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Abstract: The mechanical behaviour of the engineered bamboo scrimber connected by self-
tapping screws (STSs) is strongly affected by the withdrawal resistance of the STSs in the
bamboo scrimber. However, existing knowledge on the withdrawal resistance of STSs in such
applications is quite limited. The main objective of this study is to investigate experimentally
the withdrawal resistance of STSs inserted in engineered bamboo scrimber and propose an
approach to its calculation in structural applications. In the experimental study, pull-out tests
were conducted to obtain the load-displacement curves of STS-withdrawal specimens. The
key parameters being investigated included the embedment length, the screw diameter, and
the screw angle relative to the grain direction. The test results showed that the withdrawal

resistance of the STSs connection increased with the increase of the embedment length, the

diameter of the self-tapping screw, as well as the increase of the angle between the fiber and
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the axis of the STS. It has also been found that a critical anchoring slenderness ratio is around

7.5, and a longer embedment length would lead to the rupture of the STSs. For the calculation

of the withdrawal resistance of the STSs in bamboo scrimber, several relevant calculation

formulas are examined, and a modified formula is proposed. Verification of the modified

formula against the current test results as well as relevant data from the literature shows

satisfactory accuracy.

Keywords: Bamboo scrimber; Self-tapping screw; Anchor performance; Withdrawal

resistance

1 Introduction

As a renewable material that can be used in structural engineering [1-3], engineered bamboo

has attracted a lot of attention in the research community in recent years, with much of the

interest focused on the mechanic behaviour and the processing technology [4-11]. While

timber is more widely used in building structures, in many parts of the world such as China

the timber resources are limited and the industrial use of timber relies heavily on imports. On

the other hand, there exist numerous bamboo species and vast bamboo forest areas in many of

those regions. From the structural application point of view, the tensile strength and

compressive strength of bamboo are actually higher than wood, at about 2 times and 1.1 times

that of wood, respectively [12]. The more recent advances in the processing technologies and

industrialization level have promoted the production of engineered bamboo with excellent

mechanical properties, such as glued bamboo [13], bamboo scrimber [14], laminated bamboo

lumber [15] and bamboo-wood composite materials [16].

As one of the main engineering products in the market recently [17], bamboo scrimber is
2
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made by gluing the bamboo filament bundles together. The bamboo culm is disassembled into

long bamboo strands firstly. After being dried and charred, the strands can be put into the

molds and pressed into parallel bamboo strand lumber under hot pressing (or cold pressing)

[18]. Both the tensile and compressive strengths along the grain of bamboo scrimber are

higher than those of the wood material made from larch and spruce, with relatively low

variability in material properties [19]. The tensile strength and modulus of elasticity along the

bamboo grain can reach 100MPa and 10GPa, respectively. Thus, the bamboo scrimber has

been used not only widely in furniture [20, 21], but also in building and bridge structures [18,

22]. The current research of bamboo scrimber generally focuses on the beam and column

components [23-26]. However, the investigation on the connections in a bamboo scrimber

structure is limited [27, 28]. In fact, the connection is often a weak link in a bamboo scrimber

structure and so a sound connection design plays a key role in ensuring the integrity, strength

and stiffness of the whole structure [28, 29]. Therefore, it is necessary to investigate the

bamboo scrimber connection in detail.

The mechanical performance of the self-tapping screws (STSs) has improved with the

progress of the metal processing technology. The STSs have shown potential in the beam-to-

beam connection in timber structures [30-33]. Generally speaking, the STSs can reduce the

possibility of splitting while used with small spacing and edge distance and increase

operational efficiency. Besides, such a connection with STSs also possesses an aesthetical

appearance and robust mechanical behavior [32]. Furthermore, STSs are effective in

reinforcing timber joints [34], and they can also effectively transfer in-plane shear forces in

connections of CLT shear walls and diaphragms [35]. Using fully threaded STS in the
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bamboo scrimber connections is a possible efficient choice.

In the above regards, the withdrawal resistance of the STSs in bamboo scrimber becomes

a key factor. However, the research on the withdrawal resistance of the STSs in bamboo

scrimber is still limited [21, 36, 37]. Test results of screw joints in bamboo scrimber furniture

have shown that the screw-in depth and hole diameter have a significant influence on the pull-

out resistance, whereas the type of screws has no apparent effect [21, 36]. It has been found

that the face and edge withdrawal resistances of screws in bamboo scrimber tend to be higher

as compared with those in medium-density fiberboard and particleboard [37]. It is also

generally understood that the withdrawal resistance in bamboo scrimber used in furniture and

structural applications has similar relations with the pilot hole diameter [21, 37]. More

specifically, the withdrawal resistance of screws embedded in Phyllostachys edulis bamboo

culm walls has been investigated and compared by a modified ASTM D1761 test [38]. Li et al

[39] suggested that a suitable diameter of the guiding hole should be 80%-90% of the

diameter of the screw in laminated bamboo lumber. Zhang [40] found that the relationship

between the withdrawal resistance and the embedding depth of screw in Glued Laminated

Bamboo followed a linear function. However, there is a lack of information regarding the

influence of the screw angle on the withdrawal resistance of the STSs in bamboo scrimber,

and moreover the calculation of the withdrawal resistance has not been investigated.

