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Abstract In this paper, two kinds of laminated bam-
boo lumber specimens with 7 groups of fiber angles
on plane A and B were designed. The effects of differ-
ent angles on the compressive strength and stiffness
of laminated bamboo lumber were analyzed. Accord-
ing to the test results, the load displacement curves,
ultimate strength values and initial stiffness of all
specimens were obtained. The compressive strength
test values of pin groove based on American Standard
5% diameter offset method were obtained. The results
demonstrated that the compressive strength of the pin
groove of laminated bamboo lumber obtained by 5%
diameter offset method was relatively uniform. The
compressive strength of class A pin groove decreased
with the increase of angle. The coefficient of varia-
tion was within 9.42%, and the standard deviation
within 6.33. The compressive strength of class B pin
groove first decreased and then increased with the
increase of angle. The coefficient of variation was
within 12.10%, and the standard deviation within
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6.67. The relationship between different fiber angles
and the compressive performance of laminated bam-
boo lumber were analyzed, and the test results were
compared with the theoretical formula calculated in
the European wood structure and American wood
structure design standards. The calculation model of
pin groove compressive strength with different fiber
angles was put forward.

Keywords Compressive strength of pin groove -
Different angles - Laminated bamboo lumber

Introduction

Bamboo grows fast. From the entire process of
growth, processing, use and waste treatment, bam-
boo is a high-quality green building material (Assima
et al. 2021; Lei et al. 2021; Su et al. 2021; Li et al.
2022; Zhou et al. 2022). Energy-intensive building
materials such as steel, cement and concrete pose a
serious threat to the ecological environment and do
not meet the basic requirements of green develop-
ment (Leonel et al. 2022). With the idea of green
environmental protection deeply rooted in people,
the promotion of green building materials has been
the general trend (Li and Lou 2021). China is short
of log resources, but rich in bamboo resources. China
has the world’s most abundant bamboo resources
(Wei and Chen 2020), which is distributed in China’s
17 provinces cities, autonomous regions south of the
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Yangtze River. Bamboo is one of the important forest
resources. There are about 78 genera and more than
1400 species of bamboo plants in the world. Bamboo
has been widely used as a building material with a
long history. Because of its high strength-weight ratio
(Rassiah et al. 2013; Li et al. 2019; Zhang et al. 2019;
Wang and Shao 2020), bamboo makes its structure
light and has good seismic performance (Sassu et al.
2016).

As a kind of engineering bamboo, laminated bam-
boo lumber has excellently physical and mechani-
cal properties. The bamboo material is used as the
basic component in the traditional bamboo structure
building in China. Because of the shortcomings of
bamboo, such as thin and hollow wall, asymmetri-
cal structure, small diameter, and great variation in
geometric size and mechanical properties, the bam-
boo material cannot be directly applied to the mod-
ern bamboo and wood building structure (Sun et al.
2022). Compared with wood, bamboo has short
growth cycle, small shrinkage, and high compressive
and tensile strength along the grain (Verma and Cha-
riar 2013; Zhou et al. 2019; Lou et al. 2020; Pradhan
et al. 2019; Sun et al. 2020; Corbi et al. 2021; Xiao
et al. 2021). Many mechanical properties of bam-
boo can reach the level of wood (Richard and Har-
ries 2015) and can be used as a building structural
material instead of ordinary wood (Mahdavi et al.
2011). In recent years, China’s bamboo industry has
developed rapidly. New products such as bamboo
plywood (Qi et al. 2014), bamboo recombination
(Yu et al. 2006; Liu et al. 2021), bamboo aggregate
(Sharma et al. 2015) and glulam laminated bamboo
(Xiao et al. 2014) have been developed with original
bamboo as raw material and advanced composite and
recombination technology, realizing industrialization.
Laminated bamboo lumber is processed into bamboo
pieces of fixed width and thickness from fast-grow-
ing and short period, and dried to make the moisture
content reach 8—12%. After that, bamboo slices are
glued together in the same direction into profiles of
arbitrary length and cross-section (Li et al. 2016).
Laminated bamboo lumber has high mechanical
strength, elastic modulus and good machinability. Its
tensile strength and compressive strength along the
grain can reach 119.19 MPa and 51.41 MPa respec-
tively, corresponding elastic modulus are 10.02 GPa
and 8.71 GPa respectively, and the proportional limit
is 34.43 MPa (Chen, 2015), which makes up for the
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defects of original bamboo. Components of differ-
ent shapes and sizes can be designed according to
actual needs (Xiao et al. 2013), which can meet the
requirements of physical and mechanical properties
of materials for multi-story building structures. And
laminated bamboo lumber is an engineering bamboo
with excellently physical properties (Zhou et al. 2012;
Chen et al. 2020; Lv et al. 2019; Tian et al. 2019;
Wang et al. 2019; Leng et al. 2020; Yang et al. 2020;
Mahmud et al. 2021). As a new construction engi-
neering structural material, bamboo not only main-
tains the characteristics of high strength, good stiff-
ness, wear resistance and low shrinkage rate, but also
can easily achieve standardization and modularization
of the size of laminated bamboo lumber materials in
production (Ferdous et al. 2019).

