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ABSTRACT

The Moso bamboo, a renewable green building material used in various new green buildings, have received exten-
sive attention with the promotion of the concept of green buildings. To explore the mechanical properties of
Moso bamboo connections with external clamp steel plates, the 16 specimens were designed by changing the bolt
diameters and the end distances of the bolt holes. Their static tension tests were conducted to investigate bearing
capacities and failure modes of different connection configurations. Based on test results, three failure modes of
these connections were obtained, including the shear failure of bolt shank, bearing failure of bolt hole and punch-
ing shear failure of the Moso bamboo. The influence of bolt diameters and end distances of bolt holes on bearing
capacities of the connections was quantitatively analyzed. Based on a simplified mechanical model, the analytical
models were deduced for the bolt shear failure and the bearing failure of bolt holes. The results showed that the
predictive values are in substantial agreement with the experimental results. Finally, the design and manufacturing
suggestions are recommended for this Moso bamboo connections.
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1 Introduction

The green and environmentally friendly bamboo materials with excellent mechanical properties have
been widely used in building structures with the introduction of the concept of sustainable development,
such as the bamboo building as shown in Fig. 1. During the growth period of Moso bamboos, the
amount of daily growth can reach 7.5~100 cm [1,2], therefore the Moso bamboos can be taken into use
only after 3~6 years [3]. However, the growth period may be several decades [4] for conventional wood
materials. Meanwhile, the cellulose content of the bamboos is higher than that of the wood. The cell
arrangements of bamboos are axially strong, hence they have the higher ratio of strength-to-density
compared with woods [5]. The advantages of bamboos, such as a short growth cycle, renewable use, the
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unique biological structure and high mechanical properties, make them popularly utilized with great
engineering application potentials [6,7].

Figure 1: The bamboo building

As a new building material, the potential mechanical properties of Moso bamboo materials have also
attracted many attentions. Sonar et al. [8] proposed a connection configuration of a bamboo splint that
was placed between two steel plates and was fixed with the steel plates with bolts. The influence factors
of mechanical properties of the bamboo splint under axial tension were studied, based on which the test
results showed that the end distance and diameter of the bolt can affect the ultimate bearing capacity of
the connections, and the effective ranges of the bolt diameter were recommended. However, the bamboo
pieces were used instead of complete bamboo components in Sonar et al.’s study, and were extracted
from bamboos with a small diameter, which is limited in practical engineering applications. Lefevre et al.
[9] proposed a bamboo connection with wood embedded and reinforced with steel hoops at the ends. The
corresponding experiments showed that this connection could effectively improve the load-bearing
capacity of connections, and their bearing capacities were related to the strength of the embedded wood.
Fu et al. [10] put the steel sleeve into the bamboo tube, then injected the mortar between the sleeve and
the bamboo inner wall, and finally used steel hoops to reinforce the end of the bamboo tube. Their tensile
and compression tests showed that this connection had the good ductility and high load-carrying
capacities, and could effectively transfer axial load. Awaludin et al. [11] used natural fibers and fiber-
reinforced plastics to reinforce the connection of bamboos and investigated the effect of reinforcement
methods on the mechanical properties of two connections. Ramful [12] designed several bamboo
connections according to the strength and durability requirements of the connections under different
loading conditions, and conducted the experimental investigation on their bearing capacities. The research
showed that the connections connected with self-tapping bolts had the highest strength, followed by rivets
connections. The connection bearing capacity was the smallest when the bamboo was only reinforced
with steel hoops.

The bamboo connection configurations proposed by the above scholars are different. For these
connections, the bolted connections are frequently used in bamboo buildings due to convenient
installment as shown in Fig. 2 where there are steel-bamboo hybrid connections similar to steel-wood
connections. However, the mechanical properties of bamboos and woods are quite different [13], and this
connection as shown in Fig. 2 needs to be attentively scrutinized. In this paper, the mechanical tests for
the Moso bamboo connection with external clamp steel plates and bolts were carried out. By changing
the end distance of bolt hole and the bolt diameter in the connection, the failure modes and bearing
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capacities of the connection were studied based on experimental and theoretical investigations, and the
theoretical formulae for the current connections were derived to provide references for the design and
applications of Moso bamboo connections with external clamp steel plates or the U-shaped steel plates
(hereinafter referred to as MBCECSP).