This paper presents an experimental investigation into the withdrawal resistance of self-

tapping screws (STSs) inserted in bamboo scrimber for structural applications, with three

common screw diameters. The influences of the STS embedment length, screw diameter and

screw angle on the failure mode and the withdrawal resistance are investigated systematically.



90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

Furthermore, several relevant calculation formulas are applied to estimate the withdrawal
resistance of STS in bamboo scrimber. These include formulas in Eurocode 5 [41] and
CCMC13677-R [42], which are originally suited for the screw bearing capacity in timber, and
an empirical formula [43] for the withdrawal resistance in the raw bamboo. The results are
compared and analysed. On this basis, modified formulas for the calculation of the
withdrawal resistance of the STSs at an angle of 0° and 90° with the bamboo scrimber fiber
are proposed.

2. Experimental program
2.1 Materials

The materials involved in this study include bamboo scrimber and STSs. The bamboo
scrimber was supplied by a bamboo material producer in Jiangxi province, China. According
to the "testing methods for physical and mechanical properties of bamboo used in building"
[44], the average moisture content of the bamboo scrimber was determined to be 9.8%, and
the average air-dry density was 1.05 g/cm®. A total of 75 compressive tests and 6 bending
tests of bamboo scrimber material were performed (Fig.1). The cross-sections of the samples
were uniformly 20 mm x 20 mm. For compression tests, the sample specimens were 30 mm
in length and the compressive loads were applied at the two ends of the samples via rigid steel
plates [45, 46]. For the bending tests, specimens were 300mm in length and the tests were
performed according to the ISO 3349 standard [47]. The compressive tests and bending tests
of the samples were carried out using a 100kN mechanical testing machine and a 30 kN
mechanical testing machine, respectively. Both types of tests were performed under a
displacement control mode, and the loading rate was Smm/min for the compression tests and
4mm/min for the bending tests.

The test results for the properties of the bamboo scrimber are shown in Table 1. It can

be observed that the relative difference of the total compressive strength in the radial and
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tangential directions of the bamboo scrimber is only 2.9%. The relative difference of the local
compressive strength in these two directions is also small, at 7.8%. This may be explained by
the fact that in the process of restructuring bamboo, all four sides are compressed and the
bamboo filaments are tightly combined, and as a result the mechanical properties of the two
horizontal grain directions are close to each other. According to a separate experiment on the
same bamboo scrimber [48], the compressive modulus of elasticity in the direction parallel to

the grain is 11890 MPa, and that perpendicular to the grain is 1365 MPa.

(a) (b) (©) (d)

Fig. 1. Test of material properties of bamboo scrimber: (a) Compressive strength parallel to the grain,
(b) compressive strength perpendicular to the grain, (c) Local compressive strength perpendicular to

the grain, and (d) Bending strength

Table 1 Parameters of the bamboo scrimber

. Compressive Compressive strength perpendicular to the grain (MPa)
Bending strength Radial T ial
Material strength parallel to Radial total lgc;d alffaritla Tangential
(Mpa) .
p grain (Mpa) strength strength strength local strength
Bamboo 260 75.5 24.9 13.6 242 14.9
scrimber

Fully threaded STSs with double countersunk head were used in this test. Three screw

diameters of 6mm, 8mm and 10mm with the same length of 140mm were considered. Table 2

lists the technical specifications of the screws as provided by the manufacturer.

Table 2 Specification and strengths of STSs

Outside Root Total Thread Head Bending Tension

Specification diameter diameter length length diameter  yield strength strength
(mm) (mm) (mm) (mm) (mm) (MPa) (MPa)

FTCD-6 6 4 140 130 11.8 1000.0 1100.0
FTCD-8 8 53 140 130 15.5 1000.0 1100.0
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FTCD-10 10 6.3 140 130 17.8 1000.0 1100.0

2.2 Test specimens and parameters

The texture of the bamboo scrimber is similar to that of the engineered wood, so the texture
directions can be defined according to the definitions for parallel strand lumber (PSL) [49].
Since the bamboo slices that form the bamboo scrimber usually have a larger width than the
thickness, the direction along the width of the bamboo slices is defined as the tangential

direction and that along the thickness is defined as radial direction (Fig. 2).

Tangential
direction

—

Tangential
direction

Radial
direction

(a) (b)
Fig. 2. Bamboo scrimber sectional definition: (a) PSL Sectional features [30], (b) Bamboo scrimber

Sectional features

The specimens were designed in conformation with ASTM D1761 [50] and the Chinese

Standard LY-T2377-2014 [51] for testing fasteners in wood. Three main factors affecting the

withdrawal resistance were investigated, namely, a) effective embedment length L, b) screw

angle relative to grain direction a, and c) insert texture directions (Group T). Totally 210

specimens were tested with the same type of bamboo scrimber, and these were divided into

three main groups, as follows:

Group RD: this group was designed to investigate the effect of the embedment length on

the withdrawal resistance, with the embedment length varying between 20mm, 30mm and

40mm, while the screw angle a was kept at 90 degrees. Three different screw diameters of
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6mm, 8mm and 10mm, respectively, were considered. Thus, Group RD actually consisted of
9 series of specimens, as listed in detail in Table 3.