Joint connection is an important part of bamboo-
wood structure. Studies have shown that 80% of the
damage of timber structure buildings is caused by the
failure of connection joints of timber structure (Itani
and Faherty 1984). Therefore, it is very important
to study the mechanical properties of bamboo-wood
joints. The test of the node is divided into complete
node test (Quenneville and Mohammad 2000) and pin
groove compressive test (Ramirez et al. 2012). Santos
et al. (2010) compared the test methods of complete
node test and pin groove compressive test through
experimental and numerical research, and believed
that the test method had almost no influence on the
compressive results, while the pin groove compres-
sive test has the advantages of simplicity, practical-
ity and mass implementation. At present, there are
few researches on the influence of different fiber
angles on the compressive strength of pin groove. Xu
et al. (2019) studied the influence of different angles
on the compressive strength of spruce glulam pin
groove, and proposed that with the increase of angle,
the compressive yield strength of the pin groove
decreases first and then increases, and the stiffness
gradually decreases. Li (2013) studied the influence
of texture angle on the compressive strength and
stiffness of the pin groove of recombined bamboo,
and found that with the increase of angle, the com-
pressive strength of the pin groove of recombined
bamboo first decreased and then increased, and the
stiffness showed a significant downward trend. In
terms of the theoretical research on the compressive
strength of pin groove, the calculation of the relation-
ship between the compressive yield strength and the
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fiber angle of laminated bamboo lumber pin groove
is rarely involved. In the paper, two modes of lami-
nated bamboo lumber specimens with seven groups
of different fiber angles were designed to analyze the
influence of different fiber angles on the compressive
strength of laminated bamboo lumber pin groove.
Through comparing different national standards and
the calculated values of modified formula proposed
by Xu et al. (2019) and Li (2013), the calculation
model of the compressive strength of the pin groove
in relation to different fiber angles was put forward,
which provided theoretical guidance for the applica-
tion of laminated bamboo lumber in engineering.

Materials and test methods
Preparation of test materials and specimens

The material used in this test was laminated bamboo
lumber, which was produced by Sentai Bamboo and
Wood company, Jiangxi province. The raw bamboo
was selected from moos bamboo in Yong ’an, Fujian
Province. And the unit size of bamboo slice was
2005 mm X 21 mm X7 mm. Using resorcinol as adhe-
sive, the processed bamboo unit was processed into
single layer plate under the main pressure of 9 MPa,
side pressure of 6.5 MPa and 157 °C, and then com-
pounded into large section laminated bamboo lumber,
as shown in Fig. 1. The steel pin is made of stainless
steel with a smooth surface and a diameter of 16 mm.

At present, the test method for measuring the pres-
sure strength of wood pin groove is mainly to make
half-hole pin groove pressure bamboo lumped timber
specimens according to the requirements of ASTM-
D5764 (2013). The height, width and thickness of all
specimens were 80 mm, 80 mm and 40 mm, which

(a) Raw bamboo (b) Peeling

Fig. 1 The production process of laminated bamboo lumber

were divided into ZLRA and ZLRB categories. When
the fiber angle appears on the plane A, it is called
class A. The same is true for class B. In the test, the
angle between the vertical direction and the fiber
was a. In plane A and plane B, there were 7 differ-
ent angles, 0°, 15°, 30°, 45°, 60°, 75° and 90°, which
were parallel to the vertical direction. 10 identical
specimens were made for each group. The average
density of the specimens was 0.714 g/cm® and the
moisture content was 9%. Detailed drawing and size
of specimens were shown in Figs. 2, 3.

