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Abstract 8 

The use of wood in civil engineering structures, such as timber bridges, has been increasing in recent 9 

years. Unfortunately, our knowledge of their behaviour towards sustainability problems is far from 10 

complete and it is necessary to develop monitoring techniques like acoustic Emission (AE) that allow 11 

early identification of pathologies. This study focuses on the analysis of the influence of wood species 12 

on the acoustic response under bending loading. The results of this experimental study show a 13 

correlation between AE signal features and certain failure mechanisms but also that these acoustic 14 

signatures are different for each timber species. 15 

Keywords: Timber structures, Acoustic Emission monitoring, Damage acoustic signature, Structural 16 

Health Assessment 17 

1. Introduction 18 

Today, the use of wood is becoming more and more widespread in the field of construction [1]. Wood 19 

is a renewable resource with low energy consumption that traps CO2 during the life of the structure. 20 

Although the use of wood is an ecological solution, the integration of this material into structures 21 

remains limited because of its complex behaviour (strong anisotropy, heterogeneity, sensitivity to 22 

variations of humidity and temperature, limited mechanical properties, etc.). In order to overcome 23 

these limitations, hybrid structures have been developed in recent decades. In this context, timber-24 

concrete bridges have been built in France. Examples include the Vallon bridge at Riou de Lantosque, 25 

the bridge of Cognin, and the bridge at Lure [1]. In addition, the European project NR2C (New Road 26 

Construction Concept), devoted to the bridges of the future, has demonstrated the mechanical interest 27 
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of new wood / concrete / composite decks [2]. These multi-material wood-based structures are both 28 

original and mechanically promising but the fact that this type of construction is still recent can result 29 

in some misunderstanding of their mechanical behaviour [3]. 30 

As a safety measure and to be able to anticipate and optimize the maintenance operations of these 31 

structures, it is interesting to detect and identify the severity of damage from its initiation. In this 32 

context, it is necessary to use a non-destructive test method to evaluate and assess the health of a 33 

structure and to predict the evolution of the damage. Acoustic emission (AE) seems an interesting 34 

technique for this purpose since it allows the response of the structure to mechanical or environmental 35 

constraints to be followed continuously. In addition, AE also enables early detection of evolving 36 

defects and the localization of acoustic sources as well as the characterization and identification of 37 

various mechanisms of damage [4]. Although the characterization of the damage mechanisms of 38 

composite materials or cementitious materials by AE is now widely reported [5], [6], [7], [8], few 39 

studies have concerned wood material. Most of the work identified in the literature shows that the 40 

anatomical structure of wood has a significant influence on its acoustic response under mechanical 41 

loadings [9], [10], [11], and Chen [12] also observed that the acoustic activity rate was proportional to 42 

the damage rate of wood. More recent work has partially correlated acoustic signatures to a particular 43 

kind of damage [13], [14], [15]. These works are generally limited to a specific wood species 44 

subjected to a particular type of stress and the assignment of acoustic signatures is often based on 45 

hypotheses. 46 

The research work we present here focuses on the influence of the wood species on the acoustic 47 

response of wood material. In order to work on one of the most frequent stresses identified on timber 48 

structures [16], only the bending stress is considered. First, we will focus on the evolution of damage 49 

at different stages of loading through a conventional analysis of acoustic activity. Then we will 50 

identify the acoustic signature of the different damage mechanisms for the three species through a 51 

multi-variable analysis coupled with video tracking. The evolution of diagnostic methods and signal 52 

processing algorithms, coupled with the cross-use of several control techniques, makes it possible to 53 

increase the robustness and richness of the acoustic data. In addition to an easier correlation between 54 

the mechanisms of damage and the acoustic signatures, these developments give a better 55 
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understanding of the damage scenarios and the parameters influencing them, which will allow us to 56 

establish a comparison of the acoustic responses among individual species. 57 

 58 

2. Materials and testing methods 59 

2.1. Wood species 60 

Four-point bending tests were carried out on 3 different species: two softwoods, Douglas fir 61 