Figure 2: Bamboo structure with bolted connections

2 Experimental Program

2.1 Mechanical Properties of Moso Bamboos

The Moso bamboos used in the test were extracted from Moso bamboo in Anji Zhejiang. Their age is
usually 5-6 years, and their moisture content is controlled at 12 + 3%. There are unavoidable variabilities (or
coefficients of variation as referred to as COVs) in the mechanical properties of biological materials. In this
paper, a batch of test specimens against Moso bamboo materials were made in accordance with the Chinese
industry standard JG/T 199-2007 [14] to investigate the relevant behavioural parameters of Moso bamboos,
including the tensile, compressive and shear strengths in the longitudinal direction besides their moisture
content, as shown in Figs. 3 and 4 for the typical material tests, respectively. To obtain the more accurate
material parameters, the 40 standard specimens for each set of test to eliminate the variability of material
properties. The different test results are shown in Tab. 1 where the COVs for three types of strengths are
inferior to 0.2.

2.2 Connection Configurations

The outer diameters of the Moso bamboos used for the tested specimens are about 90~110 mm, and the
diameter-to-thickness ratio D/t (the ratio of the outer diameter D of the Moso bamboo to the wall thickness #)
was controlled within about 9~12. In this paper, a total of 16 connection test pieces was designed by
controlling the end distance of bolt hole and the bolt diameter. There were four types of bolt end
distances: 50, 80, 110, and 140 mm. To facilitate installation of the bolts in Moso bamboo connections,
the diameter of the bolt hole in the Moso bamboo had the 2 mm larger clearance than that of the bolt.
The ordinary galvanized bolts Grade 4.8 were used in the test, and the bolts M8, M10, M12 and
M14 were employed for these connection. The bolts were directly contacted with the bolt holes of Moso
bamboos, and the steel plates were connected by two ordinary hexagon nuts with the same grade as the
used bolts, as shown in Figs. 5 and 6. The specific parameters of each test specimen are shown in Tab. 2.
The test specimen “OS-8-50” was taken as an example to illustrate the numbering rule: “OS” represents
the name of the test specimen, “8” refers to the bolt type M8, and “50”” means the bolt end distance of 50 mm.
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Figure 3: The size of test specimen (a) The size of tensile specimen, (b) The size of compressive specimen,
(c) The size of shear specimen

(b)

Figure 4: Tests of mechanical properties of Moso bamboo (a) Tests of tensile strength, (b) Tests of
compressive strength, (c) Tests of shear strength

Table 1: Mechanical properties of Moso bamboos

Test types Numbers Average/MPa COVs/% Moisture content/%
Tensile strength 40 189.22 15.0 14.3
Compressive strength 40 64.27 9.8 12.3

Shear strength 40 16.11 18.0 14.9
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Figure 5: The U-shaped clamp fixtures
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Figure 6: The bolt hole in direct contact with the bamboo

Table 2: Geometrical parameters for different connection configurations

Specimens End distances Diameters Thicknesses Diameter-to-thickness Bolts
[/mm D/mm t/mm Dty
0S-8-50 51.02 100.25 9.66 10.38 M8
0S-10-50 51.03 98.05 9.78 10.03 M10
0S-12-50 50.30 98.94 9.88 10.01 M12
0S-14-50 48.46 105.01 11.42 9.20 M14
0S-8-80 82.11 104.93 9.17 11.44 M8
0S-10-80 79.90 101.50 9.86 10.29 M10
0S-12-80 81.35 95.79 9.15 10.47 MI12
0S-14-80 81.65 102.38 10.10 10.14 M14
0S-8-110 111.88 97.54 8.00 12.19 M8
0S-10-110 110.96 87.91 7.67 11.46 M10

(Continued)
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Table 2 (continued)

Specimens End distances Diameters Thicknesses Diameter-to-thickness Bolts
//mm D/mm t/mm D/ty,

OS-12-110 112.82 100.56 8.71 11.55 M12
OS-14-110 109.91 102.87 9.74 10.56 M14
0S-8-140 142.45 104.35 8.75 11.93 M8
0OS-10-140 142.13 97.57 9.55 10.22 M10
0OS-12-140 141.71 111.80 10.82 10.33 M12
0S-14-140 141.37 103.09 10.36 9.95 M14
Average 100.78 9.54 10.63 —

The three sets of The U-shaped fixtures for loading were self-designed and customized. The bolt holes in
each set of fixture were 10, 14, and 18 mm used to accommodate M8, M10 (M12) and M14 bolts,
respectively. The six fixtures were made of Q235 steels with 40 mm width and 6 mm thickness, as shown
in Fig. 5 where the fillet welds were used to connect different steel plates.