Group RA: this group focused on the effect of the insertion angle on the withdrawal
resistance. In addition to the 90° angle already tested in Group RD, two further angles,
namely 0° and 45°, were included. For each angle, three different screw diameters of 6mm,
8mm and 10mm, respectively, were considered. The embedment length was kept constant at
30mm. Thus, 6 new series of specimens were tested in this group.

Group T: this group was added to test the screw insertion in the tangential direction of
the bamboo scrimber from the section point of view (Fig. 2(b)), in addition to the radial
direction as in Group RD and RA. Two screw angles relative to the grain direction (a= 45°,
90°) and three screw diameters (bmm, 8mm and 10mm) were considered for Group T, making
further 6 series of test specimens as listed also in Table 3.

Fig. 3 shows a representative diagram of specimens in three groups. The length, width,
height of the specimens and the screw embedment length are denoted by a, b, h, and [
respectively. The effective embedment length, L., is defined by / minus the length of the screw
tip which is assumed equal to the diameter of the screws, d; thus [ = [ - d. The size
parameters of the specimens are listed in Table 3.

The specimens are labelled according to their parameter settings, for example R-6d-90-
20. The first character, R or T, represents that the thrust direction of the self-tapping screw, i.e.,
in the radial direction (R) or tangential direction (T) of the bamboo scrimber. The second part
represents the outer diameter of the STS, with 6d, 8d and 10d denoting 6 mm, 8 mm, and 10

mm of the STS diameter, respectively. The 3™ part represents the angle between the axis of



174

175

176

177

178

179

180

181

182

183
184

185

186

187

188

189

the STSs and the bamboo scrimber fiber. For example, 90 means that the STS is driven to the
bamboo scrimber fiber bundle perpendicularly, and O indicates that the axis of STS is the
same as the direction along the grain of the bamboo (Fig. 4). The 4™ part denotes the effective
embedment length of the STS. 4 represents the anchoring slenderness ratio, i.e., the ratio of
the effective embedment length to the diameter of the STS. Prior to the selection of the
effective embedment lengths for the specimens, a preliminary experiment was carried out to
determine the baseline value of 4 which corresponded to the yield failure of the STSs. Details

of the preliminary experiment are given in Section 2.1.

b

a2 /Xf%
(a) (b)

Fig. 3. Test specimens: (a) Group RD, (b) Group RA, (c) Group T

(©

Fig. 4. R-8d-0-30

It is common practice with wood materials that when the wood density exceeds 0.5

g/cm?, the wood needs to be pre-drilled for STSs installation [52]. In the present test, the



190  average density of the bamboo scrimber was 1.05 g/cm?, so pre-drilling was considered for
191  the installation of STSs. For confirmation purpose, a comparative test was firstly carried out
192  between trial specimens with and without pre-drilling in the installation of the STSs. Test
193  results showed that the STSs without pre-drilled holes were pulled out earlier with damage in
194 the thread of the STSs, and the withdrawal resistance was much smaller than that of the STSs
195  with pre-drilled holes. This indicates that the bamboo scrimber under investigation cannot
196  provide sufficient holding strength without pre-drilling. Therefore, pre-drilling was adopted in
197  all the formal test specimens. The diameter of the pre-drilled hole was made no greater than

198 0.6 times the outer diameter of the STSs [52].

199 Table 3 Dimensional parameters of the specimens
Specimens Specimens d a ler a b h p 1 "
group Series (mm) ©) (mm) (mm) (mm) (mm) (g/lcm®)
R-6d-90-20 6 90° 20 60 120 90 1.17 33 10
R-6d-90-30 6 90° 30 60 120 110 1.05 5 10
R-6d-90-40 6 90° 40 60 120 130 1.05 6.6 10
R-8d-90-20 8 90° 20 80 160 100 1.07 25 10
RD R-8d-90-30 8 90° 30 80 160 120 .01 375 10
R-8d-90-40 8 90° 40 80 160 140 1.04 5 10
R-10d-90-20 10 90° 20 100 200 110 1.05 2 10
R-10d-90-30 10 90° 30 100 200 130 1.02 3 10
R-10d-90-40 10 90° 40 100 200 150 1.04 4 10
R-6d-0-30 6 0° 30 60 60 110 1.05 5 10
R-6d-45-30 6 45° 30 130 60 130 1.09 5 10
RA R-8d-0-30 8 0° 30 80 80 120 0.97 375 10
R-8d-45-30 8 45° 30 160 80 130 1.01 375 10
R-10d-0-30 10 0° 30 100 100 130 1.04 3 10
R-10d-45-30 10 45° 30 200 100 130 1.01 3 10
T-6d-90-30 6 90° 30 60 120 110 1.05 5 10
T-8d-90-30 8 90° 30 80 160 120 1.05 375 10
T T-10d-90-30 10 90° 30 100 200 130 1.04 3 10
T-6d-45-30 6 45° 30 130 60 130 1.24 5 10
T-8d-45-30 8 45° 30 160 80 130 1.22 375 10
T-10d-45-30 10 45° 30 200 100 130 1.19 3 10

200 Note: d, l.f denotes the outside diameter, the effective embedment length into the member of the
201  STSs; a denotes the angle between the axial of STSs and the grain; p and n denote the density and

202  number of the specimens.