(Pseudotsuga Menziesii) and Silver fir (Abies Pectinata), and a hardwood species, Poplar (Populus 62 

Negra). For the three species, the tests were performed on samples cut from the same board to limit the 63 

impact of inter-species heterogeneity and 5 samples were tested for each species. All species of wood 64 

are characterized by a heterogeneous structure and different properties in the longitudinal (L), radial 65 

(R) and tangential (T) directions [17]. Douglas fir was chosen because it is currently the species most 66 

commonly used in construction thanks to its remarkable mechanical characteristics and its natural 67 

durability properties. One of the peculiarities of Douglas fir is that its growth rings are very apparent, 68 

as the Late Wood (LW) is much denser and more colourful than the Early Wood (EW) [16] (Table 1).  69 

The second species selected was Silver fir, another resinous species, which has the particularity of 70 

being a very abundant local species in the south-west of France and which is not sufficiently 71 

developed today from a commercial point of view. Its structure and heterogeneity are different from 72 

those of Douglas fir. For example, the Silver fir has much less marked annual rings. This results in 73 

properties between the EW and the LW closer than for the Douglas fir (Table 1). The third species was 74 

Poplar, a hardwood species. Its structure is much more homogeneous for a density relatively close to 75 

that of the other two (Table 1). Thus, we can compare the behaviour of a homogeneous hardwood 76 

species with the behaviour of two heterogeneous softwood species, these three species having 77 

comparable density. 78 

Table 1. Raw density of the species tested in this study (average of 5 samples), characteristics of LW 79 

et EW [18] of the species. 80 

Species 
Raw density in 

kg/m3 (variability) 

Density Young Modulus (GPa) 

EW LW EW LW 

Douglas fir 498.6 (±6.3%) 0.29 0.82 18.24 45.51 

Silver fir 424.3 (±8.2%) 0.27 0.62 20.50 28.25 

Poplar 408.1 (±2.7%) 0.4 0.48 - - 

 81 
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 82 

 83 

2.2. Mechanical four-point bending test 84 

The tests conducted and monitored by AE were based on standardized tests (NF B- 51-008 [19]). All 85 

of them were performed on an MTS 20/M electromechanical testing machine with a maximum 86 

capacity of 100 kN. Before each test, the specimens used were conditioned in a climatic chamber at 20 87 

°C and 65% relative humidity (NF B51-002 [20]) until mass stabilization. The dimensions of the 88 

specimens were 360 mm (L) x 20 mm (R) x 20 mm (T) (Figure 1).  89 

 90 
 91 

Figure 1: Bending test specimen dimensions according standard NF B 51-008[19] 92 

 93 

In order to ensure that the Early Wood and the Late Wood are loaded in the same way, the standard 94 

NF B 51-008 [19] requires a load to be applied parallel to the annual rings (Figure 2a). The bending 95 

tests were also carried out in imposed displacement mode, using a speed of 4 mm / min in accordance 96 

with NF B 51-008 [19]. It should be noted that a steel wedge was positioned between the supports and 97 

the sample in order to limit local indentation (Figure 2b). 98 

Each test was tracked by AE and video tracking using a Canon PowerShot SX40 HS camera, with a 99 

sampling rate of 24 frames per second and a resolution of 1920*1080 pixels. 100 
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             (a)                                                                                         (b) 101 

 102 

 103 

Figure 2: Four-point bending test procedure (a) Loading direction (b) Sensor positions. 104 

 105 

 106 

2.3. AE instrumentation  107 

The choice of instrumentation is essential in AE. Most studies use sensor ranges having resonant 108 

frequencies that are typically between 150 kHz and 450 kHz [9], [10], [14], [15], [21], [22], [23]. 109 

