
compared to the other two AE output parameters (e.g., Counts and En-
ergy), the Amplitude has been here considered as more useful in order to 
explore the capability of Acoustic Emission technique in early detecting 
Mode I and Mixed Mode fractures. Other authors reported the 

investigation on the Acoustic Emission Amplitude pa-rameter for the 
same purpose of evaluating pre-failure stages in different materials 
[41–44]. 

Concerning the frequency distribution (i.e., the number of occur-
rences of AE parameters recorded during the experiments), the range 
between 40 and 50 dB of amplitude was the one characterised by the 
highest number of events for all the samples. The counts parameter had a 
more variable tendency, with two ranges characterised by a greater 
number of events, the first with 10<=C<20 and the latter with C>30. 

Fig. 4. Speckle pattern of sample “H00PA5” at three loading points. Subset size = 14 mm x 32 mm.  

Fig. 5. Time plots of (left panels) AE parameters pure signals and (right panels) corresponding cumulative curves of the sample H20PA4. The grey areas highlight the 
temporal window over which the cracks propagation occur. 

Fig. 6. Number of occurrences of AE parameters (time domain) during the experiment on sample H20PA4. (a) Amplitude (A), (b) Counts (C) and (c) Energy (E).  
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The distribution of the energy showed a peak for the class with E<500 
(e.u.) confirmed by all the detections on the different tested samples. In 
Fig. 6, the case of sample “H20PA4” is again reported as an example, 
while frequency distribution of the whole set of samples is reported in 
Figs. A1 and A2 in Appendix. 

These data indicate that during the experiments, the period of low or 
zero AE activity, is greater in terms of number of events than the period 
of high activity (corresponding to crack initiation and propagation) 
limited to a narrow number of events concentrated within an approxi-
mately short time interval. Moreover, the number of occurrences for 
each class of values tends to increase for samples with higher GA (in both 
high- and low- TRN). 

The behaviour of the 15 samples during the fracture process is shown 
in Fig. 7 where different colours are used to indicate samples with 
different grain angles in both upper and lower panels. Small numbers 
above each curve refer specifically to the number of tree rings for each 
different sample. Higher values of load (from UTM) were reached by 
samples with higher grain angles, both in high (Fig. 7, upper panel) and 
low (Fig. 7, lower panel) TRN groups. Specifically, it is worth noticing 
that the higher the TRN of the sample, the higher the load values 
reached (from UTM), except for one of the L60PA samples (high load 
value with very low TRN). 

In addition, it was observed that as the crack had time to propagate, 
the load progressively decreased (as in the case of 0◦-20◦ and some of the 
40◦ samples); on the contrary, when the fracture of samples was 
instantaneous, the propagation did not occur and so the load did not 
decrease (as in the case of 60◦ samples). In this latter case, the last load 
value was the maximum one recorded at the crack initiation point. Then, 
higher values of load and time were needed to trigger crack initiation in 
samples with higher grain angles and with higher tree rings (i.e., the 
case of 60◦ grain angle samples). Moreover, lowest values of TRN (4 for 
low TRN and 12 for high TRN) are characterised by earlier crack initi-
ation and progressively decreasing load (as the crack progressively 
propagates). On the contrary, highest values of TRN (9 for low TRN and 
24 for high TRN) are mostly characterised by instantaneous occurrence 
of fracture in the sample (no decreasing trend in the load parameter). 
The TRN parameter appeared to be not as influent as the GA one: in fact, 
at almost equal TRN, the samples’ fracture behaviour depends on GA. 
Indeed, when TRN ranges between 9 and 12 or even within the same 
TRN group, the fracture behaviour is instantaneous at GA = 60◦ and 
progressive at GA ≤ 40◦. This means that TRN is not a discriminating 
parameter of the fracture behaviour. 

