Wood Science and Technology (2021) 55:195-214
https://doi.org/10.1007/500226-020-01251-9

ORIGINAL

®

Check for
updates

Bamboo node effect on the tensile properties of side
press-laminated bamboo lumber

Zhen Wang' - Haitao Li'? - Dong Yang'? - Zhenhua Xiong® - Usama Sayed'? -
Rodolfo Lorenzo® - lleana Corbi® - Ottavia Corbi® - Chaokun Hong'?

Received: 18 April 2020 / Accepted: 30 November 2020 / Published online: 4 January 2021
©The Author(s), under exclusive licence to Springer-Verlag GmbH, DE part of Springer Nature 2021

Abstract

At present, most of the existing studies on bamboo nodes focus on the raw bam-
boo. There is still a lack of researches on the nodes in side press-laminated bamboo
lumber (LBL). However, after processing, bamboo nodes in the laminated bamboo
lumber are different from the raw bamboo nodes in terms of performance. There-
fore, this paper carried out tests to analyze the influence of bamboo node on the
tensile properties parallel to grain of side press-laminated bamboo lumber. A total
of 180 specimens were divided into six groups, and the number and position of the
bamboo nodes at the specimen in each group were different. The effects of these fac-
tors on the strength, elastic modulus, and Poisson’s ratio of the side press-laminated
bamboo lumber under tension parallel to grain were obtained. The tensile failure of
side press-laminated bamboo lumber was a brittle fracture, and the typical failure
mode can be classified into three types. The mean value for tensile strength was
127.18 MPa when there was no bamboo node, while the mean value was 89.99—
107.37 MPa when there were one to three bamboo nodes. The number of bamboo
nodes would significantly affect the tensile properties parallel to grain of side press-
laminated bamboo lumber, whereas the position of bamboo nodes has an insubstan-
tial impact. Comparisons with other research results were also carried out. A series
of formulas were proposed based on the test results to reflect how the node influ-
enced the mechanical properties of side press LBL under tensile conditions.
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Introduction

There are 78 genera divided into about 1500 species of bamboo all over the
world, and the area of bamboo forests is about 20 million square hectares (Xu
et al. 2007; Khalil et al. 2012). Bamboo tends to grow in a “belt” running through
tropical, subtropical, and temperate climates around the globe, and up to 3500 m
altitude (Kaminsky et al. 2016), of which 65% are grown in Asia (Paridah 2013).
Compared with wood, the elasticity and strength of bamboo are higher (Chung
and Yu 2002; Chen et al. 2006; Awalluddin et al. 2017). Bamboo has some other
advantages over wood, such as a short growth cycle and high cleavability. In
addition, the energy required to obtain bamboo, by volume, is much smaller than
for steel, and the specific resistance, which is the material tensile strength divided
by the material density, of bamboo can be six times higher than the steel one
(Ghavami 1995, 2005).

Traditional bamboo structure buildings mainly use raw bamboo materials as
basic components (Li et al. 2016a; Huang et al. 2016; Zhou et al. 2019; Fei et al.
2019). Due to the inherent disadvantages of raw bamboo such as small diameter,
large variations in the geometric size, and mechanical properties, the raw bamboo
components cannot meet the physical and mechanical properties requirements of
modern building structures and component size, which has promoted the develop-
ment of bamboo engineering products, such as bamboo scrimber and laminated
bamboo lumber (LBL), compensating for the shortcomings of original bamboo
material (Mahdavi et al. 2012; Verma and Chariar 2013; Correal et al. 2014,
Sharma et al. 2015; Li et al. 2016b; Wei et al. 2017; Yu et al. 2017; Zhong et al.
2017; Lv et al. 2019; Shen et al. 2019; Chen et al. 2020; Sun et al. 2020). LBL
is processed from fast-growing, short-cycle bamboo into fixed-width and fixed-
thick bamboo strips, which are dried to achieve a moisture content of 8% to 12%,
and then the bamboo strips are glued in the same direction to an arbitrary length
and cross section through an adhesive (see Fig. la). As a bamboo engineering
product, LBL can also achieve the natural aesthetic texture and fibrous property
of bamboo. Many scholars have conducted experimental research on LBL and
the basic properties of LBL have been tested. The results show that the strength
and stiffness of LBL are equivalent to that of wood and can replace structural
wood. Compared with traditional building materials such as concrete and steel,
LBL has a good strength-to-weight ratio, which proves the feasibility of it as a
structural material (Mahdavi et al. 2011; Sharma et al. 2016; Khoshbakht et al.
2017). Besides, LBL has proven to be an anisotropic material like wood by stud-
ying its elastic modulus and Poisson’s ratio (Takeuchi et al. 2015, 2018; Yang
et al. 2020). There are many studies on LBL beams, slabs, and columns as well
(Nugroho and Ando 2000, 2001; Sinha et al. 2014; Li et al. 2015a, b, c).