10
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2.3 Test method

The test was conducted using a 100kN mechanical testing machine. The bamboo scrimber
specimen was fixed on the testing machine with a dowel-connected special fixture, and the
head of the STSs was fixed to the loading head of the testing machine with metal washers and
bolts. The loading configuration is shown in Fig. 5. According to ASTM D5652 [53], the
displacement control method at the rate of loading of 3 mm/min was adopted. The actual
loading time for each test piece was 3~5 min and the loading was terminated when the test
piece broke or the load-displacement curve developed a significant drop. In the test, the load
and displacement were measured and recorded by the MTS force sensor and displacement

SENSor.

t o

Metal
washer
Screw
Bamboo ! 7
crimber !
B ’Bolts
()

Fig. 5. Test setup: (a) specimen under testing, (b) schematic of setup
3 Test results and analysis
3.1 Preliminary test
To determine an appropriate range of embedding length, a preliminary test was designed and

carried out ahead of the formal test. In the preliminary test group, tests were performed on the

11
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specimens with anchoring slenderness ratios 4 of 6, 7, and 8.

When the values of 4 were 6 and 7, the specimen behaved in an elastic manner at the

initial stage, with no obvious damage. Beyond a certain elastic limit, the load increased at

reduced rates with increase of the displacement, showing inelastic behaviours which were

accompanied with slight bamboo fibre fracture sound. When the loading reached the

maximum level, a rapid decrease of the load was followed with an apparent sound of wood

breaking. During the whole process, the screw was in the elastic stage and there was no

yielding failure. When the value of 4 was 8, the specimens exhibited a similar general

behaviour as described above. However, when the loading reached a certain level, the screw

ruptured at the end region with a loud bang (Fig. 6), marking a total failure of the specimens.

By further narrowing the range of 4, it was found that 4 equal to 7.5 approximately marked a

critical embedment length; a longer embedment length would lead to the rupture of the STSs,

whereas a shorter embedment length would generally guarantee an STS pull-out failure.

For STS of a diameter of 6mm, the embedment length for A=7.5 is 45mm. Finally, the

test embedment lengths of the STSs were determined as 20mm, 30mm, and 40mm for STS

specimens of all three diameters to ensure a pull-out mode of failure. As will be presented in

the test results later, all of the specimens did exhibit an STS pull-out failure, enabling the

determination of the STS withdrawal resistance of the specimens.

12
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Fig. 6. Rupture failure of the STSs for A=7.5

3.2 General response and failure mode

The performance of each specimen was similar before the attainment of the ultimate bearing
capacity. During the initial loading stage, the anchoring surface of the restructured bamboo
remained intact (Fig. 7a), and the load increased linearly with the displacement. After the
displacement reached a certain level, the increasing rate of the load decreased, while a slight
bamboo tearing sound was heard. When the loading approached the withdrawal resistance of
the STSs, the relative slip became pronounced and this was accompanied by the bamboo fibre
fracture sound (Fig. 7b).

After reaching the ultimate bearing capacity, all specimens exhibited a pull-out failure of
the STSs. Due to a different angle o between the pull-out force of the STSs and the bamboo
scrimber bundle, different groups of specimens showed different failure modes. In the RD
group and the T group with a=90°, the bamboo fiber was torn horizontally. In the later stage
of loading, the load reduction rate was stable, and a certain residual withdrawal capacity
remained (Fig. 8a). In the RA group with a=45°, the affected part of the bamboo scrimber
fiber underwent shear failure along the grain. In the later stage of loading, the load dropped
faster than the specimens in the former two groups with a=90° and the residual withdrawal

capacity was smaller (Fig. 8b). In the RA group with a=0°, the bamboo fiber bundle
13
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273

underwent shear along the grain and was pulled out together with the STSs. After the ultimate
bearing capacity, the load dropped rapidly (Fig. 8c). It is worth noting that in the special case
where the STS was nailed at the glue layer, the failure mode was that the reorganized bamboo
split along the glue joint. Therefore, for a=0°, the nailing position should be kept sufficiently

away from the glue joint.