Test Method

Design and test loading scheme according to ASTM-
D5764 (2013). The experiment was completed in the
Structural Laboratory of Civil Engineering Experi-
mental Center of Nanjing Forestry University. The
loading equipment is 5 T microcomputer controlled
electro-hydraulic servo universal testing machine.
The test was controlled by displacement in the whole
process with a speed of 1.5 mm/min. The test stopped
when the load dropped to 80% of the ultimate load or
when the steel pin was embedded in the bamboo and
the bamboo at both ends contacted the loading plate.
Loading device diagram was shown in Fig. 4.

Test results and analysis
Failure mode

According to the failure characteristics of speci-
mens during the test, 7 groups of ZLRA laminated
bamboo lumber specimens with fiber angles of 0°,
15°, 30°, 45°, 60°, 75° and 90° were divided into 4
failure modes. The fiber angle of 0° and 15° is the
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Fig. 2 Detailed drawing of class A texture angle specimen
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Fig. 3 Detailed drawing of class B texture angle specimen

failure mode I, the fiber angle of 30° and 45° the failure mode II, the fiber angle of 60° and 75° the
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Fig. 4 Pin groove pressure

T Load
test device diagram
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(a) Schematic diagram

failure mode II, and the fiber angle of 90° the fail-
ure mode IV (Figs. 5, 6).

Failure mode 1

At the initial stage of test loading, no obvious phe-
nomenon occurred on the specimen surface. As the
load increased, it made a hissing sound when the load
increased to 20 kN. As the load increased, so did the
hiss frequency. Until the load increased to 48 kN, the
groove sank, and two vertical cracks close to the hori-
zontal fiber appeared on both sides of the steel pin.
The compressive capacity suddenly dropped to 80%
of the ultimate load, and the test stopped.

Failure mode 11

Laminated bamboo lumber specimens with texture
angle of 30° at the initial stage of the test, when the
load increased to 23 kN, the specimen made the
first hiss sound. As the load increased, the sound
was continuous and louder. When the load reached
37 kN, folds appeared near the notch on plane A.
When the load reached 40 kN, cracks appeared in
the fiber direction. With the increase of load, the
crack extended and widened. The failure process of
the specimen with the fiber angle of 45° was very
similar to that of the specimen with the fiber angle
of 30°, both of which were groove sinking, and folds
appeared near the groove on plane A. As the angle
increased, the notch was seriously damaged. Cracks
were also along the direction of the fiber, with the
increase of load, continuous extension and widening.

(b) Physical drawing

Failure mode 111

At the initial stage of loading, starting from 17 kN,
the specimens with fiber angle of 60°made a crack-
ing sound. When the load increased to 26 kN, the
hole near plane A was destroyed, and the pressure
plate continued to decline. The compression defor-
mation of the laminated bamboo lumber specimen
was larger than the stroke of the steel pin, so that
the pressure plate contacted the upper surface of the
specimen, and the test stopped. During the whole
process, no cracks occurred on the surfaces of the
specimens. The fiber angle was 75°, and the failure
process was similar. The steel pin was completely
embedded in the specimen, and the groove col-
lapsed, and no cracks appeared on the surface of the
specimen.

Failure mode IV

When the fiber angle was 90°, the specimen pro-
duced sound from 19 kN. When the load increased
to 28 kN, transverse cracks appeared in plane B and
D. As the load increased, cracks extended. When
the load increased to 35 kN, cracks extended from
planes B and D to plane A and C, and then the load
decreased to 80% of the ultimate load, and the test
stopped.