However, the existence of bamboo nodes makes the mechanical performance of
bamboo more complicated compared to steel and other materials (Hamdan 2004;
Anwar et al. 2005a, b; Razak et al. 2013). The node of bamboo culm consists
of a sheath scar, nodal ridge, diaphragm, and internode between the nodal ridge
and sheath scar (Liese 1998). The study of bamboo with its node present is very
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Fig. 1 Laminated bamboo lumber (LBL)

important to determine the influence of this portion on the properties of the bam-
boo (Sekhar and Bhartari 1960). The reason for it is that the existence of bamboo
nodes reduces the uniformity, elasticity, and strength of bamboo (Hamdan et al.
2009). Although the results could be quite contrary by different researches with
respect to the effect of a node on the bending, compression, and shear properties
of bamboo, the negative effect upon shear properties is definite (Zeng et al. 1992;
Shao et al. 2010). Furthermore, the internodal elastic modulus has been tested to
be higher than the nodal parts (Nordahlia et al. 2011). Nonetheless, most of the
existing studies upon bamboo nodes focus on the raw bamboo, and there is still a
lack of researches on the nodes in LBL. Tests on several properties of LBL with
or without nodes were carried out and demonstrated that nodes could significantly
affect the thickness swelling, bending, and compression strength of LBL (Sulas-
tiningsih et al. 2013; Anokye et al. 2016). Nodes in the LBL are different from
those in the raw bamboo because bamboo is processed during the production of
LBL, as shown in Fig. 1b. Moreover, since LBL is composed of several bamboo
strips, the distribution of nodes in LBL is random and many possible orderings
may exist. Hence, LBLs were used to test and analyze the tensile properties paral-
lel to grain of LBL under different conditions of nodes in this paper, providing a
scientific basis for the development of LBL in civil engineering.

Experimental
Materials

The test material was side press LBL (Phyllostachys edulis) produced by Sen-
tai Bamboo and Wood Co., Ltd., Jiangxi Province in China. With resorcinol as
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Fig. 3 Tensile specimen and test method

adhesive, laminated bamboo was made of three bamboo strips (7x21x2000 mm)
glued together by hot pressing for about 15 min under the condition of main pres-
sure of 9 MPa, side pressure of 6.5 MPa, and temperature of 157 °C, as shown in
Fig. 1. The laminated bamboo lumber consists of many nodes. To analyze the ten-
sile properties, the LBL was divided into several parts along the grain. Figure 2
shows an LBL column and the node distribution of it. Thus, a traditional dog bone
specimen comprising three laminas was designed in accordance with the American
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standard ASTM D143-94 and the Chinese national standard GB1927-1943-91. The
dimensions are shown in Fig. 3a. The laminae of the specimen were cut from the
bamboo strips with a thickness of 7 mm, which are typically used for the manufac-
ture of LBL products. All sides of the specimen must be flat, and the four sides were
perpendicular to each other. In addition, each end face must be smooth and flat, and
perpendicular to the axis of the test specimen. Specimens not meeting the standard
need to be polished again. The specimens were divided into six groups based on
the differences in the position of the bamboo nodes, 30 replicates per group. Fig-
ure 3b schematically shows the positions of bamboo nodes in specimens of each
group. Among them are T: without node, T1S: with one node, on one side strip,
T1M: with one node, on the middle strip, T2SM: with two nodes, on one side and
middle strips, T2S: with two nodes, on the strips both sides, T3: with three nodes
on all three strips. The aim of this study is to find out the most unfavorable tensile
position of the elements in engineering structures and analyze it. A series of aligned
nodes is the most unfavorable position in an LBL structure. Therefore, the nodes on
the specimen are aligned in the same line.

