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ABSTRACT

The acoustic emission (AE) technique can perform non-destructive monitoring of the internal damage development
of bamboo and wood materials. In this experiment, the mechanical properties of different bamboo and wood
(bamboo scrimber, bamboo plywood and SPF (Spruce-pine-fir) dimension lumber) during four-point loading tests
were compared. The AE activities caused by loadings were investigated through the single parameter analysis and
K-means cluster analysis. Results showed that the bending strength of bamboo scrimber was 3.6 times that of bam-
boo plywood and 2.7 times that of SPF dimension lumber, respectively. Due to the high strength and toughness of
bamboo, the AE signals of the two bamboo products were more abundant than those of SPF dimension lumber.
However, the AE evolution trend of the three materials was similar, which all experienced three stages, including
gentle period, steady period and steep period, and the area of rupture precursor characteristics could be recognized
before the specimen destroyed. Due to the bottom layer was first tensile failure, the main structure of bamboo
plywood was destroyed after the stress redistribution. The rupture precursor characteristics could be observed before
each peak. Findings put in evidence a good correlation between AE clusters of two bamboo products, while
the amplitude and energy of wood signals were lower than those of bamboo. The amplitude and energy from
the propagation and aggregation of cracks were greater than those related to micro-cracks initiation.
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1 Introduction

With the increasingly prominent environmental problems and the declining available resources, the
engineered wood products and engineered bamboo products for structures have received more and more
attention. Both wood and bamboo are renewable materials with the ability to sequester carbon, which
show a better strength-to-weight ratio than steel or concrete [1]. In order to make full use of the abundant
bamboo resources, similar to wood, engineered bamboo products have been developed, for example
laminated bamboo lumber, bamboo glulam and bamboo scrimber [2]. China is a country rich in bamboo,
with the amount and quality of bamboo resources well-known in the world. These engineered bamboo
products for constructing buildings or bridges are therefore mainly made in China [1].
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Compared with wood, bamboo is considered to be the most efficient material in nature, and shows better
toughness, less deformation and a shorter growth cycle. Bamboo, as the fastest growing plant, can grow to its
full height in 2–4 months with a diurnal growth rate of around 20–100 cm [3]. Meanwhile, studies showed
that the flexural ductility, modulus of rupture and modulus of elasticity of bamboo were 3.06 times,
1.72 times and 0.84 times those of wood, respectively [4]. In view of above advantages, it has been
widely used in structural projects in China, Japan, Philippines, Indonesia and other Asian countries. In
the past few decades, researchers have done lots of work on the mechanical properties of bamboo, which
is the main direction of bamboo research. Ribeiro et al. [5] conducted a nondestructive evaluation of the
stiffness and bending strength properties of bamboo culms by Stress Wave Timer. Wei et al. [6] carried
out the tensile creep and short-term compressive creep tests on bamboo scrimber under different load
levels, and proposed the creep prediction models based on Burgers model. Zhang et al. [7] analyzed the
influence of height and section size on the axial compressive performance of bamboo short columns, and
suggested that the linear regression parameter analysis method could evaluate the impact of size more
effectively. Lin et al. [8] suggested using hook joint, which was recommended to be located at the
1/4 length of the sample, and minimize the number of joints. Chen et al. [9] developed a new type of
long-span bamboo double-beam component by combining pre-compaction densification process and
intermittent hot pressing. Wang et al. [10] found that the number of nodes had a significant influence on
the tensile properties of side press-laminated bamboo lumber, while the position of nodes has little
influence. Xuan et al. [11] suggested that bamboo nodes would reduce the flexural strength of laminated
bamboo lumber unit and had little effect on the bending modulus of elasticity.

As a non-destructive testing technology capable of real-time online dynamic monitoring, acoustic
emission (AE) techniques have been widely used in the field of wood materials, mainly focusing on the
evaluation of wood mechanical properties, wood machining, and drying detection [12]. As AE
technology is very sensitive to the nucleation and expansion of cracks, it can be used to detect the status
information of AE source and evaluate the internal characteristics of material damage and defects.
Diakhate et al. [13] studied the crack tip propagation of wood material under laboratory static tests by
using Double Cantilever Beam specimens. Rescalvo et al. [14] investigated the relationship between the
process of fracture and the spectral response of AE events within poplar wood. During the process of
wood drying, AE technology can be used to monitor the AE events inside the wood, so as to control the
wood drying defects caused by stress and strain. Schniewind et al. [15] and Lee et al. [16] recommended
that identifying key characteristics and respective critical values should be the key to monitor the drying
process of wood. Kowalski et al. [17] divided the AE events emitted during convective drying of wood
into three characteristic groups and explained the results according to the three stages of wood drying.
Some scholars have found that the AE events are related to the cutting parameters, wood species and the
state of tool. Aguilera et al. [18] evaluated the relationship between radiata pine with different grain
angles and AE events during cutting. Iskra et al. [19] established the relationship between AE signal and
feeding speed during machining and developed an automatic feeding control system by setting different
speeds. In fact, the application of AE technology in the field of bamboo and wood will contribute to
rationally use materials, improve production efficiency and product quality, and ensure the safe use of
materials. Though AE technology has been widely used in the field of wood as mentioned above, there is
still lack of reports on the application of it in the field of bamboo.

