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Abstract.

The use of cross-laminated timber (CLT) technology is witnessing an upsurge in Japan

because of its satisfactory performance under seismic conditions. The withdrawal strength (f,x) of a single
self-tapping screw (STS) inserted into the CLT was observed using a withdrawal test. The experimental
results showed that f, of the partially threaded STS was higher than that of the fully threaded STS when
inserted perpendicular to the grain. The empirical model used to predict f,x provided in the European stan-
dard for the design of timber structures was evaluated by comparing the predicted values with the experi-
mental results, which showed that the empirical model was only suitable for predicting the withdrawal
strength of specimens with STSs inserted perpendicular to the grain. Therefore, a new probabilistic model
was proposed for specimens inserted with STSs inserted parallel to the grain. The failure modes with
respect to the orthotropic anatomy of wood materials were observed.

Keywords:

INTRODUCTION

Timber construction techniques have been used
to construct temples and shrines in Japan since
ancient times. Most residential houses in Japan
are constructed using wood. Cross-laminated tim-
ber (CLT) is an engineered wood product used in
wooden houses to achieve environmental sustain-
ability in Europe, Australia, and North America.
Interest in CLT as a newly developed technology
has increased in Japan. 1zzi et al (2018) stated that
CLT structures exhibit satisfactory performance
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under seismic conditions because of the high
strength-to-weight ratio and in-plane stiffness of
the CLT panels and the capacity of connections
to resist loads with ductile deformations and lim-
ited strength impairment.

Self-tapping screws (STSs) optimized mainly for
axial load represent a state-of-the-art fastening
and reinforcement technique in CLT construction.
STSs are highly recommended by CLT manufac-
turers and designers, both overseas and in Japan,
owing to their economic benefits and easy handling
(Mohammad et al 2013; Dietsch and Brandner
2015; Kobayashi 2015). Recently, the Japanese
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Industrial Standard for STSs for timber joints (JIS
A 1503) has been published. However, this stan-
dard does not include withdrawal strength and
head pull-through properties because their inclu-
sion requires the consideration of the properties
of the adjacent wood; the JIS is primarily focused
on the fastener property (Goto et al 2018). CLT
buildings are primarily constructed for residential
use and restricted to three stories because of the
limited local wood sources, which results in costly
and unaffordable CLT production (Passarelli and
Koshihara 2018). The lack of standards for CLT
structures in Japan renders it difficult to assess the
mechanical strength of wood panels and the
capacity of connectors to resist loads. An analyti-
cal approach for CLT connections is necessary to
precisely design CLT constructions and reduce
the excessive use of wood in the future.

The raw material for CLT structures should be
potentially sourced from species that are readily
available in sufficient quantities. Indonesia, in
Southeast Asia, has a topography similar to that
of Japan and faces the common problem of being
an earthquake-prone area. Southeast Asia has one
of the oldest tropical forests in the world and sup-
plies large volumes of wood-based products to
the world (Okuda et al 2018). The growth of trees
as the source of raw wood materials from the
tropical natural forest, particularly trees of large
diameter with high-quality wood, took a long
time to be harvested, one that has seen reckless
exploitation in the past. In response to this challenge,
Indonesia has planted fast-growing tree species to
reduce the use of natural forest trees. Some planta-
tion species in the tropics may grow faster than those
in temperate climates because of year-round sun-
light exposure. Fast-growing plantation species,
such as jabon (Neolamarckia cadamba (Roxb.)
Bosser), show a relatively high mean annual
increment, with a growth of 7-10 cm/yr in diame-
ter and 3-6m/yr in height within 5Syr (Mansur
and Tuheteru 2010).

Neolamarckia cadamba, commonly known in
English as bur flower-tree and locally known as
kadam or jabon, demonstrates high prospects for
industrial plantations and reforestation plants in
Indonesia. This species is also expected to become

increasingly important for the timber industry in the
future, particularly when woodworking raw materi-
als from natural forests are estimated to decrease
in the coming years (Krisnawati et al 2011). The
wood from this species is typically easy to work on
with hand and machine tools. It can be easily
resawed, crosscut, and honed and the honed surface
produced is smooth. Howeyver, its use is mostly lim-
ited to furniture, plywood, pulps, and chips, and it
is not yet a major structural timber component in
the construction sector (Okuda et al 2018). More-
over, CLT reference standards for wood species
properties and connections performance are lack-
ing. To ascertain the prospects of this species for
CLT construction, its properties are supposed to
be investigated against those of several common
commercial species used as CLT materials.