Methods

During the test, an electronic universal testing machine was used to apply a tensile
force to the specimen in a continuous and uniform loading direction until the speci-
men lost its bearing capacity and was damaged (see Fig. 3c).

The main steps of the tensile test were as follows:

a. Horizontal and vertical strain gauges were attached at the middle of the wide
surface of the specimen, as shown in Fig. 3c, and the strain gauges were con-
nected to a TDS-530 data logger. The size of the strain gauge-sensitive grid was
3 mm X 2 mm, the resistance was 120 Q , and the adhesive used for attachment
was instantaneous drying glue 502.

b. The specimen was installed vertically in the claws of the testing machine, the
wide surface of the specimen was in contact with the claw, and the position of
the specimen was adjusted to ensure that the axis of the specimen was pulled.

c. The test was loaded at a uniform speed of 1.5 mm/min.

d. If the failure was not in the valid part of the specimen, the test results should be
discarded.

Results and discussion

Failure phenomena

When the limit load was approached, a slight sound would appear, followed by
continuous sounds. After that, the specimen fractured brittlely and a great cracking

sound was emitted. The final failure mode can be classified into three types. The
fracture of 77 specimens was relatively smooth, and cracks in the direction of the
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(¢) Mode 111

Fig. 4 Typical failure modes and fracture phenomena

fiber were basically absent. As shown in Fig. 4a, it was Mode 1. Mode II was that the
fracture of the specimen was not uniform, and there were cracks in the direction of
the fiber. As shown in Fig. 4b, there were 87 specimens in this failure mode. Failure
of some specimens did not occur in the ideal area, as illustrated in Fig. 4c, which
was Mode III. This failure mode occurred in every group except for Group T3, with
a total of 16 specimens. The results of such specimens were invalid. The number of
specimens of different failure modes in each group is tabulated in Table 1.

Failure phenomena of Group T

When there was a slight sound, a small crack was generated along the fiber direc-
tion, and continuous sounds were issued. The crack rapidly propagated, causing a

Table 1 Summarized typical

N Group Mode 1 Mode II Mode III Total
failure modes
T 16 (53) 7 (23) 7 30
T1S 0 24 (80) 6 30
TIM 13 (43) 16 (53) 1 30
T2SM 13 (43) 16 (53) 1 30
T2S 17 (57) 12 (40) 1 30
T3 18 (60) 12 (40) 0 30
Total 77 (43) 87 (48) 16 180

Values in brackets are proportions of this mode (%)
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rapid fracture and a large cracking sound. The final failure mode of 16 specimens
was Mode I, accounting for 53% of the total specimens of the group. There were
seven specimens each for Mode II and Mode III, accounting for 23%. The Mode III
was most likely to occur in this group among all six groups, one reason may be that
there was no node on the laminae which could be Achilles’ heel to the specimen.

Failure phenomena of Group T1S

Microcracks were generated along with the fiber when the limit load was
approached. After that, some of the specimens were broken suddenly, the others
were fractured at the node first. The final failure of 6 specimens was Mode III, which
accounted for 20%. The rest were Mode 11, a total of 24 specimens, accounting for
80%. Due to the asymmetrically distributed node, the crack was uneven.

Failure phenomena of Group T1M

Specimens of Group T1M were abruptly broken, and cracks quickly propagated and
made a loud cracking noise. Final failure modes: 13 specimens were Mode I (43% of
all), 16 specimens were Mode II (53% of all), and 1 specimen was Mode III.

Failure phenomena of Group T2SM

At the beginning of the test, there was a slight noise, which caused microcracks
(Fig. 4d) along with the fiber. In the later stage, 13 specimens were broken suddenly,
and this type of fracture did not have parallel-to-grain cracks (Mode I, 43%). 16
specimens’ fracture arose at the node on the side, then extended to the middle strip,
finally went through the whole specimen, along with glue layer cracks developing
(Mode 11, 53%); in addition, there was a specimen that was Mode III.

Failure phenomena of Group T2S

A total of 17 specimens were suddenly fractured. The final fracture was symmetri-
cally through the nodes on both sides (Mode I, 57%). Twelve specimens fractured at
the node on one side laminae first, and then the whole specimen broke. This type of
final failure generally fractured at the node on one side and fractured at the internode
on the other side (Mode II, 40%). This group also has a Mode III specimen.