() (b)
Fig. 7. Specimens under loading: (a) Initial stage of loading, (b) Approaching peak load

Shear

Partial shear- failure
failure along

the grain

- SV, -

(a) (b) ()
Fig. 8. Typical failure modes for different insertion angles: (a) 90°, (b) 45°, (c) 0°
3.3 Withdrawal resistance
With reference to the law of lognormal distribution of wood strength [54], the
withdrawal resistance of STSs is analyzed using the lognormal distribution herein. The
withdrawal resistance results of the test specimens are shown in Table 4, including the
distribution parameters. A comparison between the probability distribution curves of predicted

data and test data is shown in Figs. 9 - 11.
14
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As shown in Table 4, the average value and the 5 percentile value of the withdrawal
resistance in the RD group gradually increase with the increase of the embedment length.
Especially, the 5™ percentile value increases linearly with the embedment length (Fig. 9). The
withdrawal resistance of the RD group also increases with the increase of the diameter of
STSs. It is noted that the average withdrawal resistance of the STSs with a diameter of 6mm
(R-6d-90-20) is greater than the diameter of 8mm (R-8d-90-20). In addition to the larger
density of the R-6d-90-20 series, the main reason is that the anchor slenderness ratio 4 of the
latter two series (R-8d-90-20, R-10d-90-20) is markedly small. The small value of A affects
the development of the withdrawal resistance of STSs, and based on the present observation it
is recommended that the minimum £ of the STSs in bamboo scrimber is 3.

Table 4 also shows that the average withdrawal resistance of the STSs with o= 45°in the
RA group is greater than that of the specimens with a= 0°. Comparison with the RD group
and the T group implies that the withdrawal resistance of the STSs driven in the radial or
tangential direction is greater than that of the STSs driven along the grain. This is consistent
with experimental observations from the literature [37] in that the withdrawal resistance of the
STSs increases as the angle a between the STSs and the bamboo fiber increases. The main
reason is that with an increase of the angle more bamboo fibers become intertwined with the
STSs, resulting in less grain-wise shear damage of bamboo fiber and more horizontal grain
shear damage.

For group T, the average value and the 5" percentile value of the withdrawal resistance
of the STSs in the tangential direction increase with the increase of the diameter. This is
consistent with the increase of the contact area between the STSs and the bamboo scrimber.

15
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However, it is noted that because the average density of the specimens with a=45° in the

tangential direction is about 17% larger than that of the ones with a= 90° (Table 1), the

average withdrawal resistance of the STSs with a=45° is higher. This shows that the density

of bamboo scrimber has a certain effect on the anchoring capacity of self-tapping screws,

similar to wood.

Table 4. Withdrawal resistance and stiffness of the STSs

Withdrawal resistance

Mean (Lognormal distribution, Stiffness (Normal

Test Test KN) distribution, kKN/mm)
group series Withdrawal Stiffness Cov. Cov.
resistance (kN/mm) St.dev (%) Sth St.dev (%) Sth
&N)
R-6d-90-20 9.70 4.0 0.20 8.7 6.86 0.40 10.1  3.33
R-6d-90-30 10.31 4.42 0.18 8.0 7.47 0.50 114  3.58
R-6d-90-40 12.17 422 0.22 9.1 8.18 0.57 13.6  3.26
R-8d-90-20 6.21 3.82 0.24 13.1 4.07 0.80 21.1 247
RD R-8d-90-30 13.50 5.19 0.22 8.5 9.15 0.60 11.6  4.18
R-8d-90-40 17.92 5.35 0.23 8.2 11.83 0.63 11.8  4.29
R-10d-90-20 10.09 4.48 0.09 3.7 8.70 0.29 6.4 4.0
R-10d-90-30 14.04 5.43 0.10 4 11.76 0.72 133 424
R-10d-90-40 20.16 5.84 0.17 5.8 14.9 0.54 9.3 4.93
R-6d-0-30 8.24 4.25 0.33 16.3 4.46 0.72 169  3.05
R-6d-45-30 11.38 4.80 0.13 5.2 9.15 0.28 579 433
RA R-8d-0-30 9.08 4.13 0.21 9.6 6.28 0.61 149 3.10
R-8d-45-30 13.25 4.71 0.20 7.8 9.31 0.77 163 343
R-10d-0-30 10.76 4.86 0.20 8.3 7.62 0.51 10.5 4.01
R-10d-45-30 15.59 5.97 0.11 4.0 12.89 0.80 134 4.64
T-6d-90-30 10.72 4.85 0.25 10.6  6.88 0.49 102 4.02
T-8d-90-30 13.36 5.31 0.23 8.8 8.94 0.66 124 421
T T-10d-90-30 14.62 5.27 0.12 4.4 11.92 0.51 9.6 4.42
T-6d-45-30 14.98 5.74 0.15 5.6 11.54 0.41 7.2 5.05
T-8d-45-30 17.25 6.40 0.17 5.8 13.1 0.79 124 5.25
T-10d-45-30 21.94 7.15 0.13 4.2 17.6 0.54 7.6 6.25

From the comparison of the RD and RA groups in Fig. 10, it can be observed that the 5
percentile value of the withdrawal resistance of STSs with a=45° is close to that of specimens

with a=90°. This is different from the behavior of the withdrawal resistance of STSs in
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307  wooden structures. Fig. 11 shows that the 5th percentile values of the withdrawal resistance of

308  STSs in the radial and tangential directions are very close, and the average relative difference

309 s less than 2.3% (Table 4).
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Fig.11. Comparison between a fitted distribution and test data in Group RD and Group RA

3.4 Load-displacement curves

The global performance of the STSs in the bamboo scrimber can be illustrated clearly in the
load-displacement curves. Figs. 12 show the load-displacement curves of the three groups and
the average curve of each series. In the initial stage of loading, the curves are approximately
linear, indicating the withdrawal force is in the elastic stage. Nonlinear response develops as
the displacement increases beyond a certain elastic limit. Approaching the peak load, the
specimens generally exhibit a certain degree of permanent deformation.

