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Abstract: In this paper, quasi-static axial compression tests are performed on the nodal
Moso bamboos to study the size effect on energy absorption of the bamboos and the
damage pattern of the multiple bamboo columns. Experimental results show that under
the same moisture content, growth age and growing environment, the specific energy
absorption (SEA) of the test samples increases with the increase of the out-diameter
and thickness of the bamboo columns, indicating that size effect exists for energy
absorption of the Moso Bamboos. For the multiple bamboo columns, there are mainly
three failure modes for the constituent single bamboo columns: splitting above the node,
splitting below the node and splitting through the node. Also, the tensile tests are
conducted on three kinds of dog-bone shaped bamboo samples to investigate the
macroscopic tensile fracture mode in the longitudinal direction of Moso bamboos.
Results show that there is no direct relationship between the fracture pattern and
moisture content of the bamboos, as well as the growth age of the bamboos. However,
the tensile loading rate and the shape of the dog-bone shaped bamboo sample could
affect the macroscopic fracture pattern of the bamboos in some cases.

Keywords: moso bamboo; quasi-static behavior; tensile behavior; size effect on energy
absorption; damage pattern of the multiple bamboo columns; macroscopic tensile
fracture mode

1. Introduction

As a common natural material, bamboos have the advantages of fast-growing,
sustainability, environmental friendliness, and the capability of being reused or recycled
[1-3]. In the past several years they have drawn extensive attention in the research fields.
In the aspect of structural materials, they could be used as bamboo scaffolds [4-5],

bamboo bridges [6], laminated bamboo [7-11], parallel strand bamboo lumber [12-13],
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bamboo concrete/cement composite structure [14-20] , bamboo fiber reinforced
composites [21-26], sound absorbing materials [27] and so on. In the aspect of
mechanical properties, researches revealed that bamboos have excellent flexibility and
fracture toughness, which are mainly related to their tubular shape [28- 32], the self-
adaptive distribution of nodes [24, 33-34], the gradient distribution of vascular bundles
and the hierarchical fiber/foam-like parenchyma cells [35-43].

With respect to energy absorption of the bamboos, Zou et al. [44] carried out the
drop-weight and dynamic tensile tests on bamboo species Phyllostachys pubescens.
They showed that bamboo is a tubular structure with excellent mechanical and energy
absorption properties. To be specific, the energy absorption of nodal samples is greater
than that of the internode samples and the specific energy absorption (SEA) of nodal
samples could be close to that of aluminium alloy and steel tube, and the SEA of the
internode samples could be close to that of copper tube. At the same time, inspired by
bamboos, using the bionic method they proposed a new type of thin-walled structures

with excellent energy absorption under lateral/axial impact [45].

With respect to tensile fracture properties of the bamboos, usually the tensile tests
are carried out on dog-bone shaped bamboo samples. Shao et al. [46] performed tensile
tests on the macroscopic bamboo blocks (4 years old) and the mesoscopic bamboo fiber
and showed that the tensile strength of bamboo fiber obtained from the tests on bamboo
blocks was higher than that on separated fiber bundles. Habibi and Lu [47] studied
crack growth mode in the hierarchical cellular structure of the 5 years old mature Moso
bamboo and revealed that fibers’ pull out was one of the prominent feature in tensile
fracture surface. Chen et al. [48] studied tensile properties of bamboo in different sizes
and revealed that compared with single bamboo fibers and bamboo fiber bundles, the
tensile strength of bamboo strips was reduced by 67.7% and 3.3%, respectively. By
means of digital speckle correlation method (DSCM) and microscopic techniques, Liu
et al. [49] studied tensile behaviour and fracture mechanism of the 4 years old moso
bamboo (Phyllostachys pubescens). In their experiments, hybrid I-11 failure mode was
observed, i.e., crack opening (in tensile stress) and shear sliding (in shear stress).
Jakovljevic et al. [50] studied the influence of humidity on mechanical properties of
bamboo for bicycles and showed that the tensile, compressive and bending strength of
bamboo significantly decreased after bamboo samples were kept in an environment
with humidity level of 60%.