Failure phenomena of Group T3

Specimens of Group T3 all broke suddenly. The final failure mode was classified
into two types: the fracture passed through 3 nodes, which was Mode I, 18 speci-
mens, accounting for 60% of the total; the fracture only passed through 1 or 2
node(s), Mode II, 12 specimens, accounting for 40% of the total.
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Failure phenomena analysis

From the results of the tests, it can be concluded that the specimens always broke
at the natural defects of bamboo laminae, i.e., bamboo nodes, initially. For the
specimens with nodes symmetrically distributed like those in Group TIM and
T2S, the failure crack tended to be a flush cut edge, compared with those in
Group T1S and T2SM, respectively. That is because the fracture of unsymmetri-
cal nodes can lead to an eccentric tension of the specimen and the specimen being
torn along the laminate surface (Fig. 4b). As the number of nodes increases, the
fracture was more likely to occur at the node trimly, which demonstrated that the
node is the weak link when the specimen is pulled.

However, the failure mode of the specimens in the same group seemed to be
random. Although the fracture would go through the node definitely, the failure
position of the laminae without node was uncertain.

Analysis of results
Load-displacement behaviors

The load—displacement curves of six groups of specimens are summarized in
Fig. 5. At the beginning of the loading process, all the specimens went through
the elastic stage, in which the stiffness of each group of specimens was relatively
stable, and then entered the elastic—plastic stage with a gradual reduction in stiff-
ness. After that, the load—displacement curves dropped rapidly, which showed
that the specimen was broken. However, some of the curves rose again to a cer-
tain degree, which did not exceed the previous peak, illustrating that the speci-
men has undergone secondary damage. Compared to the ones in Group T, TIM
and T3, the specimens of Group T1S, T2SM, and T2S were more prone to break
strip by strip according to the curves, which was consistent with the experimental
results.

Stress—strain behaviors

Figure 6 plots the stress—strain curves and stress—strain models for the test speci-
mens. It can be seen from the curves that nonlinear behavior existed in the final
loading stage for the specimens. The straight lines are chosen to show the stress/
strain behaviors from a design perspective which could make the analysis easier
with a high accuracy. However, the straight lines could not measure the true Young’s
modulus. Regardless of the existence of bamboo nodes, the model can be expressed
as Eq. (1):

o =Ee ey

where o is the tensile stress of side press LBL, E is the elastic modulus, € is the ten-
sile strain.
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Fig.5 Load—displacement curves

The stress—strain curve of the specimen in Fig. 6 was a straight line, and there
was no evident yield platform, indicating that the tensile failure of side press
LBL was brittle. As the number of nodes increased, the degree of dispersion
of the curve in each group also increased, which indicated that the existence of
nodes makes the elastic modulus of the specimens tend to be highly variable.
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Fig. 6 Stress—strain curves and stress—strain models

Data analysis

The final calculation results for ultimate load F, tensile strength f;, elastic modulus
E, Poisson’s ratio u, vertical ultimate strain £, y, and horizontal ultimate strain &, g
for group specimens are tabulated in Table 2.

Analysis of the test data shows that the mean value for the tensile strength of

one-node specimens was 16% lower than that of the non-node specimens. For two-
node and three-node specimens, the reduction was 24% and 29%, respectively. As
shown in Fig. 7, the difference between the mean value for the tensile strength of the

@ Springer



Wood Science and Technology (2021) 55:195-214

205

Table 2 Tensile properties of side press LBL (with and without node) and the results of ANOVA