The same patterns occurred for the Density Linear energy Value 
(DLV) reported in Fig. 8. Its peak was reached for all the samples, at the 
crack initiation point (high emission of energy by a very small linear 
fracture) and then progressively decreased as the crack propagates. For 
samples with high GAs and high TRN (Fig. 7, upper panel), the DLV 

rapidly varied from zero to a small value (the crack emitted little en-
ergy). Again, the DLV parameter reached highest peaks in samples 
characterised by the lowest values of TRN (for both high and low TRN 
groups even if this is especially true for the first one). Fig. 8 also support 
the assessment of a major influence exerted by the GA parameter over 
the TRN one. 

3.2. Identification of the early warning (EW) detection method 

3.2.1. Early warning process characterisation 
In Figs. 9a-b, the two different time intervals of the fracture process 

of each sample (i.e., time elapsed between the start of the experiment 
and the fracture initiation at macro-level (Δt1) and time elapsed be-
tween the crack initiation point and the instant of the complete fracture 
(Δt2)) are shown according to the different tree rings number (also 
shown by * for low TRN group and △ for high TRN group), also 
differentiated according to different grain angle categories (different 
color code). 

In Fig. 9a, for both high and low TRN groups, Δt1 < 10s for samples 
with GA < 40◦, 10s < Δt1 < 20s for GA = 40◦ and Δt1 > 20s for GA =
60◦. The fracture in Mode I occurs faster than in mixed Mode. No dif-
ferences in terms of Δt1 exist for different TRN values of the same GA 
category (in the cases of 0◦, 20◦ and 40◦), again indicating that the most 
influencing factor is GA of the samples. It is worth noting that for GA =
60◦ (light blue indicators), a longer Δt1 is occurring in high TRN group 
(Δt1 > 45s) rather than in low (25s < Δt1 < 45s). 

In Fig. 9b, Δt2 was close to zero with the lowest variability for GA =
60◦ (mixed Mode) in all TRN groups, while Δt2 > 1s for GA ≤ 20s. It is 
worth noticing that when GA = 40◦ Δt2 ranges between 0 and 2s rep-
resenting an intermediate condition. Once again, TRN parameter cannot 
be used as discriminant of the fracture behaviour. 

3.2.2. Identification of an a posteriori EW threshold 
The evolution of fracture process through the second derivative (f”) 

of AE cumulative parameters (A, E, C) was investigated to discriminate 
abrupt changes in AE during the first-time interval (Δt1). Fig. 10 shows 
f” (light blue lines) of two samples with high TRN: (a) “H00PA5” for 
fracture Mode I and (b) “H60PA6” for mixed Mode. In both samples, 
abrupt changes (blue lines) started occurring after 7s. However, a lower 
number of such events was recorded in fracture Mode I with respect to 
mixed Mode, which had higher occurrences and more lasting AE activity 
before the crack initiation (black dashed vertical line). 

The number of occurrences of AE parameters (A, E and C) signals 
higher than 68th percentile is shown in Fig. 11 for samples “H00PA5” 
and “H60PA6” where an intensification of AE parameters (green bins) 
before the crack initiation point (dashed line) is visible for both samples. 
The increasing number of events shows the progressive acoustic activity 

Fig. 7. Load vs time for (upper panel) high - and (lower panel) low - tree rings 
number samples. The small numbers above each curve refer specifically to the 
number of tree rings for each different sample. 

Fig. 8. Density Linear energy Value vs time for (top plot) high - and (bottom 
plot) low - tree rings number samples. The small numbers above each curve 
refer specifically to the number of tree rings for each different sample. 

G. Boccacci et al.                                                                                                                                                                                                                               



Forces in Mechanics 13 (2023) 100232

7

Fig. 9. (a) First and (b) second time intervals of the fracture process vs tree rings number.  