In general, mechanical properties and engineered structural applications of
bamboos have been extensively studied in the existing literature. However, to the best
of the authors’ knowledge, size effect on energy absorption of the bamboos, i.e., under

the same moisture content, growth age and growing environment, how will the size of
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thickness and out-diameter influence SEA of the bamboos, has not been studied so far.
Therefore, in this paper, choosing Moso Bamboos as the research object, axial quasi-
static compression tests are performed on 4 groups of nodal bamboo columns. Damage

process and the effect of size on energy absorption of the bamboos are investigated.

Also, damage pattern of the multiple bamboo columns and the tensile fracture
modes of different Moso bamboos are still not fully studied. Therefore, this paper also
intends to give more details on damage pattern of the multiple bamboo columns and
macroscopic tensile fracture mode in the longitudinal direction of Moso bamboos.
About damage pattern of the multiple bamboo columns, quasi-static axial compression
tests are performed on three groups of nodal bamboo samples. About macroscopic
tensile fracture mode in the longitudinal direction of Moso bamboos, tensile tests are
conducted on three kinds of dog-bone shaped samples processed from longitudinal
sections of different Moso bamboos. The effects of growth age, moisture content,
tensile loading rate and the shape of the dog-boned shaped bamboo samples are

analyzed.

The results in this paper are expected to be inspirational for the bionic
crashworthiness optimization design of thin-walled tube structures and to be useful to
understand the mechanical properties of the bamboos more systematically and

comprehensively.

2. Size effect on energy absorption of the bamboos under axial quasi-static
compressions

In this part, size effect on energy absorption of the bamboos under axial quasi-

static compressions is analyzed.

2.1 Materials

The test samples are nodal bamboo columns (Figure 1) as those studied in Ref.
[44]. Their lengths are 16cm=0.1cm. The nodes locate around the middle positions of
the bamboo columns. And cross sections of the two ends are perpendicular to the axis
of bamboo columns. The number of the test samples is 12. They are divided into 4
groups (Figure 1). Each group has 3 bamboo columns cutting from the middle part of
the same bamboo. To examine size effect on energy absorption of bamboos, the 4
groups of test samples are cut from 4 bamboos of the species Moso Bamboo with the
same growth age (4 years) and moisture content (around 20%) but different diameters.
Besides, the 4 bamboos are produced at the same field of Fujian Province, China. Thus,
the influence of growing environment or climate on material properties of the test
samples can be ignored. The detailed geometrical parameters of the 4 groups test

samples are shown in Table 1. The outer diameter, thickness and mass of the test
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samples on the same group are similar. The average thickness and the average mass for

each group are increasing from Group 1 to Group 4.

(b)

Figure 1. (a) Top view and (b) front view of the test samples

Table 1. Geometrical parameters of the 4 groups of bamboo columns

Samples Group 1 Group 2 Group 3 Group 4

Number 1-1 1-2 1-3 2-1 2-2 2-3 3-1 3-2 3-3 4-1 4-2 4-3
Outer diameter
522 6042 6034 7032 7042 698 83.54 8254 80.72 101.88 101.84 101.36
(mm)

Thickness (mm)  5.55 5.59 5.58 6.84 6.26 6.7 7.36 6.84 7.34 10.92 9.64 9.52

Mass (g) 157.1 1674 180.6 2339 210.1 220.5 253.6 277.5 289.7 4973 442.3 470.1
Average

5.57 6.60 7.18 10.03
thickness (mm)
Average

168.3 221.5 270.6 469.9
mass (g)

2.2 Axial quasi-static compression tests
Axial quasi-static compression tests are performed on the Electro-hydraulic

Servo Universal Testing Machine at Tianjin University. The loading process is
displacement controlled and the rate is 5 mm/min. The test samples are fixed on the test

machine as shown in Figure 2.

The specific energy absorption (SEA), i.e., the energy absorbed per unit mass of
the bamboo columns, is used to evaluate the energy absorption capabilities of the
bamboo samples [44]. The expression of SEA is

SEA =% 1)

where £, 1s the total energy absorbed by the sample and equals to the area below the

loading displacement-force curve, M is the mass of the test sample.
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Figure 2. Schematic of the axial quasi-static compression test