The RD group (Figs. 12a, 12b) shows that the withdrawal resistance capacity of STSs
and the slope of the descending branch increases as the embedment length increases. The
increase in the diameter of the STSs also causes similar effects. This is because with a larger
diameter the contact area between an STS and the bamboo scrimber is larger, leading to a
larger wedge body that is formed by the extrusion of the STS from the bamboo scrimber.
Hence, the withdrawal resistance increases. In Fig. 12, a few curves with smaller embedment
lengths appear above the curves with larger embedment lengths, and this is attributable to the

scatter of the properties of the specimens.
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A comparison of the load-displacement curves corresponding to the three angles in the
RD and RA groups is presented in Figs. 12c, 12d. The ultimate bearing capacity increases as
the angle increases. This is consistent with the failure mode of the STSs in the test in that the
smaller the angle, the more likely that the bamboo fibers bundled around the STS will
undergo shear failure along the grain, giving rise to the characteristics of more brittle failure.

The load-displacement curves of the T group and the RD group are plotted in Figs. 12e,
12f. The main trend of load-displacement curves in the radial and tangential directions is
similar. However, since the arrangement of bamboo fiber bundles is slightly different, the

load-displacement curves in the tangential direction tend to be steeper than the radial curves.
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Fig. 12. Load-displacement curves: (a) RD group, d=8mm, (b) RD group, d=10mm, (c) RD group,
d=8mm with three angles, (d) RD group, d=10mm with three angles, (¢) T group and RD group,

d=6mm, (f) T group and RD group, d=8mm.

3.5 Withdrawal stiffness

The slope of the load-slip curves from 2kN to 4kN, within the generally linear range, is
adopted to represent the stiffness of the specimens. Again with reference to the law of
lognormal distribution of the stiffness of wood [54], the withdrawal stiffness of STSs is
analyzed using normal distribution herein. The withdrawal stiffness results of the test
specimens and the distribution parameters are included in Table 4. It can be seen that the
withdrawal stiffness of the STSs increases with the increase of the embedment length, the
diameter of the STSs, and the screw angle. This is similar to the rule of the withdrawal

resistance as shown in Fig. 12 and Fig.13.
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4 Calculation of withdrawal resistance of STSs in bamboo scrimber
4.1 Existing calculation methods for withdrawal resistance of STSs in wood and raw
bamboo

At present, Eurocode 5 [41] and industry standards (e.g. CCMC 13677-R [42]) provide
the calculation formulas for the 5™ percentile value of withdrawal resistance of STSs in wood

for application in the design. The calculation formula in Eurocode 5 [41] are as follows:

nef fax,kd mef Ild

1.2cos* a +sin* a

6]

ax,kRk —

fax,k =0.524 lef—O.l wko.s @)
where F... ri is the characteristic withdrawal force capacity of the connection at an angle a to
the grain, in N; ficx is the characteristic withdrawal resistance perpendicular to the grain, in
N/mm?; neris the effective number of screws; L is the penetration length of the threaded part,
in mm; py is the characteristic density, in kg/m?®; a is the angle between the screw axis and the
grain direction; kq is the diameter parameter, taking the smaller value of 1 and d/8, in mm.

The calculation formula specified in CCMC 13677-R [42] is expressed as:
21



380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

0.80(h [0.84 [p)” [d (2, a0~

(K, [K. 3)

w,a

) 4
sin’ @ +§ [Gos’ a

where P« is factored withdrawal resistance for installation angle a; ¢ is the resistance factor
for design purpose, $=0.9; 0.8 is load duration normalization factor and is applied to adjust
to standard term loading; J is material adjustment factor: 6=82 for p >440kg/m?, § =85 for p
<440kg/m?; b is the material factor: b=1 for D-Fir-L, SPF, SYP, STP, WRC, Hem-Fir,
b=0.75 for Parallam (PSL); p=mean oven-dry relative density (CSA 086, Table A.10.1) x10°
kg/m?; 0.84 is the adjustment of mean oven-dry relative to fifth percentile value; d is the
outside screw diameter (mm); /. is the effective embedment length into the member: It =
thread length - tip length (=d) (mm); Kp and Ksr are the load duration factor and service
condition factor, respectively.

For the withdrawal resistance of STSs in the raw bamboo, an empirical formula has been
proposed [43], which is similar to the calculation formula given by Eurocode 5 [41] but with
improved accuracy when applied to calculate the screw withdrawal capacity in raw bamboo
[43].