Fig. 10. Second derivative (f’’) of AE cumulative parameters (i.e., ΣA-ΣC-ΣE) vs time for (a) “H00PA5” and for (b) “H60PA6”.  
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during the EW stage, providing the warning on the imminence of the 
fracture that would soon occur. Although only for low GA samples (for 
which there was detectable crack propagation), the increasing activity 
also occurred during the crack propagation period up to the complete 
fracture as it is indicated by the pink bins in Fig. 11a, between the 
vertical dashed line (representative of the fracture initiation at macro-
scopic level) and the vertical solid line (representative of the completion 
of the fracture - broken sample). On the contrary, no increasing acoustic 
activity is recorded for high GA samples between the beginning of the 
propagation and the completion of the fracture, as these samples frac-
ture abruptly (no pink bins between the two – dashed and solid – lines in 
Fig. 11b). 

Finally, from the comparison between the histograms, it was also 
clear how as the GA increased (for both the TRN groups), the EW 
acoustic activity prior to the crack initiation tended to anticipate much 
more over time, with a higher number of events per second, thus 
enhancing the early warning capacity of the AE technique, which be-
comes maximum in case of mixed Mode fracture. 

It may be noted that in some cases histogram bins graphically appear 
as cut, as the number of occurrences greater than the 68th percentile was 
calculated on the total number of events occurring second by second. 
Where the bins appear to be cut, it is because the count of the events on 
the time interval of a second was interrupted by the occurrence of the 
fracture. 

The amplitude (A) can be considered the most sensitive AE param-
eter recorded during these experiments. The 68th percentile value of 
amplitude (A68th), before the crack initiation, was extracted for all the 

15 tested samples, representing the threshold beyond which AE activity 
began to increase in view of the forthcoming initiation. This method can 
be applied only when the fracture initiation occurs, so it cannot be used 
as an indicator to define an EW time interval a priori. 

For this reason, the median value of A68th was computed and used as 
threshold to define the start of the time interval expected before the 
fracture initiation in Scots pine SENT samples. The resulting threshold 
was A = 51.9 dB meaning that, when such value is recorded, a macro-
crack can be expected in a certain time interval corresponding to the so- 
called early warning time (Δtew). 

Δtew (Eq. (3)) is therefore defined as the EW time elapsed between 

Fig. 11. Number of occurrences of AE parameters >68th percentile vs time for (a) “H00PA5” and for (b) “H60PA6”.  

Table 2 
Early warning (EW) time intervals for each of the 15 samples. The first column 
shows the grain angle value; the second column indicates the high TRN group for 
which the names of the samples with respective time intervals are reported 
below; in the third column the same is presented for low TRN samples. Numbers 
between brackets indicate the specific tree rings number of each sample.  

Grain angle (◦) High tree rings number (TRN) Low tree rings number (TRN)  
Samples ΔTew (s) Samples ΔTew (s) 

0 H00PA5 (12) 1.6 L00PA5 (4) 3.1 
20 H20PA4 (13) 2.5 L20PA4 (4) 2.7  

40 
H40PA4 (18) 
H40PA7 (18) 
H40PA6 (22) 

3.5 
10.8 
12.9 

L40PA4 (9) 
L40PA5 (8) 
L40PA6 (8) 

5.9 
10.4 
15.7  

60 
H60PA6 (24) 
H60PA5 (23) 

43.4 
53.6 

L60PA4 (10) 
L60PA5 (4) 
L60PA6 (9) 

17.4 
22.8 
33.3  
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the crossing instant of the established threshold (51.9 dB) and the 
instant of the crack initiation. Δtew values were calculated for each of the 
15 samples and reported in Table 2 and Fig. 12. Fig. 12 specifically re-
ports a summary diagram of the early warning (EW) time intervals of 
each sample. Samples are here differentiated according to TRN by means 
of two different markers (* for low TRN and △ for high TRN) and ac-
cording to GA values by four different colours (red for 0◦, green for 20◦, 
blue for 40◦, sky blue for 60◦). 