The failure of ZLRB laminated bamboo lumber
specimens could be divided into 4 failure modes. The
fiber angle of 0° is the failure mode V, the fiber angle
of 15° and 30° the failure mode VI, the fiber angle of
45°, 60° and 75° the failure mode VII, and the fiber
angle of 90° the failure mode VIII.
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(a) Failure mode I

(b) Failure mode II

(c¢) Failure mode III

(d) Failure mode IV

Fig. 5 Failure mode of class A specimen
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() Failure mode V
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(b) Failure mode VI

(c¢) Failure mode VI

4

Fig. 6 Failure mode of class B specimen

(d) Failure mode VII
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@ Springer



564

Cellulose (2023) 30:557-573

Failure mode V

At the initial stage of loading, there was no obvious
phenomenon on the surface of the specimen. When
the load increased to 21 kN, the specimen began to
hiss. With the increasing load, the sound contin-
ued and became louder. When the load increased to
40 kN, the slot was crushed, and the load continued
to increase. When the ultimate load was 48 kN, two
vertical cracks close to the horizontal fiber appeared
on both sides of the steel pin, then the load dropped
to 80% of the ultimate load, and the test stopped.

Failure mode VI

At the beginning of the test, from 19 kN, the speci-
men sounded. When the load increased to 37 kN,
vertical cracks extending down from the notch
along the bonding surface appeared on planes A and
C directly below the steel pin. With the increase of
load, the notch was crushed, and the cracks contin-
ued to extend and widen. When the load increased
to 47 kN, it immediately dropped to 80%, and the
test stopped.

Failure mode VII

At the initial stage of test loading, the specimen did
not change significantly, and at 13 kN, the specimen
began to emit a continuous tearing sound. When the
load increased to 20 kN, the notch was crushed, and
the vicinity of the notch on plane A began to become
folded. When the load continued to increase to 25 kN,
inclined cracks of the main body almost parallel from
the bonding surface suddenly appeared on surfaces A
and C, resulting in brittle failure and the end of the
test.

Failure mode VIII

With the increase of load, the specimen was com-
pressed, starting from 15 kN, the specimen began
to emit continuous sound. When the load reached
23 kN, radial micro-cracks appeared near the slot.
With the increase of the load, the cracks extended
and expanded. When the load reached 27 kN, inclined

@ Springer

cracks of main body failure suddenly appeared on
planes A and C, and the test ended.

Load displacement curve

Figure 7a—g showed the load-displacement curves
of class A 7 groups with fiber angles of 0°, 15°, 30°,
45°, 60°, 75° and 90° respectively. At the beginning
of the loading process, all specimens underwent an
elastic stage, in which the stiffness of each group was
relatively stable, and then entered an elastic—plastic
stage, in which the stiffness gradually decreased. It
could be seen from Fig. 7a—d that when the angle was
0°—45°, the displacement of the steel pin was small
and the load dropped. When the compressive capacity
dropped to 80% of the ultimate load, the test stopped.
It could be seen from Fig. 7e—g that when the angle
was 60°-90°, the compression deformation of the
specimen was larger than the loading stroke of the
steel pin, which made the loading plate contact the
specimen surface and stopped the test. The variation
trend of load—displacement curve was consistent with
the experimental failure phenomenon.

Figure 8a—g respectively showed the load displace-
ment-curves of 7 groups of specimens of class B
under load. At the beginning of the loading process,
all specimens underwent an elastic stage, and the
stiffness of each group was relatively stable, and then
entered the elastic—plastic stage, where the stiffness
gradually decreased. Figure 8a—c were load—displace-
ment curves of pin groove compressive pressure of
specimens with fiber angles of 0°, 15° and 30° respec-
tively. It could be seen that each group of curves was
evenly distributed. Basically, with the increase of dis-
placement, its compressive capacity kept increasing,
and it could continue to bear greater load when cracks
occurred. With the increase of load, cracks continued
to expand, the load continued to increase, the bearing
capacity of the specimen dropped to 80% of the ulti-
mate load, and the test stopped, belonging to plastic
failure.