2.3 Loading Protocol

The connection tests were carried out by a universal testing machine with the maximum load 100 kN as
shown in Fig. 7. The loading rate was 2 mm/min from the onset of loading to the failure of connection, and
the axial static loading method was used to acquire the force-displacement curve of each connection. The
tension test was stopped when the specimen was damaged. The chucks of the testing machine clamped
the ends of the U-shaped fixtures, then the tensile force was transferred to the steel plates on both sides
through the U-shaped connectors. Subsequently, the steel plates transmitted the tensile force to the bolt
through the bolt hole. Finally, the bolt extruded the bolt hole wall of the Moso bamboo, then the Moso
bamboo began to bear the force, thus the slippage stage between the various components ended, followed
by the elastic stage in the force-displacement curve.

3 Test Results and Discussions

3.1 Bearing Capacities and Failure Modes of Connections
3.1.1 Bearing Capacities

Typical load-displacement curves obtained from the uniaxial tension tests are shown in Fig. 8.
According to ASTM D5764-97a [15], the 5%d offset method was used in the load-displacement curves
to obtain the yield load Fy and yield displacement A,. The ultimate load F, and ultimate displacement A,
were acquired from the highest point in a load-displacement curve. Taking Fig. 8§ as an example, the
elastic stage (AB) in the load-displacement curve was linearly fitted to obtain the initial stiffness Kj,;;
then the yield load Fy of the connection was obtained from the intersection point (Point C) between the
load-displacement curve and the fitted stiffness line offset by a distance of 5%d, and then the yield
displacement A, corresponding to the intersection point was obtained. The peak load (Point D) in the
load-displacement curve is the ultimate load, and the ultimate displacement A, corresponding to F,, was
also obtained. The crucial mechanical properties and failure modes of each type of connection were
summarized in Tab. 3.
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Figure 7: Test setup of Moso bamboo connections (a) Test setup, (b) Loading protocol
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Figure 8: The 5%d offset method [15]
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The connection ductility can be characterized by the ratio of the ultimate-to-yield displacement, namely
pu=Ay/A,, where A, and A, are ultimate and yield displacements, respectively. This ratio value can feature the
deformation capacity of the connection. From Tab. 3, it can be seen that the average ductility coefficient of

the connection is 1.63, thus the connection has the good deformability.

From the load-displacement curves of the specimens, it can be found that they can be generally divided

into three stages before failure, as shown in Fig. 9.
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Table 3: Summery of key mechanical parameters of MBCECSP

Specimen F/kN Ay/mm F/kN A/mm p F/t*/(KN/mm) F/f'/(kN/mm) Failure modes
0S-8-50 732 1249 843 1726 1.38 0.76 0.87 Bolt shear
0S-10-50 9.83 7.88 11.83 1195 1.52 1.01 1.21 Punching shear
0S-12-50 11.72 1032 13.73 1789 1.73 1.19 1.39

0S-14-50 11.16 8.81 16.15 1423 1.62 0.98 1.41

0S-8-80 9.04 1144 10.01 14.60 1.28 0.99 1.09 Bearing
0S-10-80 10.56 19.44 11.85 34.68 1.78 1.07 1.20

0S-12-80 12.39 11.73  13.69 1549 1.32 1.35 1.50

0S-14-80 1479 16.71 15.52 2355 141 1.46 1.54

0S-8-110 890 1333 937 2443 1.83 1.11 1.17 Bearing
0S-10-110 895 1798 9.84 30.11 1.67 1.17 1.28 Bolt shear
0S-12-110  10.99 13.10 12.21 2341 1.79 1.26 1.40 Bearing
0S-14-110  11.82 14.28 1296 28.80 2.02 1.21 1.33

0S-8-140 7.55 1040 10.50 18.40 1.77 0.86 1.20 Bearing
0S-10-140 9.46 15.61 11.54 3720 238 0.99 1.21 Bolt shear
0OS-12-140  15.77 20.76 15.83 2199 1.06 1.46 1.46 Bearing
OS-14-140 16.67 1334 18.06 19.49 146 1.61 1.74

Average - - — — 1.63 1.12 1.31 —

Notes: *F/t* represents the yield load per unit wall thickness. #F/t* represents the ultimate load per unit wall thickness.