The connection geometry, which mainly influ-
ences the fastener behavior, includes the axial
strengths of the fastener, the density of the wood
in which it is inserted, and the direction of loading
with respect to the grain orientation (Mahdavifar
et al 2018). Previously, studies were conducted
on the withdrawal capacity of an STS in a single
layer and CLT using a probabilistic approach
covering the entire density and diameter band-
widths (Ringhofer et al 2015; Brandner et al 2018;
Brandner 2019). However, the length of the inserted
STS threaded part was not considered.

The present study investigates the withdrawal per-
formance of the STSs inserted into a CLT with
respect to the density of the timber species, the
effective insertion length of the STS threaded part,
and the CLT side with the STS insertion. The
experimental results were evaluated using the autho-
rized prediction equation in EN 1995-1-1:2004/A1
(2008), and a probabilistic model approach was pro-
posed. Moreover, the types of failures that occurred
in the withdrawal test were also observed.

MATERIALS AND METHODS
Materials

The withdrawal strength of a single STS inserted
into a CLT was measured using a withdrawal-
loaded test. The test materials used in this study
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were composed of small pieces of CLT and glue-
laminated timber (GLT) with two types of STSs
(fully threaded and partially threaded). Jabon
(Neolamarckia cadamba (Roxb.)), sourced from
Medan, Indonesia, was used as a representative
Indonesian fast-growing hardwood. Sugi (Crypto-
meria japonica D. Don), hinoki (Chamaecyparis
obtusa), and karamatsu (Larix kaempferi) wood
species were used as the representative commer-
cial Japanese softwood samples.

Lamina selection is a prerequisite of the CLT
manufacturing process that prevents defects and
substandard quality in the final product. Once the
lamina materials were visually selected to prevent
knots, decay, and finger joints (on jabon materials),
they were classified physically and mechanically.
The lamina density p (kg/m’) was calculated using
the gravimetry method, as depicted in Eq 1.

P=3 (D
where m is the lamina mass (kg) and V is the
lamina volume (m>). The lamina materials were
selected according to the Japanese Agricultural
Standard for CLT (JAS 3079-2013) by determin-
ing the grade of their Young’s moduli of bending.
Static bending tests were conducted according
to JIS Z 2101 (2009), and the Young’s modulus
of bending E;, (GPa) was calculated using the fol-
lowing expressions:

PAP
Ey = m, (2)
bh3
I —_ —
TR 3)

where [ is the bending span (mm), / is the moment
inertia of area (mm®*), AP is the change in load in
the proportional limit area (kN), Ay is the deflec-
tion at the center of the span corresponding to
AP (mm), b is the width of the cross section
(mm), and 4 is the thickness (mm). AP/Ay is the
slope of load and deflection changes in the elastic
range.

The obtained mean Young’s modulus of the jabon
lamina was 6.614 GPa, with minimum and maxi-
mum values of 2.516 and 16.034 GPa, respectively.

Therefore, according to JAS 3079-2013, jabon lam-
inas were classified into the M 30A (E;, = 2.5 GPa)
to M 60A grades (E, = 5GPa), which satisfied
the minimum grade for structural purposes as
CLT materials. Sugi laminas are classified into
the M 60A to M 120A (E, = 10GPa) grades,
whereas hinoki and karamatsu laminas are classi-
fied into the M 90A (E, = 7.5GPa) to M 120A
grades. Lamina grading is used as a reference for
CLT assembly configuration. Laminas with lower
grades were configured for the inner layers, and
the higher-graded laminas were configured for the
outer layers in this study.

The test specimens were manufactured as five-
layer CLT and GLT, yielding an approach model
for solid wood. The laminas were adhered to
using the aqueous polymer isocyanate (API)
adhesive TP-111 at a ratio of 100:15 to a cross-
linking agent. The glue spread rate was 250 g/m?,
with a double glue line for face and edge bonding.
Using a compressive machine, the assemblies were
adjusted with pressures of 1 MPa and retained
under pressure at 20°C for 30 min. The API-
bonded specimens were produced and condi-
tioned at 65 * 5% RH and 20 £ 2°C for 2 wk to
reach a MC close to 12%.