2.3 Results and discussions
2.3.1 Destruction process of the test samples

Under quasi-static axial compression, destruction process of the test sample No.
4-3 is shown in Figure 3. And the corresponding quasi-static displacement-force curve
for No. 4-3 is given in Figure 4. Generally the destruction process of the test nodal
bamboo samples is similar to that of sample No. 4-3 and can be described as following:
At first, the loading process is elastic (Figures 3a and 3b). With the increase of the
loading displacement, cracks occur in the node position due to buckling of the bamboo
column. That is to say, the bamboo column is split into a group of bamboo slices with
uneven widths, as shown in Figure 3c. Then, with the continuing increase of the loading
displacement, the bamboo slices are split into more smaller ones (Figure 3d). After that,
peeling fractures gradually occur from the surface of the bamboo slices because of the
continuing buckling of the bamboo slices (Figure 3e). Finally, the bamboo column fails

rapidly due to buckling failure of the bamboo slices.
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(d) (e)

Figure 3. Destruction process of the test sample No. 4-3
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Figure 4. The loading displacement-force curve of the test sample No. 4-3
2.3.2 Energy absorptions of the test samples

Energy absorption properties of the 4 groups of test bamboo samples under quasi-
static axial compression are given in Table 2. From Table 2, one can see that the energy

absorption, SEA and the peak crushing force of the test samples on the same group are
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similar overall and generally they are increasing from Group 1 to Group 4. The average
energy absorptions of the 4 groups of test samples are 375.69, 719.67, 935.33 and
2130.49 J, respectively. And the average SEA of the 4 groups of test samples are 2.23,
3.25, 3.42 and 4.53 kJ/kg, respectively. Combining Tables 1 and 2, we conclude that
energy absorption capabilities increase with the increase of the size of bamboos. That
is to say, size effect exists for energy absorption of the Moso Bamboos studied in this
paper. The reason is that the bigger the size is, the stronger the influence of nodes and
the gradient distribution of vascular bundles in the microstructure of bamboos will be,

thus, the stronger the energy absorption abilities of the bamboos will be.

Table 2. Energy absorption properties of the 4 groups of test bamboo samples

Samples Group 1 Group 2 Group 3 Group 4
Number 1-1 1-2 -3 21 22 23 31 32 33 41 4-2 43
Energy

) 348 403 376 789 755 614 871 1052 883 2151 2007 2233
Absorption(J)

SEA (kl/kg) 221 241 208 337 360 279 343 379 3.05 433 454 475
Peak crushing
force (kN)
Average
Energy 375.69 719.67 935.33 2130.49
Absorption(J)
Average
SEA (kl/kg)

504 53541 60.7 746 769 70.7 91.8 915 90.7 140 131 134

2.23 3.25 342 4.53

2.4 Conclusion

Size effect on energy absorptions of the nodal Moso Bamboo columns are
analyzed in this part through the quasi-static axial compression tests. Results show that
under the same moisture content, growth age and growing environment, SEA increases
with the increase of the out-diameter and thickness of the test bamboo samples. That is

to say, size effect exists for energy absorption of the Moso Bamboos studied in this

paper.

3. Damage pattern of the multiple bamboo columns under axial quasi-static

compressions

In this part, damage patterns of the multiple bamboo columns (Figure 5) under

axial quasi-static compressions are observed.

Like those in part 1, the test samples used in this part are also nodal bamboo
columns with the lengths 16cm =0.1cm. The nodes locate around the middle positions

of the bamboo columns and cross sections of the two ends are perpendicular to the axis
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of bamboo columns. They are also cut from bamboos of the species Moso Bamboo with
similar growth age (4 years old), moisture content and produced at the same field of

Fujian Province, China. The outer diameter and thickness of the samples are around 45

mm and 4 mm, respectively.

(b)

Figure 5. The multiple bamboo columns: (a) Group I (90-99g); (b) Group II (100-109g); (c)
Group III (110-119g)

As shown in Figure 5, three groups of nodal samples, whose masses are in the
range 90-99g (Group 1), 100-109¢g (Group II) and 110-119g (Group III) respectively,
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are analyzed. Each group contains 5 groups of bamboo columns, for which the number
of bamboo columns are 1, 2, 3, 5 and 7, respectively (Figure 5). The 15 samples are
compressed on the Electro-hydraulic Servo Universal Testing Machine through the
displacement control. The loading rate is 5 mm/min. For the multiple bamboo columns,
the columns are freely and compactly put together. And they are fixed on the two ends
due to the compression of the testing machine. Failure modes of the three groups of test

samples are shown in Figures. 6-8, respectively.
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(el) (e2)
Figure 6. Failure modes of the Group I multiple bamboo columns shown in Figure 5a under
axial quasi-static compressions: (a) 1 bamboo column; (b) 2 bamboo columns; (¢) 3 bamboo
columns; (d1) front view of the 5 bamboo columns; (d2) back view of the 5 bamboo columns;