The research work we present here mainly focused on the effect of material kinds on AE signals during
the four-point bending tests. The mechanical properties of bamboo scrimber, bamboo plywood and SPF
dimension lumber as well as the AE activities caused by loadings were compared. Through AE parameter
analysis and K-means cluster analysis, the AE activities were correlated with the loading process, and the
AE signal characteristics of different damage mechanisms were explored.
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2 Materials and Testing Methods

2.1 Material
Three different bamboo/wood were prepared: bamboo scrimber, bamboo plywood and SPF dimension

lumber. Bamboo scrimber specimens were purchased from Chiyu Decoration Materials Co., Ltd., Fujian
Province, China. The average density was 1.19 g/cm3, and average moisture content (MC) was 5.51%.
Bamboo plywood specimens were purchased from Guangyu Bamboo Industry Co., Ltd., Zhejiang
Province, China. The measured average density was 0.83 g/cm3, and average MC was 6.88%. SPF
dimension lumber specimens, collected from Canada, had the average density of 0.45 g/cm3 (measured at
13.39% of MC). According to the Chinese standard GB/T 17657-2013 (Test methods of evaluating the
properties of wood-based panels and surface decorated wood-based panels) [20], all of them were
processed to the dimensions of 300 mm (length) � 20 mm (width) � 20 mm (thickness). The groups of
bamboo scrimber, bamboo plywood and SPF dimension lumber were recorded as S1–S3 groups,
respectively. 12 specimens were prepared for each group.

2.2 Four-Point Bending Test and AE Instrumentation
Fig. 1 provides a schematic diagram of the experimental equipment. The four-point bending tests were

conducted on a universal testing machine (SHIMADZU AG-X/AG-IC). All of them were loaded to failure at
a loading rate 4.0 mm/min according to GB/T 17657-2013. The tests were monitored by AE technology
using PXDAQ24260-2 equipment. Two 150 kHz resonant sensors of type PXR15 (Ra (1) and Ra (2))
with an optimum operating frequency range of 100–400 kHz were arranged on the upper surface of the
specimen, 50 mm away from the end of the specimen. Before the experiments, the appropriate AE
system parameters were adjusted. The AE acquisition threshold was set to 42 dB for all specimens for
reducing the influence of irrelevant noise. The preamplifier was set to 40 dB, and the sampling frequency
of the waveform recording was 1.25 M. The value chosen for the high pass of analogue filters was
20 kHz, while the low pass was 400 kHz. The peak definition time (PDT), hit definition time (HDT), and
hit lockout time (HLT) were chosen as 35, 150 and 300 µs, respectively. The universal testing machine
and AE equipment were operated at the same time, until the specimens failed. The load, mid-span
deflection and AE events were recorded, and the failure mode was observed.

2.3 Data Analysis
The specific cluster analysis process used in this paper is referred to the literature [13,21,22]. Firstly, data

was standardized by Z-Score and the system clustering was used to construct the decision tree to select the
relevant features by SPSS statistical software. Ward’s method was used, and the squared Euclidean distance

Figure 1: Test configuration and sensors location in four-point bending test (Unit: mm)
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was chosen as measurement interval. In the decision tree, the Y-axis and X-axis represented the AE
characteristic parameters and the correlation, respectively. The smaller the value of X-axis, the higher
degree of correlation. Then, Silhouette coefficient (SC) index and Davies-Bouldin (DB) index were
selected to choose the optimal number of clusters [23,24]. Finally, the K-means method was used to
cluster the AE signals, which would be related to the damage mechanisms in the process of bending
failure process.