However, wood is a very dispersive material, particularly because of its heterogeneity. The 110 

propagation of acoustic waves within the wood material is accompanied by large attenuation, which 111 

can reach 1 dB / cm [23], [24], [25]. It is thus necessary to select a sensor that collects the maximum 112 

of signals during the damaging of the wood material.  Several authors have shown that the signals 113 

emitted in the wood are of rather low frequency [21]. A previous study, published in TAMAP [26], 114 

shows that the frequencies emitted during mechanical tests are lower than 100 kHz. In order to cover 115 

the entire frequency range identified, the different tests were instrumented via two types of sensors: 116 

R6α and R3α (MISTRAS Group), which have resonance frequencies of 60 kHz and 30 kHz, 117 

respectively. The coupling of the sensors on the specimen is performed via a silicone grease and their 118 

fixation is guaranteed by the use of metal brackets and clamps (Figure 2b). The coupling is then 119 

checked by Hsu-Nielsen tests [27]. Each sensor was connected to a 40 dB pre-amplifier and then 120 

connected to the acquisition system (PCI8 board from MISTRAS Group). Concerning the positioning 121 

of the sensors, following a series of preliminary tests and in order to continue to determine the location 122 

of the acoustic events for as long as possible during the tests, the R6α and R3α sensors were placed on 123 

the top of the test piece (Figure 2b). The fact that the main damage occurs on the side under tensile 124 
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load of the specimen would have implied a very rapid loss of location if the sensors had been placed 125 

below the test piece. The precise position of the sensors is shown in Figure 2b. 126 

2.4. Tuning the acquisition parameters  127 

The acquisition threshold of the system was chosen according to the signal-to-noise ratio. It was set at 128 

35 dB for all tests. Analogue filters were used to eliminate unwanted mechanical noise: high pass 129 

filter: 20 kHz, low pass filter: 400 kHz. In addition, following the preliminary tests, the values chosen 130 

for the time windows in order to identify the individual acoustic hits correctly were: Peak Definition 131 

Time: 40 μs, Hit Definition Time: 200 μs, Hit Lockout Time: 300 μs. 132 

2.5. Statistical treatment of data 133 

The AE signals were then analysed using an Unsupervised Pattern Recognition (UPR) technique with 134 

the NOESIS software (Enviroacoustics SA) to group signals with a similar acoustic signature. This 135 

type of statistical analysis is widely described in the literature [28], [29]. In this study we kept the 136 

maximum of AE features in order to obtain the most robust signal classification possible. These 137 

parameters were: rise time, counts, counts to peak, absolute energy, duration, amplitude, average 138 

frequency, frequency centroid, initiation frequency, reverberation frequency, and peak frequency. 139 

Naturally, in order to limit the weight of certain parameters in the analysis, a normalization of the data 140 

between 0 and 1 was carried out. After a comparative study of the various classification algorithms at 141 

our disposal, the k-means algorithm was used to classify the signals into different groups. The number 142 

of groups was validated through 2 statistical criteria: the Davies & Bouldin (D&B) coefficient [28] 143 

and the Tou coefficient [30]. 144 

 145 

3. Results and discussion 146 

3.1. Bending tests on Douglas fir  147 
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The five specimens of Douglas fir responded similarly to the bending tests. Failure surfaces showed a 148 

simple tensile fracture mode [31], [32]. The results presented here are those of a specimen 149 

representative of the general behaviour observed on the batch of specimens (Figure 3). The fracture 150 

surfaces showed numerous cracks at the EW/LW interfaces (Figure 3a) as well as large areas of 151 

longitudinal cracks (Figure 3b). The detachment of one or more initial wood bundles was also widely 152 

observed (Figure 3b) (one bundle corresponds to all the fibres of one or more growth rings). 153 

 154 

 155 

 156 

 157 

(a)                                                                                                  (b) 158 

 159 

Figure 3: Observations of the Douglas fir specimen (a) tension face (LR view) 160 

(b) Side view (TL view)  161 

 162 

 163 

Images from the video permitted visual and audio analysis of the damage during the bending test. 164 