4.2 Calculation of the withdrawal resistance of STS in bamboo scrimber

Based on the analysis of the experimental performance and the withdrawal resistance of STSs
in bamboo scrimber in Section 3.3, the effects of the pertinent parameters, including the
embedment length, screw diameter and embedment angle, are very similar to the situation
with STSs in wood. Therefore, the formulas of Eurocode 5 and CCMC (2013) are firstly used
to calculate the characteristic value of the withdrawal resistance of STS in bamboo scrimber.
The calculation results are compared with the 5™ percentile value of withdrawal resistance of
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401  STSs in the tests. Considering the dispersion of the bamboo scrimber properties, a lognormal

402  distribution with a coefficient of variation of 20% is assumed in this paper [35]. Based on this

403  coefficient, the average value of the withdrawal capacity is estimated.

404 The above two calculated values are compared with the test results in Table 5. Note that

405  the comparisons are given for cases with A>3, taking into consideration that smaller A

406  appeared to be inadequate to ensure an effective withdrawal resistance of STSs, as mentioned

407 earlier in Section 3.4. Furthermore, in the calculation of the withdrawal resistance of STS

408  using Eq. (3), factors for the purpose of design, including the resistance factor ¢ and service

409 condition factor Ksr, are set equal to 1.0. The material factor b is set equal to 0.75, which is

410 taken from the engineering wood SPL. Since the experiment involved short-term loads, the

411  load duration adjustment factor Kp is set at 1.25 for short-term loading [55].

412 The comparison results in Table 5 show that, in terms of the characteristic values, the

413  withdrawal resistance calculated by Eurocode 5 (equations 1-2) exhibit an average error of 26%

414 relative to the test results, whereas the results calculated using the CCMC 13677-R formula

415  (equation 3) give an average relative error of 16%. In terms of the average withdrawal

416  resistance, the results calculated using Eurocode 5 (equations 1-2) give an average error of

417  about 18% as compared to an average error of 12% when equation 3 is employed.

418 Besides, the average relative error between the characteristic value calculated with the

419  empirical formula for raw bamboo [43] and the test result of the first three series of specimens

420  with a=90° in the RD group and the T group is 18%. The average relative error between the

421  average value calculated with the same empirical formula [43] and the test result is 6% and

422 the maximum relative error is 39%. This suggests that the accuracy of equation 3 for the
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423  withdrawal resistance of STS in bamboo scrimber is better than the Eurocode 5 formula and
424 empirical formula for raw bamboo [43].
425 Table S Comparison of withdrawal resistance between calculated values and test results [kN]
Test result EN1995 CCMC
S 1 th . .
pecimens St mean | Fuuxre Aa Estimated b Proa 4a  Estimated b
percentile average average
R-6d-90-20 6.86 9.7 436 0.36 6.50 033 | 6068 003 9.96 0.03
R-6d-90-30 7.47 10.31 5.95 0.20 8.86 0.14 8.07 0.08 12.03 0.14
R-6d-90-40 8.18 12.17 7.45 0.09 11.10 0.09 10.76  0.32 16.04 0.24
R-8d-90-30 9.15 135 9.01 0.02 13.42 001 | 99 009 14.84  0.09
R-8d-90-40 11.83 1792 | 1139 004 16.98 005 | 1408 019 2098 015
R-10d-90-30 11.76 14.04 8.29 0.30 12.35 0.12 12.70 0.08 18.92 0.26
R-10d-90-40 14.9 2016 | 1124 025 16.75 017 | 1760 018 2623 023
R-6d-0-30 4.46 8.24 4.19 0.06 6.24 024 | 59 033 8.85 0.07
R-8d-0-30 6.28 9.08 473 0.48 705 03s | 689 010 1027 0.2
R-10d-0-30 7.62 1076 | 6.15 0.02 9.16 001 | 99 030 1475 027
R-6d-45-30 6.88 1072 | 6.94 0.25 10.34 022 | 807 017 1203 0.1l
R-8d-45-30 8.94 13.36 6.75 0.11 10.07 0.06 10.76  0.20 16.04 0.17
R-10d-4530 1192 1462 | 78 0.39 11.66 025 | 1320 o011 1967 026
T-6d-90-30 6.88 1072 | 4.9 0.29 733 032 | 746 018 111 0.02
T-8d-90-30 8.94 13.36 7.70 0.14 11.47 0.14 8.54 0.08 12.72 0.04
T-10d-90-30 11.92 14.62 8.18 031 12.19 0.17 10.67 0.17 15.90 0.02
T-6d-45-30 11.54 1498 | 532 0.42 11.38 025 | %65 016 1438 004
T-8d-45-30 13.11 1752 | 8.24 0.11 13.25 024 | 1252 0.05 18.66 0.06
T-10d-45-30 17.59 2194 | 8.90 0.31 15.59 026 | 1481 016 2208  0.01
426
427 Compared with natural and engineered wood, the bamboo scrimber belongs to a different
428  biomass composite material. It is therefore reasonable to expect that, while the basic form of
429  the CCMC 13677-R formula may be applied, appropriate modifications are needed so that the
430  formula can predict better the withdrawal resistance of STS in bamboo scrimber. Following a
431  statistical analysis, a new pair of coefficients for the sine and cosine terms are determined,
432  and subsequently the formula is modified into the following expression:
. 1.250(b[0.84p)* W 11, 00 @
4 = -
" 1.08sin* a +1.55cos” a
434  where, P, represents the factored withdrawal resistance of STS at an angle of a to the
435 bamboo scrimber fiber; 1.25 is the load duration factor of Eq. (3) converted into the test short-
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term for the standard period; ¢ is the material adjustment parameter, and the value is 82;
b=0.75 is the material parameter for the bamboo scrimber; p is the average density in kg/m?;
0.84 is the adjustment of mean to fifth percentile value; d is the outside screw diameter of the
STS in mm; [ is the effective embedment length into the member in mm.