3 Results and Discussion

3.1 Mechanical Properties and Fracture Patterns
Fig. 2 shows the average middle-span deflection and load diagram of the three. The bending process

could be divided into three stages according to the load and middle-span deflection curves. The first stage
corresponds to the elastic stage, where the load and middle-span deflection showed a linear relationship.
At this time, the specimens just deformed without visible cracks. As the load increased, it entered the
elastic-plastic stage with the curves increasing nonlinearly. A few visible micro-cracks began to appear on
the surface of the specimens. In the third stage called failure stage, the micro-cracks propagated rapidly
until the fiber on the tension side reached the yield limit and then broke. This stage lasted for a short time
and was accompanied by obvious sound of destruction. It was worth noting that bamboo plywood
showed different trends, which showed two obvious peaks. This was mainly due to the multi-layered
structures of bamboo plywood. During the loading process, the top layer of bamboo plywood was
compressed and the bottom layer was in tension first. As the load increased, the former caused the local
buckling of the top layer, while the latter led to the delamination between bamboo strips layer and the
tensile failure of the bottom layer, resulting in the ultimate failure [25]. As shown in the Fig. 3, most final
cracked specimens showed damage in the tension zone at the bottom. It was mainly caused by the fiber
bundle at the bottom of the middle-span reaching the ultimate tensile strength, and there was no obvious
damage at the top, except for the bamboo plywood. It could be seen in Fig. 3 that the top layers of
S2–5 and S2–8 were compressed and sheared, resulting in the separation of bamboo strips layers in pure
bending region [25].

Figure 2: Relation curve between average middle-span deflection and load in bending test
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The average values of bending properties of the three groups are given in Tab. 1. It could be seen that the
bamboo scrimber had the highest bending strength, which was 3.6 times and 2.7 times that of bamboo
plywood and SPF dimension lumber, respectively. The bamboo plywood showed the lowest bending
strength, due to the alternation of orient direction in adjacent plies and the gaps between the bamboo
strips, which was easy to cause stress concentration under loading.

3.2 Acoustic Emission Activity
The AE average energy and counts of three groups are compared, as shown in Fig. 4. Due to the high

strength and toughness of bamboo, the AE signals of the two bamboo materials were more abundant than
those of SPF dimension lumber. Among the three, bamboo plywood specimens produced the most AE
signals, followed by bamboo scrimber, and SPF dimension lumber was the least. The energy and counts
produced by bamboo plywood were 9.1 times and 6.7 times that of SPF dimension lumber, while
2.0 times and 2.7 times that of bamboo scrimber, respectively. The results could be due to the physical
and mechanical properties of bamboo, and the delamination failure between the bamboo layers during

Figure 3: The failure modes of tested specimen (from left to right: bamboo scrimber, bamboo plywood and
SPF dimension lumber)

Table 1: Average value of three groups under four-point bending tests

Group Maximum load/
N

Maximum mid-span deflection/
mm

Bending strength/
MPa

Bamboo scrimber (S1) 4050 (11.01) 10.52 (13.86) 121.50 (18.9)

Bamboo plywood (S2) 1109 (24.85) 12.73 (25.82) 33.29 (11.7)

SPF dimension lumber
(S3)

1464 (13.84) 7.83 (19.31) 43.93 (8.6)

Note: In parentheses is the coefficient of variation, %.
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loading. When the specimen fractured under bending load, the multi-layer interface would undergo
delamination and cracking, which caused more energy to be absorbed and released [26].

The process of specimens being damaged by load includes the process of energy absorption and energy
release. The release of energy corresponds to the rupture of the specimen. Fig. 5 reveals the relationship
between AE energy, cumulative energy, and stress vs. time. The results showed that the energy and
accumulated energy could be divided into three stages with the loading process: gentle period, steady
period and steep period [27]. Each period could correspond to the three loading stages in Section 3.1. In
the initial gentle period corresponding to the elastic stage, there was little energy released with a large
amount of energy absorption. With the increase of load, a small amount of micro-cracks began to occur
inside the specimen, which means that it has entered into the steady period characterized by a steady
increase in energy release. The specimen in the steep period was under high stress, when the wood/
bamboo fiber bundles were broken and pulled out, and a large number of micro-cracks initiated and
propagated into macro-cracks, resulting in the final failure of the specimen. At this fracture stage, a large
amount of high-energy was released rapidly, which was manifested by the sharp increase in the slope of
the cumulative energy curve and the emergence of a limit value. At the end of the cumulative energy
curve, there would be a short period of stability with the slope of the curve close to zero. This may be
caused by the release of part of residual energy after specimen failure.

Among the three groups, SPF dimension lumber showed a more gentle stepped growth during the steep
period, while the bamboo materials surged. It may be attributed to that the cracks of bamboo during flexure
propagate in a tortuous manner, leading to dramatic energy absorption [28]. There were some obvious steps
could be observed on the cumulative energy curve before the failure of bamboo plywood, which could
correspond to the delamination failure between the strips and ruptures of the different layers [29,30].
Moreover, it can be found that there were two flat periods at the end of S2–11 (Fig. 5B). The first flat
period was attributed to the tensile failure of bottom layer. After that, the stress was redistributed, which
resulted in the final failure with release of residual stress, expressed in the form of the second flat period.