Figure 8d-g were load—displacement curves of
specimens with fiber angles of 45°, 60°, 75° and 90°
respectively. It could be seen from the figure that
when the load reached a certain load, the compressive
capacity of each group of specimens did not increase,
and suddenly dropped to 80% of the ultimate load and
stopped loading. The reason for the above results was
that when the fiber angle was large, the compression
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Fig. 8 ZLRB load-dis- 50
placement curve
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deformation of the specimen under compression was
smaller than the loading stroke of the steel pin. Before
the loading plate touched the specimen, large vertical
cracks and oblique cracks appeared in the specimen,
which made the compressive capacity of the speci-
men dropped to 80% of the maximum compressive
capacity suddenly, and the test stopped. This kind of
failure belonged to brittle failure. The variation of
load—displacement curve of the specimen was con-
sistent with the failure phenomenon of the specimen.

Comprehensive analysis
Influence of angle on stiffness

It could be seen from Fig. 8 that the stiffness of
class A specimen decreased with the increase of
angle. There was no significant difference between
0° and 15° groups. When the angle was between
15° and 45°, the initial stiffness decreased with the
increase of the angle. When the angle was 45°-90°,
the stiffness decreased and gradually became stable.
The stiffness of class B specimens decreased first
and then increased with the increase of angle. The
initial stiffness of the specimens along the grain was
the largest, and the initial stiffness was the smallest
when the angle was 60°. Similar to class A speci-
mens, there was little difference in stiffness between
0° and 15° groups. When the angle was from 15°
to 60°, the stiffness decreased obviously with the
increase of the angle. When the angle was between
60° and 90°, the initial stiffness of the specimen
showed an increasing trend with the increase of the

40
¢~ . - m - ZLRA Stiffness
/E\ —— ZLRB Stiffness
£ 30t
£
v
172]
&
£ 20}
I3}
10 1 1 1 1 1 1
0 IS5 30 45 60 75 90

Angle (°)

Fig. 9 Stiffness-angle curve

567
80
- 4 - ZLRA Stress
70 T, —&— ZLRB Stress
5
60 -
2
A
£ 50
n
40
30 1 1 1 1 1 1
0 15 30 45 60 75 90

Angle (°)

Fig. 10 Stress-angle curve

angle. By comparing the initial stiffness of ZLRA
and ZLRB, the initial stiffness of class A texture
angle was higher than that of class B texture angle
at the same angle, but when the fiber angle was
75°-90°, the stiffness of class B was higher than
that of class A in some angle range (Figs. 9, 10).

In order to more accurately compare the rela-
tionship between stress and stiffness of ZLRA and
ZLRB at the same fiber angle, the data were sorted
into Table 1. ZLRA under different angles of the
pin groove compressive strength was represented
by f54.4- the stiffness was represented by K. ZLRB
pin groove compressive strength at different angles
was represented by fs, g, and the stiffness was rep-
resented by K.

Influence of angle on bearing strength of pin groove

At present, in the pressure test of wood pin groove,
pin groove compressive strength values were gen-
erally determined by 5% steel pin diameter (5% d)
offset method recommended by ASTM-D5764,
which had been widely accepted. The stiffness of
the specimen in the elastic stage was obtained from
the load—displacement curve of the test, and then
the inclined line was horizontally shifted accord-
ing to the 5% d offset method. The vertical coordi-
nate of the intersection of the inclined line and the
load—displacement curve was pin groove bearing
strength, and the specific value method was shown
in Fig. 11.

The strength value can be calculated by the follow-
ing formula:
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Table 1 Pin groove

. Angle (°) 0 15 30 45 60 75 90
compressive strength and

stiffness between ZLRA fsna(MPa) 7378 7143 5735 5054 4648  48.15  44.63

ZE;ZSLRB at different fiber COV (%) 4.06 3.65 3.96 533 4.18 9.11 4.70

SDV (MPa) 3.00 2.61 2.27 2.70 1.94 4.38 2.10
Ss9. s(MPa) 72.37 65.54 55.11 40.03 33.90 35.26 38.60
COV (%) 4.16 8.56 12.10 7.32 7.28 8.87 3.56
SDV (MPa) 3.01 5.61 6.67 2.93 2.47 3.12 1.37
Fsonlfsoun 1.02 1.09 1.04 1.26 1.34 137 1.16
K,(kN/mm) 38.38 37.38 30.90 19.87 18.07 17.51 16.80