Group T T1S TIM T2SM  T2S T3 F values P values
F,(kN) Mean 1538 14.85 13.68 11.6 11.63 11.55 19.194** 000
SDV 243 1.77 1.86 1.336 2.04 1.42
COV  1581% 11.95% 13.62% 11.52% 17.56% 12.33%
CHV 11.38 11.93 10.61 9.33 8.27 9.21
fi(MPa) Mean 127.18 107.37 106.57 96.949 95.12 89.99 17.837*%* .000
SbvV  17.77 14.98 13.29 11.322  18.68 9.77
COV  1397% 1395% 1247% 11.67% 19.64% 10.85%
CHV  97.95 82.73 84.71 77.73 64.39 73.93
E (MPa) Mean 8219 8870 8756 10,624 8480 10,503  17.149** .000
SDV 719 1067 1260 1374 1119 2448
COV  8.75% 12.03% 14.39% 12.93% 13.19% 23.31%
CHV 7036 7115 6683 8090 6640 6476
u Mean 0.235 0.236 0.228 0.282 0.277 0.336 7.686%* 000
SDV  0.020 0.060 0.058 0.085 0.073 0.138
COV  851%  2542% 2544% 30.14% 2635% 41.07%
CHV  0.202 0.137 0.133 0.138 0.157 0.109
g,v(pe) Mean 19,380 13,390 12,330 9430 12,033 9269 30.354** .000
SDV 3944 1703 2275 2512 1732 1650
COV  2035% 12.72% 18.45% 26.64% 14.39% 17.80%
CHV 12,892 10,588 8588 5162 9185 6555
€,n(ne) Mean 3710 3140 2860 2580 3263 2932 5.059*%* 000
SDV 740 983 635 1129 1198 994
COV  1995% 31.31% 2220% 43.76% 36.71% 33.90%
CHV 2492 1523 1816 662 1293 1297

SDV means the standard deviation, COV means the coefficient of variation, CHV means characteristic
value, calculated on the basis that 95% of samples exceed the characteristic value, ns Not significant,

P>0.05
*Significant at 95%

**Significant up to 95%

Fig.7 Reduction in tensile
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specimens with the same quantity of nodes seemed to be minimal, though the posi-
tion of the node was different. As for elastic modulus, the node did not have a dis-
tinct effect on this value. Mean values for the elastic modulus of other groups were
basically between 8000 and 9 000 MPa except that values of Group T2SM and T3
exceeded 10 000 MPa. As the nodes increased, the vertical and horizontal ultimate
strains decreased, but the vertical one decreased faster, so the Poisson’s ratio tended
to increase. Besides, it is worth noting that for specimens with the same quantity
of nodes, the ultimate strain varied greatly due to different positions of nodes. For
example, the average vertical ultimate strain of the Group T2SM was 9 790, and the
value of the Group T2S was 12 033. The position of the strain gauge might be the
reason for it. The strain gauges of Group T1S and T2S were stuck at the internode,
whereas Group T1M and T2SM were at the node. It can be inferred that the strain at
the node was less than the internode at the same stress. In summary, the number of
nodes can substantially reduce the tensile properties of LBL, while the position of
the node makes a subtle difference.

Due to the huge difference among different bamboo individuals, the tensile prop-
erties of the specimens tend to be highly variable. As a bio-based composite, the
properties of laminated bamboo are affected by the bamboo’s natural properties.
Although the number of nodes is the same in a group, the shape, the volume, and
the consequent mechanical properties of each node are different, leading to a large
deviation among each sample.

As the position of bamboo nodes has an insubstantial impact, the following anal-
ysis will focus on the fraction of node area. The scatter diagrams of tensile strength,
elastic modulus, Poisson’s ratio, vertical and horizontal ultimate strain are plotted in
Figs. 8 and 9. The tensile strength and the fraction of node area can be described by
Eq. (2):

£=(0253x2 — 0.542x + 1)f,, @

where f, is the tensile strength, x is the fraction of node area, and ft_o is the mean
value for the tensile strength of Group T. Figure 8a shows that the tensile strength
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Fig.8 Comparison of a tensile strength and b elastic modulus
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Fig. 9 Comparison of a Poisson’s ratio, b vertical ultimate strain and ¢ horizontal ultimate strain

decreased along with increasing fraction of the node area. When the fraction was 1,
the degree of dispersion was the smallest, and the degree of dispersion was larger
when the fraction was between 0 and 1. As discussed above, the initial fracture of
the specimen occurred mostly in the nodal area. The tensile strength for the speci-
men was the load level of the first failure, which illustrated that the tensile strength
of a specimen was determined by the weakest node on it. When the fraction of the
node area was 1, the tensile strength was decided by the weakest one of the three
nodes, which varied inconsiderably. However, if a specimen had only one node, the
tensile strength was controlled by the only node, leading to a large degree of varia-
tion in tensile strength.
The elastic modulus and the fraction of node area can be described by Eq. (3):

E=(0.021x% + 0.210x + 1)E, 3)

where E is the elastic modulus, x is the fraction of node area, and E_o is the mean
value for the elastic modulus of Group T. Figure 8b shows that the elastic modulus
increased along with the increasing fraction of the node area, and the degree of dis-
persion increased as the fraction of node area increased.