F (kN)
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30

A (mm)

40 50

Figure 9: The deformation stages of specimens

1) Initial slippage stage I: The initial displacement of the connection increased significantly while the
specimen was subjected to a smaller tension, and the load-displacement curve showed a downward
concave trend. This is because the clamped ends of the testing machine slipped at the beginning of being
loaded. For example, the diameter of the bolt hole of the Moso bamboo was larger than that of the bolt.
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As the displacement increases, the components in the connection were in mutual contact, and the slipping
transition stage ended.

2) Elastic deformation stage II: The connection displacement continued to increase after Stage 1. After
the connection experienced the initial stage, the components of the connection were tightly contacted in
mutual interaction, the connection began to enter the stage of elastic deformation. The load-displacement
curve became linear, and the bearing capacity and deformation gradually increased as the tension force
continued to increase.

3) Plastic development stage III: The specimen entered the plastic development stage, and the
connection displacement increased rapidly while the load increase was unobvious. The load-displacement
curves were not smooth and had a serrated oscillation. This is because the fiber bundles adjacent to the
bolt hole were constantly extruded and deformed by the bolt shanks until the connection failed.

3.1.2 Failure Modes

For failure modes of the connections in all the tests, three typical failure modes can be noted, as shown in
Fig. 10. These failure modes were mainly controlled by the bolt diameters and the end distances of bolt holes.
The failure processes of the three failure modes were separately analyzed. The classifications for the different
failure modes of the different connection specimens can be seen in Tab. 3.

_(a) 4 (b) ()

Figure 10: Three typical failure modes of MBCECSP. (a) Bolt shear failure, (b) Bearing failure in bolt holes,
(c) The punching shear failure

1) Failure mode I (Fig. 10a): Bolt shear failure. Considering the fact that the outer diameters of the Moso
bamboo are different from the identical specimen, there was a gap between the outer bamboo wall and the U-
shaped fixture, as shown in Fig. 11. In engineering applications, the Moso bamboo has outwardly convex
surfaces, which also created a gap between the bamboo wall and the steel plate. The gap led to the
additional bending moment generated by the collinear shear force of the bolt, thus the bolt underwent the
combined action of bending and shear. When the diameter of the bolt was small, the bending resistance
was lower, followed by bending and deformation. Under the combined action of bending and shear, the
bending plastic hinges emerged and shear failure eventually occurred. The constraint force of the steel
plate on the bolt was stronger than that of the Moso bamboo, therefore the bending plastic hinges of the
bolt produced at the opening of the steel plate. Meanwhile, the degree of compression on both sides of
bolt hole was different. The yield-bearing degree close to the green side of the bamboo was significantly
greater than that of the yellow side because the bolt had a larger degree of bending.

2) Failure mode II (Fig. 10b): Bearing failure of the bolt hole. The bolt holes yielded and then failed
under continuous tension. When the bolt diameter was large and the gap between the Moso bamboo and
the fixture was small, the bolt undertook the additional bending moment, and the bearing capacity was



496 JRM, 2022, vol.10, no.2

large enough. As the tension load increased, the slotted area of the Moso bamboo hole was continuously
squeezed, and the fiber bundles became unstable and the bolt slipped, resulting in the slotted bolt hole
under yield and damage conditions. Meanwhile, the slotted hole wall was flat, and the deformation of the
bolt was small. When the sliding distance of the bolt was too large in some connections, the cracks close
to the bolt hole of Moso bamboo eventually emerged at the bolt holes. This failure mode is considered a
ductile failure mode.

3) Failure mode III (Fig. 10c): the punching shear failure of Moso bamboos. When the diameter of the
bolt was large and the gap was small between the Moso bamboo and the fixture, the bolt did not bear
additional bending moments. When the end distance of the bolt hole was also small, the yield-bearing
capacity of the Moso bamboo holes was greater than the shear-bearing capacity of the Moso bamboo. As
the tension load increased, the bearing resulting from yielding occurs, and the yielding degree was small.
Then the punching shear failure eventually occurred. The punching shear surfaces generated on both
sides of the bolt. The bolt pushed out the Moso bamboo directly from the punching shear surfaces, and
even through-cracks might appear, as shown in Fig. 10, the hole wall is rough and the fiber bundles are
distributed in disorder. The failure mode is considered as a brittle failure mode.