Many audible noises (unaccompanied by visible damage) could be identified at specific times during 165 

the test, as well as some macroscopic damage. Table 2 presents the significant moments. 166 

 167 

Table 2: Record of feature points on video recording. 168 

 169 

Hit number (Figure 5) Time (s) Observation/listening 

1 131.5 Audible noise (no visible damage) 

2 147.8  Audible noise (no visible damage) 

3 152.6 Audible noise with macroscopic rupture (Figure 4 a) 

4 154 Audible noise with macroscopic rupture (Figure 4b) 

5 159.2 Audible noise (no visible damage) 

 170 

Figure 4 shows the two instances of macroscopic damage observed during the test. 171 
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 172 

 173 

(a) 174 

 175 

(b) 176 

Figure 4: (a) First macroscopic fracture (b) second macroscopic fracture 177 

 178 

These two occurrences of macroscopic damage were generated by the zones of cracking between the 179 

different rings, and also by the breaking of bundles of fibres and the propagation of cracks in the 180 

longitudinal direction. The pull-out of a bundle of fibres, as during damage occurrences 3 and 4, was a 181 

brutal mechanism (fibre breakage then crack propagation). 182 

These characteristic moments were also identified on the recording of the associated acoustic activity. 183 

Figure 5a shows this activity collected on the sensor that recorded the most hits. Three distinct stages 184 

can be observed. The first stage corresponds to the linear part of the Load-time curve. It is 185 

characterized by the detection of acoustic signals of amplitude not exceeding 55 dB. The second stage 186 

begins when the Load-time curve begins to become non-linear and ends at the point where the load is 187 

highest. In terms of acoustic response, this stage can be divided into two parts. During Part 1, the 188 

acoustic activity undergoes a small increase and the amplitude does not exceed 65 dB. Part 2 starts at t 189 

= 131.5s with an audible noise. It is characterized by an increase in the number of hits together with 190 

the recording of high amplitude signals (99 dB). The third stage corresponds to the rupture stage. In 191 

terms of acoustic response, the number of hits continues to increase very significantly. The 192 

multiplicity of sources of acoustic emission appears clearly in Figure 5a, where a very broad spectrum 193 

of amplitudes, ranging from 35 dB to 99 dB, is observed. 194 

The statistical classification of the signals, based on the k-means algorithm and validated by the 195 

coefficients of Davies & Bouldin and Tou, presented 3 clusters of significantly different signals. The 196 

first cluster (Figure 5b) contained 44% of the signals. This cluster appeared early during the test then 197 
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intensified from 148.7 s, when a peak load was recorded. In addition, cluster 1 was clearly visible at 198 

the time of the two macroscopic breaks. The second cluster (Figure 5c) contained 35% of the signals. 199 

Few signals appeared before 131.5 s. Then the appearance of this cluster of signals intensified. It 200 

should be noted that the increase in the activity density of the second cluster was consecutive to the 201 

first audible signal at 99 dB. This cluster of signals also ended early compared with the other two 202 

clusters. The third cluster (Figure 5d) included 21% of the signals and started to appear significantly as 203 

audible noises began to be emitted (131.5s). 204 

 205 

  206 

  (a) (b) 207 

 208 

                                    (c)                                                                                               (d)                209 

 210 

Figure 5: AE activity for the Douglas fir specimen during the 4 point bending test, (a) evolution of signal 211 

amplitude and load (b) cluster 1, (c) cluster 2 (d) cluster 3 212 

 213 

 214 
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Following the analysis of the video data and the associated acoustic activity, a damage scenario was 215 

developed, allowing each signal cluster to be associated with a specific damage mechanism. From the 216 

beginning of the first audible noises at t = 131.5 s, the acoustic activity increased, in particular in the 217 

second cluster of signals. High amplitude (99 dB) signals were synchronized with audible breakage 218 

sounds. This means that, from t = 131.5 s, wood fibres started to break. Following these first breaks, 219 

mobility mechanisms were set up in the shear planes, leading to cracks between the EW/LW rings. 220 