The relative errors in the calculation results using Eq. (4) relative to the test results for
angles a = 90° and 0° are 7% for the 5" percentile value and 8% for the average value, as
illustrated in Fig. 14. A marked improvement of the accuracy as compared to using the
Eurocode 5 and CCMC 13677-R formulas is observed. Therefore, it is recommended that the
modified Eq. (4) be used to calculate both the 5" percentile and the average values of the

withdrawal resistance of STS in bamboo scrimber for a=90° and a= 0°.
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Fig.14 Comparison of the experimental and calculated withdrawal resistance results: (a) Sth percentile

value, (b) Average

4.3 Verification of the calculation formula

To further examine the accuracy of Eq. (4), the experimental results of the withdrawal

resistance for three kinds of STSs in bamboo scrimber in the literature [21] are selected for

comparison and verification. The outer diameter of the STSs from the experimental study [21]
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454  was 3.5mm. Since the ratio of the pre-drilled hole to the outer diameter of STS has been set at
455  approximately 0.6 in the present tests, the test results from the literature with a ratio of the
456  pre-drilled hole to the outer diameter close to 0.6 are selected for comparison. Furthermore, it
457  is assumed that the coefficient of variation of the withdrawal resistance of the STSs is 20%
458  [35].

459 The experimental results of the withdrawal resistance of cross-head screws, slotted
460  screws and wall panels screws are 2.12 kN, 1.57 kN and 0.86 kN, respectively. The
461  calculation results of these three types of screws using Eq. (4) are found to be 2.06 kN, 1.43
462 kN and 0.77 kN, respectively, giving rise to an average error of 8% and maximum error of
463  12%, as shown in Fig. 15. This comparison shows that the modified formula in Eq.(4) can

464  predict the withdrawal resistance of STSs in bamboo scrimber with good accuracy.

Il Test result in literature
20k - Calculation result of formula (4)
o L5F
8
g
Z 10t
=
ES
8
205}
=
0.0
Cross head screw  Slotted head screw Wall panels screw
465 Specimens series
466 Fig. 15 The comparison of the test result and the calculation result in literature [21]

467 5 Conclusions
468 The withdrawal performance of STSs in bamboo scrimber has been investigated

469  experimentally and analytically. In the experimental programme, 210 specimens have been

470  tested to evaluate the effects of three key parameters on the withdrawal resistance of STSs,

471  namely the embedded length, the screw penetration angle and the self-tapping screw diameter.
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The applicability of the calculation formulas for the withdrawal resistance of STSs in wood
and original bamboo to STSs in bamboo scrimber has been examined. On this basis, a
modified calculation formula for STSs in bamboo scrimber is proposed. From the results
presented in the paper, the following conclusions may be drawn:

(1) Preliminary experimental results from STSs-bamboo scrimber specimens suggest a
critical embedment slenderness (4) value of around 7.5; larger A will lead to a failure mode
with rupture of the STSs, while smaller A tends to lead to STS pull-out failure. Furthermore,
the material property test shows that the radial and tangential compressive strengths of
bamboo scrimber are very close, therefore the bamboo scrimber may be generally assumed as
a horizontally homogeneous material.

(2) Overall, the withdrawal resistance and rigidity of the STSs in the bamboo scrimber
are similar to those of the STSs in wood. Both properties increase with the increase of the
diameter of the STSs and the density of bamboo scrimber. Unlike the wood, however, the
tensile strength and stiffness of STSs in the radial and tangential directions of the bamboo
scrimber are very similar, so a unified calculation formula is recommended.

(3) From the test results, the 5" percentile value of the withdrawal resistance of STSs
with a=45° appears to be close to or greater than that of STSs with a=90°. This observation is
not in line with the trend in wooden structures. The specific relationship between the
withdrawal resistance and the embedment angle in the bamboo scrimber requires further
experimental evidences.

(4) Comparative analyses using different withdrawal resistance formulas suggest that the
withdrawal capacity results of STSs calculated by the CCMC formula (Eq. 3) achieve better

27



494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

accuracy. The CCMC (Eq. 3) formula is best suited as a basis for the calculation of the 5
percentile value of the withdrawal resistance of STSs in bamboo scrimber with a=45°.

(5) Based on the CCMC (Eq. 3) formula, a modified formula (Eq. 4) is proposed taking
into account of the present experimental data. The proposed formula is further verified by the
relevant test data from the literature, showing satisfactory accuracy. It should be noted that
the applicability of the proposed formula for the withdrawal resistance of STSs in bamboo

scrimber with other angles still requires further investigation.
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