From Fig. 9, it can be seen that the vertical ultimate strain of the specimen
decreased rapidly with the increase in the fraction, but the horizontal ultimate strain
decreased slowly, so the Poisson’s ratio showed an upward trend. The degree of

@ Springer



208 Wood Science and Technology (2021) 55:195-214

dispersion of the horizontal ultimate strain and Poisson’s ratio increased with the
increase in fraction, as well. As shown in Figs. 8 and 9, the degree of variation in
tensile strength and vertical ultimate strain tended to decrease when the fraction of
node increased while the degree tended to increase for elastic modulus, Poisson’s
ratio and horizontal ultimate strain.

The relationship between Poisson’s ratio, the vertical ultimate strain, the horizon-
tal ultimate strain and the fraction of node area can be described by Egs. (4), (5), and

(6):

u = 0.15x* — 0.039x + 0.233 (€]
£qv=4071x? — 1097 Lx + 16229 )
= 16332 — 2361x + 3695 (6)

where y is Poisson’s ratio, €, y is the vertical ultimate strain (pe), £,y is the horizon-
tal ultimate strain (p€), and x is the fraction of node area.

It is worth noting that the results are not limited to these particular specimens.
They can also be applied to other LBL products with different dimensions or differ-
ent numbers of layers.

Figure 10 shows the difference in strain between node and internode. When there
was a node on the middle strip, the degree of dispersion of the ultimate strain and
Poisson’s ratio was greater because the strain gauge was stuck at the node.

The effects of the bamboo node on the tensile mechanical properties parallel to
grain of LBL can be explained by the biological structure of bamboo internode and
node at the micro-level. Compared with node, fibers in the internode are longer, par-
allel to each other and oriented uniformly (Sulthoni 1989; Liese 1980), which pro-
vides better resistance to tensile load for bamboo. Fibers in the node are also said to
be short, forked and intersecting. Furthermore, the tensile strength of the vascular
bundles is much higher than that of other tissues or the whole bamboo structure.
The vascular bundles in the node are larger and longer than the internode (Nordahlia
et al. 2011), and the distribution is disordered. The main vascular bundles in nodes
are swollen, branching vascular anastomoses develop intensively, and many small
vascular bundles turn horizontally and twist repeatedly (Sulthoni 1989; Liese 1980;
Yulong and Liese 1997). Due to the swelling of the tissue at the node, the density of
the node decreases slightly. These make the node a weak point in the tensile process
of bamboo, which explains why most of the specimens broke at the nodes.

A comparison between the results of this test and similar tests is shown in
Fig. 11. The performances of planed and intact (unplaned) bamboo nodes are
quite different (Shao et al. 2010), so all the following comparative specimens
of similar studies have flat surfaces for bamboo strips. Among them, the data of
“with node” for LBL is the mean value for tensile strength of Group T3, and Glu-
Bam (Wang et al. 2015) is the glued bamboo using Phyllostachys edulis as raw
material. As can be seen from Fig. 11, all the tensile strength values for the speci-
mens with nodes are smaller than the values for the specimens without nodes.

@ Springer



Wood Science and Technology (2021) 55:195-214 209

(@ o7 ¢
X
0.6 x
X p 13
2 |
5 0.5 as
'g 04 o 8 N * 5
[72) x x
Z 03t 8 E 3 g
T 1
02 X
o § ; *
0.1 "
0 1 1 1 1 1 1 J
T TIS T2S TIM  T2SM T3
(b)
20000
o X
= 8 o
515000 + 8 8 ¥
o . E E ;
<
=) o
= 10000 | o u g
= o (o] x l
.g * ! *
= X
S 5000 5
0 1 1 1 1 1 1 J
T T1S T2S TIM  T2SM T3
(c)
6000
8
£ 5000 | ° o X ¥
g 8 % x
7] o 8 x X
g 4000 f x x %
E : § i : :
E 3000 | 8 i g § %
2 2000 | ’ ! 2 x
.y 8 * x x
21000 ° x x
0 1 1 1 1 1 1 J
T T1S T2S TIM  T2SM T3
o Internode x Node