Thus, from 131.5 s, a significant amplification of the second cluster of signals was observed. The 221 

evolution of the damage resulted in breakage of wood bundles for t = 152.6 s and t = 154 s, 222 

accompanied by a significant increase in the first and third clusters of signals. This macroscopic 223 

damage was the consequence of fibre breaks in the tensile zone being transformed into longitudinal 224 

propagation when a singularity was encountered in the specimen. This damage scenario based on 225 

visual observations correlated with the acoustic activity made it possible to label the three clusters of 226 

signals. The first cluster was associated with the macroscopic failure mechanisms observed at 152.6 s 227 

and 154 s. These signals were related to the coalescence and propagation of longitudinal microcracks 228 

at the beginning of the test and then to the longitudinal propagation of macroscopic cracks in stage III. 229 

The second cluster of signals corresponded to the inter-laminar shear mechanisms at the EW / LW 230 

interfaces. These mechanisms created signals of low amplitude and low energy. The most energetic 231 

signals (cluster 3) were synchronized with the audible sounds of fibre breaks and thus ultimately 232 

associated with breaks in fibre bundles. 233 

 234 

3.2. Bending tests on Silver fir 235 

The mechanical response of the five test pieces of Silver fir to the bending stresses was similar to 236 

that of the Douglas fir but the ruptures observed on the specimens of Silver fir were sudden with little 237 

prior warning. The final rupture of the specimen began in the tension region by the propagation of a 238 

transverse crack in mode I (opening crack), followed by a longitudinal propagation in modes I + II 239 

(opening and shearing crack) until the final failure (Figure 6).  240 

 241 
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 242 

 243 

 244 

Figure 6: Fracture surfaces observed on Silver fir specimen. 245 

 246 

The video follow-up showed no precursors to the failure of the specimen, except a fibre rupture noise 247 

at t = 158.6s. As in the Douglas fir bending tests, the acoustic activity collected on the Silver fir 248 

presented three different stages. The number of hits cumulated in the first stage evolved in a regular 249 

manner (Figure 7a). The amplitude of recorded signals did not exceed 50 dB. In terms of acoustic 250 

response, the second stage could be divided into two parts according to the acoustic activity rate 251 

recorded.  Amplitudes in stage II-1 did not exceed 65 dB (Figure 7a). Stage II-2 began with the 252 

recording of a high amplitude signal (99 dB) at t = 158.6s. The last stage was almost instantaneous. At 253 

the acoustic response level at this time, the hit amplitude (Figure 7a) covered the entire range from the 254 

lowest to the highest amplitude (from 35 dB to 99 dB). There was also a huge increase in the number 255 

of hits. 256 

The ranking obtained by the k-means algorithm is presented in Figure 7. The number of signal clusters 257 

validated by the statistical criteria of Davies & Bouldin and Tou was two.  258 

The first cluster (Figure 7b) contained 24% of the signals. It started relatively late in the test. There 259 

was an increase in activity at the time of the final rupture. The second cluster (Figure 7c) contained 260 

76% of the signals. The average amplitude of the signals of the second cluster was small. It was also 261 

noted that the amplitudes increased as the rupture phase approached. 262 

 263 
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 264 

 265 

 266 

 267 

 268 

(a) 269 

  270 

                               (b) (c) 271 

Figure 7: AE activity for the Silver fir specimen during the 4 point bending test, (a) evolution of signal amplitude 272 

and load (b) cluster 1, (c) cluster 2. 273 

 274 

To label the two clusters of signals dissociated by multi-variable statistical analysis, we mainly relied 275 

on the correlation between the acoustic emission and the film record. The first cluster began in stage II 276 

with coalescence and propagation of longitudinal microcracks. Then, in the rupture stage (stage III), 277 

the signals of the first cluster corresponded to the propagation of the longitudinal crack in mode I + II 278 