Three parts of the CLT were available for STS
insertion: A, the outermost surface of the CLT; B,
parallel to the grain of the CLT core layer; and C,
perpendicular to the grain of the CLT core layer.
Type A was composed of five layers, whereas
types B and C were composed of three layers as
the expected effective layers. Ten replicates were
used for each combination series. The design of
specimen dimensions and STS insertion points
are shown in Fig 1. The insertion point of the
STS on the CLT was determined according to the
European standards for the design of timber struc-
tures (EN 1995-1-1 2004 and EN 1995-1-1:2004/
Al 2008). Two types of connector, fully threaded
STS (PX8-260) and partially threaded STS (PS8-
260), manufactured by Synegic Co., Ltd., with a
thread diameter of 8 mm and total length L of
260 mm, as illustrated in Fig 2, were considered
and distinguished by the effective length of the
STS threaded part inserted into the specimen
(the shapes of the screw head and screw tip
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Figure 1.

were ignored). The nomenclature of the speci-
mens includes the first letter of the wood species
(S for sugi, J for jabon, H for hinoki, and K for
karamatsu), followed by the first letter of the STS
type (P for partially threaded STS and F for fully
threaded STS), and the last character indicating
the type of specimen and its STS insertion point
(GLT, CLT-A, CLT-B, and CLT-C). Table 1 lists
the mean values of the lamina material density (p)
and the effective length of the fully threaded STS
(lop) for each series.

Fully threaded
self-tapping screw

The design of specimen dimensions and self-tapping screw insertion point.

Withdrawal Test

The STS was driven through the entire test speci-
men to avoid the tip influencing the layer orienta-
tion, as shown in Fig 1. A turned washer with a
diameter of 8 mm was used to fix the screw head
to the screw grip. A screw grip shaped to fit the
head of the STS was attached to the load head
of a universal testing machine (UTM) (AG-I
250kN; Shimadzu Co.). Two displacement gauges
(CDP-25) with a capacity of 25 mm (manufactured

PX8-260 (oo

I L =260 mm ]

hexagonal head

clear shaft

washer head £l

Partially threaded
self-tapping screw

PS8-260 k*—zmm

Figure 2. Connector properties: fully threaded self-tapping screw (above) and partially threaded self-tapping screw (below).
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Table 1. The mean value of lamina density (p) and effective
insertion length of self-tapping screw threaded part (/) for
each series.

n P ler
Series #  Mean (kg/mg) CoV (%) Mean (mm) CoV (%)
S.P.GLT 10 366.7 5.8 32 —
S.P.CLT-A 10 349.2 2.9 80 —
SP.CLT-B 10 373.0 2.8 80 —
S.P.CLT-C 10 367.3 2.5 80 —
S.F.GLT 10 369.9 4.8 50.9 0.2
S.F.CLT-A 10 376.9 5.7 127.1 0.2
S.F.CLT-B 10 372.4 2.8 120.4 0.7
S.F.CLT-C 10 363.0 53 120.3 1.1
J.P.GLT 10 402.7 2.3 32 —
JJP.CLT-A 10 448.3 3.6 80 —
JP.CLT-B 10 411.5 4.2 80 —
J.P.CLT-C 10 410.4 3.5 80 —
JE.GLT 10 425.3 7.5 49.5 0.1
JJE.CLT-A 10 426.7 2.9 123.7 0.1
JF.CLT-B 10 414.2 4.8 118.3 1.4
JE.CLT-C 10 411.1 3.9 121.5 0.4
H.P.GLT 10 409.2 2.0 32 —
HP.CLT-A 10 432.6 3.8 80 —
H.P.CLT-B 10 439.2 4.0 80 —
H.P.CLT-C 10 473.9 5.1 80 —
H.F.GLT 10 409.6 2.0 50.8 0.2
HF.CLT-A 10 432.8 2.2 126.7 1.7
HF.CLT-B 10 455.7 2.1 120.3 0.4
HF.CLT-C 10 448.7 2.2 118.9 0.5
K.P.GLT 10 5153 52 32 —
K.P.CLT-A 10 524.4 1.4 80 —
K.P.CLT-B 10 524.5 2.5 80 —_
K.P.CLT-C 10 5259 2.2 80 —
K.F.GLT 10 548.3 4.0 50.5 5.2
K.F.CLT-A 10 530.6 4.4 126.0 2.5
K.F.CLT-B 10 541.7 2.8 120.8 0.3
K.F.CLT-C 10 539.2 1.2 120.4 0.3

by the Tokyo Instrument Research Institute) were
attached to record the displacement during the
withdrawal test. The withdrawal test apparatus is
illustrated in Fig 3.