Fig. 10 Difference in strain between node and internode: a Poisson’s ratio, b vertical ultimate strain and
¢ horizontal ultimate strain

@ Springer



210 Wood Science and Technology (2021) 55:195-214
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SB - 112.5
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Fig. 11 Comparison with similar tensile test results. GluBam: Wang et al. (2015); SB: Semantan bam-
boo, Bahari et al. (2010); Moso (1): Shao et al. (2010); Moso (2): Taylor et al. (2015); LBL: present
study

Table 3 Comparison with

several kinds of wood and ’ (g cm‘3) S(MPa)
bamboo Larix gmelini® 0.555-0.625 91.7
Sitka spruce® 0.383 59
Douglas-fir LVL® 0.52 49
Raw bamboo? 0.666 153
Raw bamboo® About 0.7-0.95 148.9-229.4
GluBam® 0.7 83
Bamboo scrimber® 1.254 156.2
LBL (without node)" 0.734 127.18
LBL (with node)" 0.734 89.99-107.37

p is density

*Larix gmelini: Zhou et al. (2016)

bSitka spruce: Lavers (2002), Kretschmann (2010)

“Douglas-fir LVL: Kretschmann et al. (1993), Clouston et al. (1998)
dRaw bamboo Phyllostachys pubescens: DeVos (2010)

°Raw bamboo Phyllostachys pubescens: Molaria et al. (2020)
fGluBam: Xiao et al. (2013); Xiao and Shan (2013)

gBamboo scrimber: Li et al. (2020)

"Present study

The value for LBL with nodes decreases by 29.2% which is close to that for Glu-
Bam with the percentage of 31.2%. The percentage of strength loss for Moso (1)
and Moso (2) are 33.4% and 36.1%, respectively, while the percentage for SB
(Bahari et al. 2010) is 14.1% which is the smallest one among all test results in
Fig. 11.
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Table 3 shows the density and tensile strength of several types of wood and bam-
boo. It can be seen that the tensile strength of LBL is comparable to that of other
bamboo engineering products and higher than that of wood.

Conclusion

To evaluate the influence of the bamboo node on the tensile properties of side press-
laminated bamboo lumber (LBL), 180 specimens were tested and the results were
analyzed. The following conclusions are drawn.

(1) As abuilding material, LBL can well meet the physical and mechanical require-
ment of practical applications. LBL has a higher density than wood products
but a lower one than other bamboo engineering products. However, the ten-
sile strength of LBL is comparable to that of other bamboo products and is
higher than that of wood products, especially the one without node. Besides,
the decrease rate of strength due to nodes is also comparable to other bamboo
products.

(2) The tensile failure of side press LBL was a brittle fracture. The stress—strain
model of side press LBL could be expressed linearly with or without node from
the design point of view. The tensile strength of side press LBL without node
was 127.18 MPa, and the tensile strength with nodes decreased by 16% to 29%.
The tensile strength of the specimen with 3 nodes was 89.99 MPa. As the num-
ber of nodes increased, the degree of dispersion of the elastic modulus and
Poisson’s ratio of the specimen increased. Under the same stress, the strain at
the node was less than the strain at the internode.

(3) In an LBL structure, nodes are the most unfavorable position of the tensile
component such as the soffit of a beam. Characteristic values with a guarantee
rate of 95% for tensile properties were obtained, which can be used as the lowest
criterion in practical applications.

(4) The effect of the position of the node on the tensile properties was not prominent.
The negative effect of the node on the tensile properties of side press LBL is
due to the difference in biological structure between nodes and internodes. The
relationship between tensile strength, elastic modulus, Poisson’s ratio, ultimate
strain and the fraction of node area was proposed.

(5) Comparisons with other research results were carried out. The node could influ-
ence the tensile strength obviously. The percentage of strength loss for LBL is
29.2% which is smaller but close to the values for GluBam, Moso (1) and Moso
(2) with the percentage of 31.2%, 33.4% and 36.1%, respectively. While the
percentage of strength loss for SB (Bahari et al. 2010) is the smallest one among
all test results.
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