Number of specimens for COV (%) 8.26 6.29 379 16.97 8.10 8.12 6.76

f;i;se Qiev‘glc}l] ClTa}f; fu‘:l?;zo SDV (kN/mm) 3.17 235 1.17 337 1.46 1.42 1.14

of specimens at each angle Ky (kN/mm) 37.09 35.58 28.82 17.90 14.77 15.59 18.35

was 10 COV (%) 5.06 5.93 10.07 9.92 15.27 14.82 8.43

COV coefficient of SDV (kN/mm) 1.88 2.11 2.90 1.78 2.26 2.31 1.55

variation, SDV standard K, /K, 1.03 1.05 1.07 111 1.22 112 0.92

deviation

Jno
P (N)+ Joes = kg sin” & + cos? & @
2%4
. where f} o is the pressure strength along the grain pin
Pu f——ot - groove. Soft wood kgy=1.35+0.015 d, Broadleaf
Py / e timber kyy=0.90+0.015 d.
1/ GB/T 50708-2012 (2012) and American Wood
v/ Structure Design Standard NDS (2012) give the for-
/ mula for calculating the compressive strength of pin
// groove when the angle is a along the grain:
/
/
/ Fupsa = Jnofnoo 3)
// Frno Sin® @ + f, o0 cOS? @
g
,II / - where f} o is the pressure strength along the grain pin
Displacement (mm) groove (MPa), f} o9 is the compressive strength of the
transverse pin groove (MPa).

Fig. 11 Value of test yield load GB50005-2017 (2017) gives the strength design
value of wood twill pressure according to the follow-
ing formula:

When a < 10°
P, fra =1, )
fs% = E (D
When 10° < @ < 90°

where f5q, is the compressive strength of 5% diameter

offset method pin groove (MPa), Py is 5% offset load foa = fe 5

(N), b is the diameter of steel pin (mm), 7 is the thick- 1+ ( ff_.;n - 1) ”’;;0 sin )

ness of laminated bamboo lumber specimen (mm).

The formula for calculating the compressive
strength of the pin groove at @ angle with the grain
of wood given in EC5 (2014) is as follows:

@ Springer

where f,, is design value for the strength of wood
twill pressure (MPa), a is the angle between the
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direction of force and the direction of wood (°), f. is 3 Joafooa
design value for compressive strength of wood along Jasua = )]

grain (MPa), f, o is design value for timber transverse
grain compressive strength (MPa).

Li (2013) proposed the formula for calculating
the compressive strength of the reconstituted bam-
boo pin groove when it formed a angle with the

grain:
When 0° < o <45°
_ Jofas "
“ fysin? @ + fys cos? a ©
When 45° < « <90°
JasFoo
(N

Y fussin? a + fyycos? a

where f, is the design value of the compressive
strength of the reconstituted bamboo along the grain
(MPa), fq, is the design value of transverse compres-
sive strength of reconstituted bamboo (MPa).

Xu et al. (2019) studied the compressive strength
of spruce glulam pin groove under different load
directions, and put forward the formula for calcu-
lating the compressive strength of the pin groove
when the load direction is a angle to the wood fiber
direction:

fh,0fh,90

- foosin'>(1.2a) + f;, o9 cos? @

Jha ®)

where f} is the design value of grain compression
strength of spruce glulam (MPa), f, o, is the design
value of transverse compressive strength of spruce
glulam (MPa).

In the paper, the compressive strength of pin
groove of 0° and 90° laminated bamboo lumber was
taken as the reference point, and the formula for
calculating the compressive strength of pin groove
of laminated bamboo lumber at an @ angle with the
direction of load was proposed by fitting the test
value of strength.

When the load direction was at an « angle with
the fiber direction of class A, the formula for calcu-
lating the compressive strength of the pin groove of
laminated bamboo lumber was as follows:

foasin'® a + fo 4 cosl7 a

where f; 4 is the compressive strength value of lami-
nated bamboo lumber along the grain pin groove
(MPa), fy 4 is the compressive strength of laminated
bamboo lumber horizontal grain pin groove (MPa).