(opening and shearing crack) identifiable on the lateral face of the specimen (Figure 6). The second 279 

class of signals represented a progressive phenomenon that started very early in the test. The 280 
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mechanism of damage present at that time was the transverse microcracking that started during stage I. 281 

The propagation and the coalescence of these transverse microcracks led to the mode I breakdown of 282 

fibres over the full width of the tensile part of the specimen. The audible noise specific to fibre breaks 283 

identified at the beginning of stage II-2 corresponded to the high amplitude signals of the second class. 284 

 285 

3.3.  Bending tests on Poplar 286 

Poplar specimens showed a combined failure mode (simple traction and bevel propagation) that 287 

started in the tensile zone of the specimen. The fracture surfaces presented in Figure 8 is representative 288 

of the behaviour of Poplar under bending stress. Crack initiations were located in the area of minimum 289 

stiffness lying under the top loading supports, where a zone of matting that weakened the material was 290 

observable (Figure 9). Under the effect of the bending stress, the two cracks propagated in mixed 291 

mode I + II (opening and shearing crack) crosswise towards the centre of the specimen. The fracture 292 

surfaces on the broken specimens formed a cross at (X).  A major mechanism was observed on the 293 

fracture surfaces of the specimen: an inclined cracking mechanism (mix of microcracks in several 294 

planes of the sample). 295 

 296 

 (a)  297 

 298 

 299 

  (b) 300 

 301 

Figure 8: Fracture surfaces observed on Poplar specimen (a) side view (LT view) (b) tension face (LR view). 302 
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 303 

 304 

                     (a)                                                                                                                        (b) 305 

 306 

Figure 9: (a) Front of the specimen (b) Rear face of the specimen. 307 

Four images corresponding to characteristic moments of the damage were extracted from the film 308 

(Figure 10). Images A and B, identified at different times during the test, showed no visible damage. It 309 

should be noted that image B corresponded to the moment of the first audible noise identified during 310 

the test. Image C showed the presence of macroscopic damage. This was a detachment of fibres, 311 

observed in the tension part of the specimen under the upper left loading support, followed by a crack 312 

propagation over a short distance. This first failure was followed by two other very rapid breaks that 313 

started simultaneously on the two opposite sides of the specimen (Figure 10 - image D). 314 

 

Figure 10: Characteristic images of the poplar sample damage extracted from the film. 

 
 315 

As for the two preceding species, three specific stages could be identified on the Load-time curve. 316 

Recording of acoustic hits started from t = 50 s. The number of cumulated hits (Figure 11a) was 317 

relatively small in this stage. The amplitude of the recorded signals varied between 35 dB and 55 dB 318 

(Figure 11). In terms of acoustic response, the second stage showed that the number of hits intensified 319 

as the test progressed. Figure 11 reveals two distinct parts in this second stage. In stage II-1, the 320 
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amplitudes remained modest (<60 dB) whereas, in stage II-2, a significant increase in amplitudes 321 

could be observed with signals exceeding 90 dB. We also noted a very significant increase in the 322 

number of hits around 200 s. The last stage was almost instantaneous. The amplitude of the recorded 323 

signals varied between 35 dB and 99 dB, and the number of high amplitude signals was relatively 324 

small. 325 

The results of the classification of acoustic signals by the k-means method are presented in Figure 11. 326 

Two different signal clusters were identified by the Davies&Bouldin and Tou criteria. 327 

 328 

 329 

(a) 330 

 331 

 332 

 333 

                               (b)                                                                                                       (c) 334 

Figure 11: AE activity for the Poplar specimen during the 4-point bending test, (a) evolution of signal amplitude 335 

and load (information A, B, C and D refer to Figure 10) (b) cluster 1, (c) cluster 2. 336 

 337 

 338 

Figures 11b and 11c show that the two clusters of signals evolved in particular ways. The first cluster 339 