Figure 11: Gaps between the Moso bamboo and the steel plates

3.2 The Influence of Bolt Diameter
3.2.1 Bearing Capacities

The load-displacement curves of the connections were classified according to the different bolt end
distances, as shown in Fig. 12. As the diameter of the bolt increase, the variation of the yield capacity F\,
and ultimate bearing capacity F, of each connection is shown in Figs. 13 and 14 where the connection
yield capacity F, and ultimate bearing capacity £, both increased with the increase of bolt diameter under
the same bolt end distance, and the curve was linearly increased. But the increase amplitude of yield
capacity F, decreased when the bolt diameter was too large.

As a biological material, the wall thicknesses of Moso bamboo are of slight differences for the identical
Moso bamboo. Therefore, the average value ¢, of t;, t,, t; and ¢, was taken as the standard wall thickness, as
shown in Fig. 15. The average wall thickness of each connection is shown in Tab. 2. The connection failure
modes mainly resulted from the bearing bolt hole in the current study, and the bearing area is closely related
to the wall thickness of the Moso bamboo. To eliminate the influence of the wall thickness on the bearing
capacity of the connection, the connection bearing capacity F, and F, obtained in the test was
respectively divided by the average wall thickness 7, to obtain the bearing capacities Fy ,, and F, ,,, based
on the unit wall thickness. The calculation method of connection bearing capacity is shown in Eq. (1),
and the calculation results are shown in Tab. 3.
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Figure 12: Load-displacement curves classified by the end distances (a) 50 mm, (b) 80 mm, (c) 110 mm, (d)
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Figure 13: The influence of bolt diameter on yield load capacity
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Figure 14: The influence of bolt diameter on ultimate load capacity

)

The bearing capacities per unit wall thickness in the connections with different bolt diameters are shown
in Figs. 16 and 17 under the same bolt end distance. As the bolt diameters increase, the bearing capacity
related to the unit wall thickness under various bolt end distances increased. This is because the bolt
diameter is too large and their performance is not fully utilized. The connection bearing capacity is
controlled by the Moso bamboo which is the weakest member. However, there are also some exceptional
connections, such as this connection by name of OS-14-110. The bearing capacity per unit wall thickness
decreases slightly when the bolt diameter was increased. This is because the bolt hole position was not
even with non-uniform bolt force on both sides, leading to the connection failure earlier.

]

5]

Yield load capacity per unit

Figure 16: Yield load capacities per unit wall thickness
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To analyze the increasing level of the connection bearing capacity when the bolt diameter increases, the
curves of the increase of the yield-bearing capacity Ag, and the ultimate bearing capacity Ap, of each
connection were drawn according to Eq. (2) where the bolt M12 was set as an example. The calculation
method of the increasing level of the other connections is similar, as shown in Figs. 18 and 19.

_ Fymnn—Fymio
AFY - Fymio
Fustiz - F, (2)
Ap = uM12—FuMio
u Fumio

When the bolt diameter was increased from M8 to M10 or M12, the effect of the bolt diameters on
improving the yield bearing capacity and ultimate bearing capacity of the connection is particularly
obvious. For example, when the bolt end distance is 50 mm, the yield-bearing capacity of the M10 bolt
was increased by 34.29% and the ultimate bearing capacity was increased by 40.33% compared with the
connection connected by M8 bolt. When the bolt end distance is 140 mm, the yield-bearing capacity of
the connection using the M12 bolt was increased by 66.7% and the ultimate bearing capacity was
increased by 37.18% compared with the connection connected by M8 bolt. But the increase in the
bearing capacity of each connection was significantly reduced when the M14 bolt was used for the
connection. Because the Moso bamboo is the weakest component, the increase in the bolt diameter
cannot improve the bearing capacity of the connection, which indicates that the required bolt diameter in
the connection is not large enough.