When the load direction was at an a angle with the
fiber direction of class B, the formula for calculating
the compressive yield strength of the pin groove of
laminated bamboo lumber was as follows:

fO,Bf90,B

2
fo.psin’ a + foo 5 cos’ @

Jasun = (10)

where f; p is the compressive strength value of lami-
nated bamboo lumber along the grain pin groove
(MPa), fq 5 is the compressive strength of laminated
bamboo lumber horizontal grain pin groove (MPa).

Table 2 presents the statistics of the maximum
compressive strength f, . and the compressive
strength of 5% diameter offset method f5,.In addition,
JEcs 1s the compressive strength of EC5 (2014),

Jfaps 1s the compressive strength of NDS (2012),
feq 18 the compressive strength of GB50005-2017
(2017), f, is the compressive strength of the formula
proposed Li (2013), f, , is the compressive strength
of the formula proposed Xu et al. (2019), and f, 54, is
the compressive strength of the formula proposed the
paper. In this table, COV is the coefficient of varia-
tion, SDV the standard deviation, and & the error.

Table 2 showed that the formula proposed in the
paper was used to calculate the compressive strength
of the laminated bamboo lumber pin groove. As you
can see, 0° and 15° two sets of pin groove compres-
sive strength of the specimens significantly was
greater than other specimen group. The difference
was mainly because they were close to parallel fiber
compression, in the process of pressure, the specimen
along the bonding surface fracturing, most of the rest
of the test assembly was splitting and crushing failure
mode, which was in line with the damage phenom-
enon of the specimens.

As can be seen from the data in the Table 2, the
theoretical values calculated by the formula recom-
mended by ECS5 (2014) were all greater than the
experimental values of the compressive strength of
the pin groove of laminated bamboo lumber. The
theoretical values of the specimens with fiber angles

@ Springer



570

Cellulose (2023) 30:557-573

Table 2 Test and

Angle (°) 0 15 30 45 60 75 90

calculated values of

compressive strength of foaxa(MPa)  75.85 76.79 62.63 60.93 67.16 7574 7476

ﬁﬁ‘;n(iﬁgrziiné’g’; g‘n’;‘i esr COV (%) 2.68 243 6.06 5.08 9.42 498 495
SDV (MPa)  2.03 1.87 3.80 3.09 6.33 377 3.0
sz A(MPa) 73.78 71.43 57.35 50.54 46.48 48.15  44.63
COV (%) 4.06 3.65 3.96 533 4.18 911  4.70
SDV (MPa)  3.00 2.61 2.27 2.70 1.94 438  2.10
fomsMP2)  75.76 74.62 65.87 52.05 40.96 38.88  42.92
COV (%) 3.67 4.30 10.04 743 5.40 743 3.92
SDV (MPa) 278 321 6.61 3.87 221 289  1.68
fs.5(MPa) 72.37 65.54 55.11 40.03 33.90 3526  38.60
COV (%) 4.16 8.56 12.10 7.32 7.28 887  3.56
SDV (MPa)  3.01 5.61 6.67 2.93 2.47 312 137
focsa(MPa)  73.78 73.09 71.29 68.95 66.77 6529  64.72
Srcs.a(%) 0 2.32 2431 36.43 43.65 3560  45.01
foessMPa) 7237 71.70 69.92 67.64 65.49 64.01 6348
Srcs.n(%) 0 9.40 26.87 68.97 93.48 81.54  64.46
fupsaMPa) 7378 70.69 63.42 55.62 49.52 4584  44.63
Srps.a(%) 0 —1.04 10.58 10.05 6.54 -480 0
fupssMPa) 7237 68.36 59.38 50.35 43.70 3985  38.60
Sxps.5(%) 0 4.30 775 25.78 28.91 1302 0
foun(MPa) 73.78 73.01 68.21 61.38 54.51 48.78  44.63
8oqn(%) 0 221 18.94 2145 17.28 131 0
foun(MPa) 72.37 71.61 66.91 60.21 53.47 4785 4378
8o (%) 0 9.26 21.41 50.41 57.73 3486 1342
fA(MPa) 73.78 71.57 66.17 47.40 45.97 4498  44.63
81(%) 0 0.20 15.38 —6.21 ~1.10 658 0
f,5(MPa) 72.37 68.65 60.21 39.30 38.95 38.69  38.60
8 5(%) 0 4.75 9.25 -1.82 14.90 973 0
Fran(MPa) 73.78 60.61 49.33 43.31 41.39 4289  48.14
S1an(%) 0 1515 —1398 -1431  —-1095 —1092 786
Frap(MPa) 72.37 57.64 45.36 38.81 36.40 3727 4164
S s(%) 0 ~1205  —17.69 -3.05 7.37 570  7.88
fusua(MPa)  73.78 67.78 53.92 51.20 46.57 4461  44.63
8 5904(%) 0 -5.11 ~5.98 1.31 0.19 -735 0
fusqupMPa) 7237 65.63 52.53 41.78 33.58 3554 38.60
8. 590.5(%) 0 0.13 —4.68 437 —-0.94 079 0