(Figure 11b) contained only 5% of the signals. It appeared around 70 s and showed a homogeneous 340 

distribution of the signals throughout the test. The evolution of the second cluster of signals (Figure 341 

11c) was much more significant. The cluster contained 95% of the signals and started at 50s. It 342 
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showed weak activity in stage I, a progressive intensification in stage II and very intense activity at the 343 

end of the test. It should be noted that the second cluster of signals included all the signals having high 344 

amplitudes. 345 

If we compare the observations made on the specimen and the evolution of the two clusters of signals, 346 

it would seem that the first cluster of signals can be attributed to the permanent deformation in 347 

compression obtained by the matting effect, although we have no direct evidence (Figure 9). This is a 348 

local shear deformation of the fibres observed on all specimens of Poplar. This deformation does not 349 

lead to any great damage, which explains why it generates only 5% of the signals. The signals of the 350 

second cluster correspond to the different types of microfissuring (longitudinal and transversal) as well 351 

as to the breaking of fibres, and this cluster includes almost all signals with disparate characteristics as 352 

shown by the variety of amplitudes. The evolution of its activity during the test is in line with the 353 

evolution of the damage. The signals detected during stage I are generated during the initiation of 354 

microcracks, the coalescence and propagation of these microcracks occur in stage II and this activity 355 

intensifies during stage II-2 as the propagation of microcracks begins to be accompanied by fibre 356 

breaks. This is confirmed in stage III, with several high amplitude signals associated with a significant 357 

acoustic activity between 35 and 50 dB. These signals come from macroscopic cracking and rupture of 358 

the specimen. 359 

 360 

3.4 Comparison of acoustic responses 361 

The three species of wood studied in these works, stressed in bending, exhibit clearly 362 

different behaviours with respect to their damage. One of the main reasons that can be 363 

invoked concerns their anatomical structures. Several comparisons can be made, first of all by 364 

comparing hardwood and softwood species. Several studies in the literature have shown that 365 

softwood species are more emissive than hardwood species [10], [11], [21], [33]. We show 366 

here that these results are to be taken with caution, as already found by Chen [12], since the 367 

detection sensitivity of AE is largely dependent on the choice of instrumentation and 368 

acquisition parameters. The analysis of our results indicates that the intensity of the acoustic 369 
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activity varies from one stage to another depending on the species. In stage I, we find that the 370 

two softwoods (Douglas fir and Silver fir) generate an equivalent number of signals (Figure 371 

12a). On the other hand, the Poplar generates at least three times more signals than the two 372 

softwoods (Figure 12a). Finally, if we compare the average energy of each hit, we can see that 373 

the AE of the Douglas fir, Poplar and Silver fir have comparable average energies. During 374 

stage II, the Poplar emits many more signals than the two other woods (Figure 12b). On the 375 

other hand, although the number of signals generated by the Poplar is more than three times 376 

that generated by the Douglas fir, the average energy released by the Poplar signals is ten 377 

times less than that generated by the Douglas fir. Regarding the Silver fir, the average energy 378 

released is approximately half that released by the Douglas fir. In stage III, the breaking stage, 379 

Poplar still generates lots of signals (Figure 12c). The small number of cumulated hits 380 

generated by the Silver fir during its damage reflects its instantaneous failure. Nevertheless, 381 

the average energy released is the largest of the three species. The average energy released by 382 

the second softwood species is slightly lower as that released by the Silver fir. In Poplar, the 383 

rupture stage is characterized by a large number of low energy signals. 384 

 385 

(a)                                                                                            (b) 386 
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                                                                                 (c) 387 

          Figure 12: Comparison of the AE response of the three wood species during the three stages of loading 388 