Figure 4: Comparison of the average AE response of different groups
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Figure 5: AE energy-cumulative energy-stress-time curve of three representative specimens (A) S1–3 (B)
S2–11 (C) S3–6
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Fig. 6 shows the relationship between counts, cumulative counts, and stress vs. time. Through analysis, it
could be found that the development trend of counts was similar to that of energy. The counts were almost
undetectable in the first period. As the load increased, the counts started to appear and maintained a certain
level. The sudden increase of counts in the third period indicated that AE was extremely active and the
development of cracks was extremely rapid. The rupture precursor recognition characteristics were that
the counts keep fluctuating within a medium to high level with an obvious aggregation, but suddenly
become gentle when the stress was the highest [27]. In the areas of rupture precursor characteristics in
Fig. 6, the low counts with less number represented the initiation and propagation of a large number of
micro-cracks, while the high counts with more number represented the micro-cracks propagated and
coalesced into large cracks. Owing to the excellent toughness of bamboo, the areas of rupture precursor
characteristics of bamboo scrimber S1–3 (Fig. 6A) and bamboo plywood S2–11 (Fig. 6B) were more
obvious than that of SPF dimension lumber S3–6 (Fig. 6C). The failure process of S3–6 was relatively
gentle, without obvious concentration of counts before failure. In addition, S2-11 could observe obvious
failure precursors before the two peaks of the failure.

The frequency of counts is positively correlated with the activity of AE signals, and also closely
correlated with the energy, both of which can establish a qualitative relationship with the damage stage of
the specimen. Generally speaking, the damage process of three groups can be separated into two periods
according to the AE signals: damage accumulation period and failure period. The former period
represented the micro-crack initiation, in which the energy was released steadily and counts maintained a
certain level. The micro-cracks aggregated into large cracks in the latter period, leading to the final
damage. In this period, the energy was released rapidly and in large amounts, and the rupture precursor
characteristics could be recognized according to counts.

3.3 Cluster Analysis of AE Signals
The AE signals generated during the four-point bending process were analyzed by K-means cluster

analysis, the detailed analysis process of which was described in Section 2.3. The cluster analysis of AE
signals was summarized in Figs. 7 and 8.

Fig. 7A shows the evaluation of the correlation between the eight AE parameters. The smaller the value
of X-axis representing the correlation degree between characteristic parameters, the higher degree of
correlation. It was obvious in Fig. 7A that amplitude and counts, energy and duration had a high
correlation, rise time and peak count, average frequency and peak frequency were highly correlated.
Therefore, the characteristic parameters with a correlation coefficient greater than 5 were selected as
characteristic parameters of S1–3, namely, amplitude, rise time and average frequency. Eight
characteristic parameters of S2–11 and S3–6 could be divided into three and four groups through the
same method. The characteristic parameters of S2–11 were counts, rise time, amplitude and average
frequency, while those of S3–6 were the same as those of S2–11. The choice of the number of clusters
based on a high SC index and low DB index can be seen from Fig. 7B. The optimal number of clusters
of S1–3 and S2–11 was 3, and the optimal number of clusters of S3–6 was 2.

Fig. 8B shows the cluster analysis results of the AE signals of S2–11 based on the K-means algorithm.
Cluster 1 accounted for 16.7% of the AE signals, with the average amplitude about 57 dB and the average
energy about 29 mV·ms. The quantity of Cluster 2 was relatively small, about 6.6%. This cluster occupied
most of the low part of amplitude and energy, and distributed over the whole loading process. Cluster
3 accounted for 76.7% of the signals, with high amplitude and energy, the average energy of which was
3.8 times that of Cluster 1 and 15.7 times that of Cluster 2. Moreover, Cluster 3 concentrated in the
fracture stage, which had obvious AE signals surge in the time of two breaks of specimen.
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Figure 6: Counts rate-cumulative counts-stress-time curve of three representative specimens (A) S1–3 (B)
S2–11 (C) S3–6
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In S2–11, the tensile failure of bottom bamboo plywood layer first appeared, and then the cracks
extended upward, resulting in a large crack in the middle of the specimen, the length of which was about
1/5 of the length specimen. Analyzing the clustered AE signals with the damage process of the specimen,
the results showed that each cluster could be associated with a specific damage mechanism. Chen et al.
[31] pointed out three peak frequency bands could correspond to the different fracture behavior modes of
bamboo, namely, 80–130 kHz stands for the failure of parenchyma cells, 250–275 kHz corresponds to
fiber dissociation and 280–330 kHz corresponds to the bamboo fiber breakage. Clusters 2 and 3 were
similar in the peak frequency band, which were 55–312 kHz and 60–312 kHz, respectively. Considering
that there was a significant aggregation of AE signals in both areas of rupture precursor characteristics,
and it was coinciding with the generation time of the crack sound. Hence, Cluster 3 might result from the
propagation and aggregation of micro-cracks. While Cluster 2 could be attributed to the initiation of
micro-cracks, which contained most amplitude lower than 60 dB and showed a small aggregation at the
first peak. The cluster 1 might come from the delamination behavior.