100%

—=— 50 mm

80% r--—*— 80 mm
—4— 110 mm 66.7%

60% |---—7= 140 mm

Variation of yield load capacities

40% - 34.29%
.
20% %: ¥ .
0% =
L]
20% . . . .
M8 M10 MI12 Mi4

Bolt diameters

Figure 18: Variation of yield load capacities
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3.2.2 Failure Modes

The failure modes of each connection were classified according to different bolt diameters, and their
specific distribution is shown in Fig. 20. Failure mode I (bolt shear failure) appeared in the connection
with M8 and M10 bolts due to the large gap between the steel plate and the Moso bamboo (Fig. 11) and
the small bolt diameter. When ensuring that the gap between the steel plate and the Moso bamboo is
small and avoiding the bending moment of the bolt, the connection using the M8 bolt could have good
ductility failure (failure mode II). As shown in Fig. 21, this connection, OS-8-80, failed in the bearing
conditions. Failure mode III (punching shear failure of Moso bamboos) occurred except the connections
with M8 bolts, which is mainly controlled by the end distance.

: Failure mode I
2 : Failure mode II
g 4r : Failure mode III
.g :
3 H
Q_ -
3 L '
) H
g
8 aof E
S 5
2 :
1 H
& 1r :
= H
0
0

M8 M10 M1i2 Mi4
Bolt diameters

Figure 20: Distributions of failure modes

3.3 The Influence of Bolt End Distance
3.3.1 Bearing Capacities

The load-displacement curves of the connections are classified according to the different bolt diameter,
as shown in Fig. 22. As the end distance increases, the changing trends of the yield-bearing capacity and
ultimate bearing capacity of each connection are shown in Figs. 23 and 24, respectively. The connection
bearing capacities did not increase with the increase of the end distance under the same bolt diameter but
different end distance. For example, the connection bearing capacities with different bolts decreased when
the end distance was 110 mm.
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Figure 21: The connection specimen OS-8-80
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Figure 22: Load-displacement curves classified by bolt diameters (a) M8, (b) M10, (c) M12, (d) M14

The bearing capacity curves of connections per unit wall thickness can be seen in Figs. 25 and 26. When
MS or M10 diameter bolts were used for connection, the yield capacity per unit wall thickness of connections
Fy m first increases and then decreased with the increase of the end distance, but the increase or decrease of
the connection bearing capacity is not obvious. The maximum yield-bearing capacity appears in the
connection with an end distance of 110 mm; when the connection was connected by MI12 or
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M14 diameter bolts, The yield-bearing capacity per unit wall thickness of the connection F,, , also fluctuates
with the increase of the end distance but the fluctuation range is small.
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Figure 23: The effect of end distances on yield load capacities
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Figure 24: The effect of end distances on ultimate load capacities

Yield load capacity per unit
wall thickness (kN/mm)

0.6

Figure 25:

50 80 110 140
End distance (mm)

Yield load capacity per unit wall thickness



JRM, 2022, vol.10, no.2 503

2.0
- —=— M8
S __ 18 —e—MI10
g E —a—M12
S5 16— M4 v
'g = v A
o9 A

c

g _5 12 & /
82 . o
© = 10l e ./ \.
©
g = / )
~:_-> 0.8 -2

0.6 L L L L

50 80 110 140

End distance (mm)

Figure 26: Ultimate load capacity per unit wall thickness

The variation amplitude of yield capacity A, and ultimate capacity Az, in each connection is shown in
Figs. 27 and 28 as the end distances of the bolt holes increase, and the calculation formulae as represented in
Eq. (2). When the end distance was 110 mm in the connection with the M 14 bolt, the yield-bearing capacity
F, and ultimate bearing capacity F), of the connection were more significantly reduced compared with that
with the end distance of 80 mm, and the yield-bearing capacity Fy was reduced by 20.08%. The ultimate
bearing capacity F,, was reduced by 16.49%. When the end distance is changed to 140 mm, the yield
capacity F, of the connection was increased by 43.49% compared with the end distance of 110 mm.
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Figure 27: The variation curves of yield load capacities