The higher GA samples representative for mixed Mode fracture had 
the longest Δtew (>20s up to 54s) between the exceeding of the 
threshold and the crack initiation point. On the other extreme, GA =
0◦ samples, representative of Mode I fracture, admitted no possibility of 
predicting the oncoming fracture, due to the very short duration of Δtew. 
At the same time, the high TRN seems to have an influence above all on 
the 60◦ grain angle samples, for which it caused a greater resistance and 
led to the longest early warning time interval among the tested samples. 

4. Conclusions 

The preliminary analysis of combined Acoustic Emission technique, 
Digital Image Correlation camera and Universal Testing Machine data 
yielded the following information: 

• Higher values of time and load are required to produce crack initi-
ation in samples with high grain angles (i.e., mixed Mode), and with 
high tree rings number. At the same time, load and Density Linear 
energy Value (DLV) factors reach their peaks at the crack initiation 
points when the load is maximum and a large emission of energy by a 
small crack propagation happens suddenly (i.e., maximum in second 
derivative - in the acceleration of the emission). 

• Once external load is applied, grain angle (GA) = 0◦ (Mode I frac-
ture) fractures itself earlier than higher grain angle samples (mixed 
Mode fracture) allowing a lower possibility of predicting the 
oncoming fracture. However, there is a propagation before the 
complete fracture in the first case, while in the second case the 
complete fracture occurs suddenly.  

• Only for samples with GA = 60◦ a higher tree rings number (TRN) 
also means major resistance to fracture (longest time interval prior to 
crack initiation). In the meanwhile, no significant differences were 
found for samples belonging to all the other GA categories (0-20-40◦) 
at different tree rings number, meaning that the most influencing 
factor in the fracture behaviour of samples is GA.  

• The median value of 68th percentiles of the amplitude (A) of all 
samples was defined as a risk threshold computed here experimen-
tally a posteriori, by causing the fracture of tested materials. The 
resulting value (A = 51.9dB) can be taken as a reference and applied 
to predict the occurrence of fracture in the same material or very 
similar ones (with comparable features of grain angle values and tree 
rings number), which respond equally to the stresses caused by the 

application of a force (thus becoming in this case, an a priori risk 
threshold). 

From this evaluation, a threshold is discriminated to be used as an 
early warning indicator able to potentially predict at which time after it 
is exceeded the crack occurs in the samples, according to their different 
tree rings number and grain angles. This method, which is more im-
mediate because it focuses on the pure signal of the parameters, 
nevertheless has the limitation of being able to be applied only after the 
experiment is completed, meaning that the sample has already broken 
Moreover, the random speckle pattern applied to the samples in order to 
employ DIC system did not allow a clear discrimination of microcracks 
related to the development of a fracture process zone (FPZ). 

It can however be said that when choosing a material to be used for a 
conservative application or even as a building construction material, it 
would be more appropriate to direct the choice towards a wood material 
with high grain angle and high tree rings number, which is more resis-
tant to fracture and allows greater possibility of early detection. At the 
same time, the drawback aspect of such choice should be considered for 
this same type of material: once the crack initiation point is reached, the 
crack propagates very quickly (so that it can be considered instanta-
neous as in the case of the tested samples). This underlines how 
important it is to avoid this kind of situation, adopting NDT techniques 
as far as possible as preventive monitoring tools to detect the status of 
stress impact on wooden materials. 

In conclusion, AE NDT technique is proved to be useful as an early 
warning (EW) method in predicting fractures before their occurrence. 
Future research could eventually improve the accuracy of the EW 
threshold here proposed, by considering a higher number of specimens 
or by conducting validation with an identical set of samples. Similarly, 
upcoming research investigations could be performed in different real 
conditions to gain insights on how the early warning capability of AE 
technique varies depending on the variables considered. 
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Fig. A1. Number of Occurrences for AE parameters of Amplitude (A), Counts (C) and Energy (E) – High number of tree rings samples.   
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Fig. A2. Number of Occurrences for AE parameters of Amplitude (A), Counts (C) and Energy (E) – Low number of tree rings samples.  
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