(el) front view of the 7 bamboo columns; (¢2) back view of the 7 bamboo columns.
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RN EEE TR PSS

) (2)
Figure 7. Failure modes of the Group II multiple bamboo columns shown in Figure 5b under
axial quasi-static compressions: (al) front view of the 1 bamboo column; (a2) back view of
the 1 bamboo column; (b1) front view of the 2 bamboo columns; (b2) back view of the 2
bamboo columns; (c1) front view of the 3 bamboo columns; (c2) back view of the 3 bamboo
columns; (d1) front view of the 5 bamboo columns; (d2) back view of the 5 bamboo columns;

(el) front view of the 7 bamboo columns; (¢2) back view of the 7 bamboo columns.
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(el) (e2)
Figure 8. Failure modes of the Group III multiple bamboo columns shown in Figure 5c under
axial quasi-static compressions: (a) 1 bamboo column; (b) 2 bamboo columns; (¢) 3 bamboo
columns; (d1) front view of the 5 bamboo columns; (d2) back view of the 5 bamboo columns;

(el) front view of the 7 bamboo columns; (e2) back view of the 7 bamboo columns.

From Figures 6-8 we can see that for the Moso bamboos studied in this part there
are mainly three failure modes for each bamboo column: splitting above the node,
splitting below the node and splitting through the node. For the multiple bamboo
columns, the failure mode is the combination of one (Figures 7b, 7c¢ and 8c), two
(Figures 6b, 7d, 8b etc.) or three (Figures 6e, 7e and 8e) of the three failure modes.
Apparently, with the increase of the number of the bamboo columns, the failure mode
becomes more complicated. In addition, in the loading process the bamboo columns
squeeze each other which also makes the failure mode more complicated. From the
point of view of energy absorption, the preferred failure modes are splitting above the
node and splitting below the node, because these two kinds of failure modes allow the
bamboo fibers to be sufficiently crushed and thus the nodal samples could absorb more

energy [44].

The results in this part may have implications for the bioinspired design of the

multiple thin walled structures for engineering application.
4. Macroscopic tensile behaviors of the bamboos under different loading rates

In this part, to study the macroscopic tensile fracture mode in the longitudinal
direction of Moso bamboos, tensile tests are conducted on three kinds of dog-bone
shaped samples processed from longitudinal sections of different Moso bamboos
(Figure 9). To assure their properties’ similarity, dog-bone shaped samples of the same
kind are processed from the same bamboo culm between two adjacent bamboo nodes.
The first kind of samples are machined from the 2 years old bamboo and have the fresh
moisture content 50% (Figure 9b). The second kind of samples are machined from the
3 years old bamboo and dehydrated with ethanol (Figure 9¢). And the third kind of
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samples are machined from the 5 years old bamboo and soaked in water for more than

24 hours (Figure 9d). The tensile tests are conducted on a MTS810 testing machine.
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Figure 9. Three kind of dog-bone shaped bamboo samples: (a) Schematic of the bamboo
culm from which the dog-bone shaped samples are machined (LD: longitudinal direction; TD:
transversal direction; RD: radial direction); (b) 2 years old Moso bamboo with natural
moisture content 50%; (c) 3 years old Moso bamboo and dehydrated with ethanol; (d) 5 years

old Moso bamboo and soaked in water for more than 24 hours.

The first kind of 9 samples, machined from the 2 years old bamboo and with
natural moisture 50%, are divided into 3 groups. Each group contains 3 samples. The
tensile loading rates for the three groups are 2, 20 and 200 mm/s, respectively, as shown
in Figure 10. From Figure 10, it is apparent that all the samples are brittle fracture and
the phenomenon of fibers’ pull out almost does not exist. At the same time, the loading

rates have no influence on the tensile fracture mode.
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Figure 10. Tensile fracture of the dog-bone shaped bamboo samples (with moisture content
50%) under different loading rate: (a) 2 mm/s; (b) 20 mm/s; (c) 200 mm/s.