3.3.2 Failure Modes

The failure modes of each connection were classified according to different end distances to describe
their specific distributions as shown in Fig. 29. Except the case where the end distance is 80 mm, the
failure mode I (bolt shear failure) occurred at the other end distances. According to the previous analysis,
the main influence factors of the failure mode I resulted from the gap between the steel plate and the
Moso bamboo, which should be avoided during bamboo connection processing. The failure mode II
(bearing failure), the main failure mode, is more evenly distributed. Failure mode III (punching and shear
failure) only appeared when the end distance is 50 mm. All failure modes were classified according to the
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ratio value //d in which / is the end distance and d is the bolt diameter as shown in Fig. 30. The values of //d in
failure mode III are concentrated in the range of 3.57~5.00. It can be seen that Moso bamboo is prone to
punching shear failure when the end distance is insufficient. This case should be avoided by restricting
the end distance. This paper recommends the value //d > 8.
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Figure 28: The variation curves of ultimate load capacities
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Figure 29: Distribution of failure modes of different end distances

4 The Analytical Model

Based on the above analysis, the force mechanism of the connections was simplified according to their
failure characteristics. Then a simplified mechanical model of the Moso bamboo connection was established.
Based on the mechanical equilibrium principle associated with the four basic assumptions as follows, the
theoretical bearing capacity of the connections was predicted, which can provide a reference for the
design of connection bearing capacity.

The basic assumptions:

(1) Ignore the tangential friction between the bolt and the Moso bamboo dowel groove;

(2) Ignore the friction between the U-shaped fixture and the outer wall of the Moso bamboo;
(3) The bolt holes on both sides of the Moso bamboo align with the uniform force;
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(4) The wall thickness of the Moso bamboo is uniform, and there are no significant differences in the
wall thicknesses.
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Figure 30: Distribution of //d under different failure modes

4.1 Bolt Shear Failure

According to the above analysis, two conditions must be met for bolt shear failure of the connection: (1)
There is a gap t, between the outer wall of the Moso bamboo and the steel plate; (2) The bolt diameter is small
and its bending resistance is weak. From the fracture situation of the bolt in Fig. 11, the plastic hinge occurred
on the side of the steel plate hole. This is because the steel plate has a stronger binding force on the bolt than
the bamboo walls, and the steel plate is equivalent to the fixed end of the bolt. Therefore, the force
mechanism of the bolt shear failure is simplified, as shown in Fig. 31.

According to the force diagram of the bolt shear failure in Moso connections, the mechanical equilibrium
equations were obtained, as represented by Eq. (3). Then Eq. (3) was rearranged to obtain Eq. (4).

Fi=2f-d-t
ford ty=fem-d-(ti — 1)
h+bHb=t (3)
My=fi-dti-s+fum-dti (a+d) —fom-d o (t+t+2)

where

F, is the design value for the bearing capacity of the connection, kN;

fem 1s the compressive strength of Moso bamboo along the grain, which can be obtained according to
material property test, N/mm?;

/. is the compressive stress of the bolt in the steel plate opening, N/mm?;

M, is the plastic bending moment of the bolt, N/mm?;

d is the bolt diameter, mm;

t, is the distance between the outer wall of the Moso bamboo and the steel plate, mm;
t, is the wall thickness of the Moso bamboo in the specimen, mm;

t, is the thickness of the clamped steel plate in the specimen, mm, t;, = 6 mm,;
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t1, t, are the length of the squeezed areas within the wall thickness of the Moso bamboo, mm;

1 ts + tp + 21, Bfemd
F?42 Fy — M, ) = 4
ofmd ' T 4 1 5 M) =0 )

According to NDS-2005 [16], Considering that the plasticity of the bolt is fully developed, the plastic
bending moment M,, of the bolt is denoted in Eq. (5).
3

d
Mu:kw'fl‘lb'n'i 5)

where £ is the bolt tensile strength; the galvanized bolt Grade 4.8 is used in the test; £” =400 Mpa [17]; ky is
the bolt plastic development coefficient, k,, = 1.7.

Combining Eq. (4) with Egs. (5), (6) can be acquired according to the root-finding formula neglecting
the negative solution.

te + ty + 2t i+t +26\° (2 ke fPom-d?
F=8fpd- |- 0T ST TS b tw i R 6
=8 4 +\/< 4 )+ 16" 128 - fom ©)

According to Eq. (6), the load-bearing capacities of connections were respectively calculated when
t, =0, t, = 0.54 and ¢, = #, to study the influence of the gap 7, between the outer wall of the Moso bamboo
and the steel plate on the bearing capacity in the connection, as shown in Tab. 4. The average distance
t, = 0.5#, was adopted in this test. The average ratio of the test-to-prediction results is 1.05 when ¢, = 0.5%,,
which indicates that this formula can predict the load-bearing capacity of the connection well. When the gap
t, increased from 0 to #,, the calculated bearing capacity of the connection was reduced by about half. The
gap has a great influence on the bearing capacity of the connection and should be minimized during processing.
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Figure 31: The bolt shear failure
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Table 4: Comparisons of test and prediction results during bolt shear failure