The AE signals of S1–3 and S3–6 were analyzed by the same clustering method as S2–11. Figs. 8A and
8C show the cluster analysis results of them, respectively. Taking into account the AE parameters, there was
a clear difference in the AE characteristics parameters of different specimens, the average AE value
of each cluster of bamboo products was greater than that of SPF dimension lumber. Two bamboo
products showed consistency in the following aspects. The average amplitude of Cluster 3 of S1–3 and
Cluster 1 of S2–11 were both about 57 dB, with the average counts about 18. The average amplitude of

Figure 7: Cluster analysis (from left to right: S1–3, S2–11, S3–6) (A) AE parameter spectrum (B)
Polymerization coefficient
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Cluster 2 of S1–3 and S2–11 were about 50 dB, with the average energy about 7.5 mV · ms and the average
counts about 4. The average energy of Cluster 1 of S1–3 and Cluster 3 of S2–11were about 110 mV · ms.
According to the analysis in the previous paragraph, Cluster 2 of S1–3 was related to the micro-cracks
initiation, Cluster 3 was related to the delamination of glue line, and Cluster 1 was related to the
propagation and aggregation of cracks. Cluster 2 of S3–6 corresponded to the generation of micro-cracks,
while Cluster 1 was related to the macro fracture of wood.

By comparing the clustering results of AE signals of three specimens, the AE signals could be classified
into two types: the main AE signals with middle amplitude and the secondary AE signals with high
amplitude. Statistical analysis of clustering features is shown in Tab. 2. The amplitude range of the main
AE signals was concentrated within 75 dB, with low energy. These AE signals might be caused by the
accumulation of internal damage. The crack propagation was accompanied by the continuous release of
accumulated energy, leading to the secondary AE signals. All amplitudes greater than 90 dB were
included in the secondary signals, with the energy much higher than that of the main AE signals. Due to
the large number of delamination failures of bamboo plywood, the proportion of secondary AE signals
was higher than that of main AE signals.

Figure 8: AE activities for three representative specimens (A) S1–3 (B) S2–11 (C) S3–6
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4 Conclusion

In this study, four-point loading tests were carried out on bamboo scrimber, bamboo plywood and SPF
dimension lumber to compare the mechanical properties of different bamboo and wood as well as the AE
activities caused by bending. Through AE parameter analysis and cluster analysis, the AE activities were
correlated with the loading process, and the AE signal characteristics of different damage mechanisms
were explored. The main conclusions were summarized as follows:

1. The bending strength of bamboo scrimber was the highest, 3.6 times that of bamboo plywood and
2.7 times that of SPF dimension lumber, respectively. The bending process could be divided into
three stages: elastic stage, elastic-plastic stage and failure stage. Bamboo plywood had two peaks
at the fracture stage. The first peak corresponded to the tensile failure of bottom layer, while the
second one corresponded to the final failure of the specimen.

2. Due to the high strength and toughness of bamboo, the AE signals of the two bamboo products were
more abundant than those of SPF dimension lumber. Among them, the average AE signals of bamboo
plywood were the highest, which should be attributed to the large number of the delamination failure
between the bamboo layers during loading.

3. The energy release process of all specimens has gone through three periods: gentle period, steady
period and steep period. Due to the release of part of the residual energy, there was a flat period at
the end. For bamboo plywood, there were two flat periods due to the existing two breaks.

4. The development trend of counts was similar to that of energy, while the area of rupture precursor
characteristics could be recognized before the specimen failed. In this region, the counts
fluctuated at a medium to high level, the ratio of which was much higher than any previous stage.
The rupture precursor characteristics could be observed before each peak of bamboo plywood.

5. By comparing the clustering results, the clusters of the two bamboo products showed a high
correlation, while the amplitude and energy of wood signals were lower than those of bamboo.
The amplitude and energy from the propagation and aggregation of cracks were greater than those
related to micro-cracks initiation.
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