(a) stage I, (b) stage II (c) stage III (AE energy = � �. ��
�

). 389 

 390 

The evolution of the number of hits and the energy released reflects the behaviour of the three 391 

species when they are undergoing damage. Douglas fir shows a significant increase in energy 392 

released in stage II. This is related to the specific mechanisms that are set up at the interfaces 393 

between EW and LW. Douglas fir is one of the species where the heterogeneity between early 394 

wood and late wood is strong [18]. For the Douglas fir, the density can differ by a factor of 395 

three (0.82 for LW, 0.29 for EW) [18], which causes stress concentrations at the EW / LW 396 

interfaces, thus establishing complex damage mechanisms. For the Silver fir, the density 397 

differs only by a factor of 2.3 (0.62 for LW, 0.27 for EW) [18]. This may explain the 398 

difference in behaviour under loading of the Silver fir, where there is almost no damage 399 

between growth rings. The particularity of the Silver fir is the sudden release of energy at the 400 

time of the breakage phase. Concerning Poplar, the differences between EW and LW are very 401 

small, as shown by the density values: 0.48 for LW and 0.40 for EW [18]. Poplar is a diffuse 402 

pore wood. EW and LW vessels have almost the same diameter and are evenly distributed 403 

over spring wood and summer wood. Its relative homogeneity results in damage mechanisms 404 

that are initiated quickly but evolve progressively until rupture, thus generating numerous but 405 

not very energetic signals. One of the consequences of this is the difficulty of drawing up a 406 

detailed classification of the different types of signals coming from Poplar. 407 

 408 

4. Conclusion 409 

The aim of this research work was to understand the differences in acoustic response 410 

according to the wood species under bending stress. 411 
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Regarding the influence of wood species on the overall acoustic activity, we observed a 412 

different behaviour that can be summarized as follows: overall, the hardwood species emitted 413 

more signals than either of the softwood species, but the signals were of low energy. The 414 

comparison between the two softwood species also showed different behaviours. The species 415 

of Douglas fir was very emissive throughout the test while the Silver fir was characterized by 416 

a very sudden break with very energetic signals at the end of the test. The statistical 417 

classifications implemented during this study showed that three separate classes of signals 418 

could be identified for Douglas fir (cracking at EW/LW interfaces, longitudinal cracking, and 419 

fibre breakage). Only two mechanisms were observed and identified in the acoustic activity of 420 

the Silver fir: longitudinal cracking and fibre breakage. For poplar, due to its relatively 421 

homogeneous anatomical structure, the statistical processing of the data did not make it 422 

possible to discriminate the signals coming from different damage mechanisms.  423 

Our results show that a comparison of the acoustic behaviour of different wood species cannot 424 

be limited to a simple analysis of the acoustic emissivity. The hardwood and softwood species 425 

studied showed different behaviours not only in the number of hits emitted but also in the 426 

energies released. On the other hand, the use of statistical processing of acoustic data coupled 427 

with video tracking showed that certain specific mechanisms were responsible for the 428 

differences in acoustic behaviour observed between species. This was the case, for example, 429 

for cracking mechanisms at the EW / LW interfaces in the case of the Douglas fir, which 430 

remains the species mainly used in the construction of wooden structures today. The 431 

recognition of damage mechanisms through the recording of specific acoustic signals opens 432 

up many interesting perspectives for the development of wood-based structures, in particular 433 

with regard to the problems of maintenance of such structures. Before arriving at this stage, it 434 

will nevertheless be necessary to be able in a short course to decorrelate the signals collected 435 

from measurement biases (propagation, natural frequency of the sensor, etc.) that modify the 436 
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original acoustic source.  This will make it possible to identify universal acoustic signatures 437 

that are independent on the measurement systems and thus make the analysis of information 438 

reliable. it will also have to be able to solve the problem of the transition from the laboratory 439 

specimen to the actual structure. This involves solving the questions related to on-site 440 

instrumentation but also the definition of relevant indicators to alert bridges managers. Not 441 

only the experience gained on other types of structures [34], but also the improvement and the 442 

miniaturization of the sensors and the electronics will certainly be necessary in order to 443 

answer to these imperatives. 444 

This research was funded by the French Ministry of Higher Education, Research and 445 

Innovation. 446 
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