of 0° and 15° were very close to the experimental
values, with an error range of 0-9.40%. With the
increase of angle, the theoretical value differs greatly
from the experimental value, and the error was as
high as 93.48%. The theoretical values calculated by
NDS (2012) were closer to the experimental values
than those calculated by EC5 (2014), and the errors
were in the range of —4.80—-28.91%. In addition, the
error changes of class A and class B had the same

@ Springer

trend, and the error increased first and then decreased
with the increase of the angle, indicating that when
the fiber angle was large or small, the theoretical
value calculated by the formula recommended by
NDS (2012) was close to the experimental value.
Compared with the experimental value, the theoreti-
cal value obtained by the calculation formula of wood
twill pressure given in GB50005-2017 (2017) was
close to the experimental value when the angle was
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Fig. 13 ZLRB strength-angle curve

15° and 75°, and the errors were 2.21% and 1.31%,
respectively. When the angle was 30°, 45° and 60°,
the error ranged from 18.94 to 21.54%, and when
the angle was 45°, the error reached the maximum
21.54%. For the sample with class B, the difference
between the theoretical value and the experimental
value was more, and the maximum error could reach
57.73%. The error ranged between the theoretical
value and the experimental value was —1.10—-15.38%
through the calculation formula of pin groove com-
pressive pressure proposed by Li (2013). The error
ranged between the theoretical value and the experi-
mental value was—17.69 to 7.88% based on the cal-
culation formula of pin groove compressive pressure
proposed by Xu et al. (2019). In the paper, the error
ranged between the theoretical value and the actual

value calculated by the formula of the compressive
strength of the pin groove of laminated bamboo lum-
ber at different angles was —5.98—-1.31%. Class B
fiber angle was —4.63-4.37%.

In conclusion, compared with the theoretical val-
ues obtained by various specifications and the formu-
las for pin groove compressive strength with different
fiber angles proposed by predecessors, the predicted
values obtained by the formulas proposed in this
paper were closer to the experimental values. It was
in good agreement with the variation trend of the test
value of the compressive strength of the pin groove
of laminated bamboo lumber in this paper Figures 12,
13.

Conclusion

In this paper, 140 bamboo specimens with 7 groups
of different fiber angles of two modes were designed
to study the compressive strength of pin groove. 5%
diameter offset method was used to obtain the pin
groove compressive strength test values of different
fiber angles of laminated bamboo lumber. The follow-
ing conclusions were obtained through analysis:

The relationship between stiffness and fiber angle:
with the increase of angle, the initial stiffness of class
A specimens gradually decreased. The initial stiff-
ness of class B specimens decreased first and then
increased with the increase of angle. The initial stiff-
ness of the members along the grain was the largest,
and the initial stiffness was the smallest when the
fiber angle was 60°.

The relationship between strength and fiber angle:
with the increase of angle, the compressive strength
of class A specimens gradually decreased. The com-
pressive strength of class B specimens decreased first
and then increased. The compressive strength of the
pin groove along the grain was the highest, and the
compressive strength was the lowest when the fiber
angle was 60°.

In the paper, a formula for calculating the com-
pressive strength of the pin groove of the laminated
bamboo lumber was presented. The calculated value
was in good agreement with the test value. And the
error was in the range of —5.98-4.37%, which can
ensure the safety and give full play to the strength of
the material.
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