Specimen Test/kN t,=0 t, = 0.54, ta=t
Pred/kN Test/Pred Pred/kN Test/Pred Pred/kN Test/pred
0S-8-50 8.43 9.18 0.92 6.48 1.30 4.94 1.71
0S-10-110 9.84 15.48 0.62 11.76 0.81 9.34 1.03
0S-10-140 11.54 15.17 0.75 11.07 1.03 8.57 1.33
Average — — 0.76 — 1.05 1.36

4.2 Bearing Failure

As a main failure mode in bamboo connections, the bearing failure is an ideal ductile failure. The force
mechanism is shown in Fig. 32 where the mechanical equilibrium equation can be obtained, as seen in
Eq. (7).

F2:2'femtb'd (7)
where
F, is the design value for the bearing capacity of the connections, kN;

fom 18 the compression strength of Moso bamboo, which can be obtained according to material property
test, N/mm>;

d is the bolt diameter, mm;

t, 1s the wall thickness of the Moso bamboo, mm;
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Figure 32: Bearing failure of the bolt hole
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The test and prediction results of load-bearing capacities in each connection are compared and analyzed,
as shown in Tab. 5. Based upon the devived formula for the load-bearing capacity of the bolt hole, the test
values are close to the prediction results, and their ratio range of test-to-prediction results is 0.74~1.15. The
average ratio between the test and prediction results is 0.96, indicating that the proposed formulas can
effectively predict the ultimate load of bamboo connection with bearing failure modes. To ensure safety
in the connections, referring to the GB 50005-2017 [18], the safety factor is recommended to be 3.0, thus
ensuring a certain degree of bearing capacity in the bamboo connections.

Table 5: Comparisons of test-to-prediction values during bearing failure of bolt holes

Specimen Test/kN Prediction/kN Test-to-Pred
0S-8-80 10.01 9.43 1.06
0S-10-80 11.85 12.67 0.92
0S-12-80 13.69 14.11 0.97
0S-14-80 15.52 18.18 0.85
0S-8-110 9.37 8.23 1.13
0S-12-110 12.21 13.44 0.89
0S-14-110 12.96 17.52 0.74
0S-8-140 10.50 9.00 1.15
0S-12-140 15.83 16.68 0.95
0S-14-140 18.06 18.65 0.97
Average — — 0.96

5 Conclusions

Based on the static tension tests of bolt the Moso bamboo connections with external clamp steel plates,
the influence of the bolt diameters and the end distances were considered, and the failure modes and bearing
capacities of the connection were studied. Based on the mechanical equilibrium equations, the calculation
formulas for the bolt shear failure and bearing failure were derived. This study can reveal the following
conclusions:

1) The connection mechanism of MBCECSP can be divided into three development stages: initial
slipping stage I, elastic deformation stage II and plastic development stage III. There are three failure
modes of the connection: bolt shear failure, bearing failure of bolt hole and punching shear failure of
Moso bamboo.

2) The main failure modes of MBCECSP are controlled by the bearing. The calculated values base a
simplified model are close to the experimental results, and the average experimental values are 0.96 times
the calculated value. This formula can be used for connection design calculation. It is recommended to
take the safety factor as 3.0 to ensure a safety store of bearing capacity.

3) The bearing capacities of bamboo connections increase with the increase of the bolt diameter, but the
increasing effect is not obvious after the bolt diameter is too large; there is no obvious linear relationship
between the end distance and the bearing capacity in the bamboo connections.

4) The shear failure of the bolt is affected by the gap. The ductile bearing failure occurs when the gap is
small. It is when the gap between the outer clamp steel plate and the outer wall of the Moso bamboo is large
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and the bolt diameter is small that the bolt shear failure may occur under the combined action of bending and
shear. Therefore, the excessive gaps should be avoided.

5) The punching shear damage of the Moso bamboos is likely to occur when the end distance of the bolt
hole is small. This failure method can be avoided by limiting the relationship between bolt end distance and
the bolt diameter to //d > 8.
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