The second kind of samples, similar to that in Ref. [47] and machined from the 3
years old bamboo, are dehydrated with ethanol and have 5 samples. The 5 samples are
loaded with the tensile loading rate 0.2, 2, 20, 200, 500 mm/s, respectively (Figure 11).

It is well known that bamboo has a kind of functional graded hierarchical structure
with the outer layer being stiff and the inner layer being softer [36, 40]. From Figure 11
it is easy to see that the hybrid I-II failure mode is the prominent feature, similar to that
given in Ref. [49]. To be specific, they are the mode I tensile failure in the softer inner
layer of the tab and the Mode II interfacial shear fracture between the lower fiber
density side and the higher fiber density side. In the tensile fracture surface (Figure 11a),
the phenomenon of fibers’ pull out exists. Also, the loading rates have no influence on

the tensile fracture mode.

One thing noteworthy is that for this kind of dog-bone shaped sample, the tensile
facture occurs in the tab of the sample, not in the narrow middle part of the sample.
This kind of phenomenon indicates that the shape of the dog-bone shaped bamboo

samples could affect the tensile fracture mode of the bamboos.
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(e
Figure 11. Tensile fracture of the dog-bone shaped bamboo samples dehydrated with ethanol

(from left to right the loading rates are 0.2, 2, 20, 200, 500 mm/s respectively): (a) front view;

(b) side view; (c) back view.

The third kind of samples, machined from the 5 years old Moso bamboo, are
soaked in water for more than 24 hours and have 10 samples. The 10 samples are
divided into 5 groups and each group contains 2 samples. As shown in Figures 11 and
12, the 5 groups are loaded with the tensile loading rate 0.2, 2, 20, 200, 500 mm/s,

respectively.

From Figure 12, it is easy to see that under different loading rates the fracture
modes are different. However, under the same loading rate the fracture modes of the
samples are similar. The failure mode of the two samples under loading rate 20 mm/s
(Figure 12¢) is the Mode I brittle fracture and the phenomenon of fibers’ pull out exists.
The failure modes of the other four groups of samples are not brittle fracture, in which

the phenomenon of fiber bridging exists. In short, we could say that different fracture
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modes could appear under different loading rate.

Figure 12. Tensile fracture (side view) of the dog-bone shaped bamboo samples (soaked in
water for more than 24 hours) under different loading rate: (a) 0.2 mm/s; (b) 2 mm/s; (c) 20
mm/s; (d) 200 mm/s; (e) 500 mm/s.

Comparing the three kinds of different dog-bone shaped bamboo samples shown
in Figures 10-13, we could say that there is no direct relationship between the fracture
pattern and moisture content of the bamboos. Also, there is no direct relationship
between the fracture pattern and growth age of the bamboos. Besides, the tensile
loading rate could affect the fracture pattern of the bamboos in some cases. Also, the
shape of the dog-bone shaped bamboo samples might affect the fracture pattern of the

bamboos.
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(d) (e)

Figure 13. Tensile fracture (front view) of the dog-bone shaped bamboo samples (soaked in
water for more than 24 hours) under different loading rate: (a) 0.2 mm/s; (b) 2 mm/s; (c) 20
mm/s; (d) 200 mm/s; (e) 500 mm/s.
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5. Conclusions

In this paper, quasi-static and tensile behaviors of the Moso bamboos are
experimentally studied. Quasi-static axial compression tests performed on the single
nodal Moso bamboo columns show that under the same moisture content, growth age
and growing environment, the specific energy absorption (SEA) of the test samples
increases with the increase of the out-diameter and thickness of the bamboo columns,
indicating that size effect exists for energy absorption of the Moso Bamboos. Quasi-
static axial compression tests performed on the multiple bamboo columns demonstrates
that there are mainly three failure modes for the constituent single bamboo columns:
splitting above the node, splitting below the node and splitting through the node. Tensile
tests conducted on three kinds of dog-bone shaped bamboo samples, processed from
the longitudinal direction of different Moso bamboos, show that there is no direct
relationship between the macroscopic tensile fracture mode and moisture content of the
bamboos, as well as the growth age of the bamboos. But in some cases the macroscopic
fracture pattern of the bamboos could be affected by the tensile loading rate and the

shape of the dog-bone shaped bamboo samples.
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