Monotonic static loading was performed at a con-
stant rate of 1 mm/min. The maximum load, F.«
was determined, and the f, (N/mm?) was calcu-
lated using the following equation (Ringhofer et al
2015; Brandner 2019) according to EN 1382
(1999)

Fmax

fax = d’]Tlef ’

“4)

where F .« is the maximum load attained in each
test (N), d is the thread diameter (mm), and I
is the effective insertion length of the threaded
part (mm).

According to EN 1995-1-1:2004/A1 (2008), the
characteristic withdrawal strength of a single
SCIeW fux ECs (N/mm?) is calculated as follows:

fax, BC5 = O.52d70‘5[ef*0~1p0.8’ )

where d is the thread diameter (mm), . is the
effective insertion length of the threaded part of
the STS (mm), and p is the density (kg/m3). This
equation should be divided by m such that the
result can be compared with the experimental
value obtained from Eq 4. Thus, a comparative
equation is generated as follows:

0.52d_0'51 -0.1,,0.8
fox s /= o P ()

i

Furthermore, the lower 5%-quantile value, assum-
ing a normal distribution of the experimental
results, was calculated using the following equa-
tion.

5%—quantile value =x(1 —kCV), (7)

where X is the mean value; & is the coefficient for
obtaining the 95% lower tolerance limit at the
75% confidence level, which is 2.104 for 10 speci-
mens of each series (AlJ, 2006); and CV denotes
the coefficient of variation, obtained from the ratio
of the standard deviation to the mean value.

RESULTS AND DISCUSSION

Relationship between Withdrawal Load and
Displacement

The differences in f,4 for each specimen series are
shown in Fig 4, and the average value is listed in
Table 2. The lowest average f,, was obtained for
the partially threaded STS on the jabon CLT-B
specimen with a value of 3.4 N/mm?, and the
highest average value was obtained from the par-
tially threaded STS on the karamatsu CLT-A
specimen (9.15 N/mm?). The f,, values of the par-
tially threaded STSs were higher than those of the
fully threaded STSs for the CLT-A, CLT-C, and
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Figure 4. Boxplot of withdrawal strength regarding the lamina species, effective insertion length of self-tapping screw
threaded part, and insertion points.
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Table 2. The mean value of F,, and f,, for each series.

n Frnax fax
Series #  Mean (kN) CoV (%) mean (N/'mm?) CoV (%)
S.P.GLT 10 4.09 8.15 5.09 8.15
S.P.CLT-A 10 9.44 9.69 4.70 9.69
S.P.CLT-B 10 7.04 38.83 3.50 38.83
S.P.CLT-C 10 1042 16.11 5.18 16.11
S.F.GLT 10 5.24 6.69 4.10 6.66
S.F.CLT-A 10 13.79 6.90 4.32 6.84
SFCLT-B 10 11.82 12.24 3.91 12.14
S.F.CLT-C 10 11.29 12.47 3.74 12.43
J.P.GLT 10 5.15 16.44 6.41 16.44
JPCLT-A 10 14.44 16.80 7.18 16.80
JP.CLT-B 10 6.84 29.15 3.40 29.15
JP.CLT-C 10 14.79 9.69 7.36 9.69
JE.GLT 10 6.94 12.84 5.58 12.82
JJF.CLT-A 10 18.20 6.91 5.85 6.83
JFCLT-B 10 1135 27.29 3.82 26.73
JECLT-C 10 16.39 16.01 5.37 16.10
H.P.GLT 10 6.06 10.62 7.54 10.62
HP.CLT-A 10 17.13 5.16 8.52 5.16
HP.CLT-B 10 8.95 26.57 4.45 26.57
HP.CLT-C 9 15.25 10.04 7.59 10.04
H.F.GLT 10 7.13 10.59 5.59 10.56
HF.CLT-A 10 21.23 6.01 6.67 6.45
HF.CLT-B 10 14.15 5.80 4.68 5.64
HF.CLT-C 10 18.37 8.22 6.15 8.34
K.P.GLT 10 6.19 14.69 7.70 14.69
K.P.CLT-A 10 18.39 4.82 9.15 4.82
K.P.CLT-B 10 11.90 26.58 5.92 26.58
K.P.CLT-C 10 18.07 8.18 8.99 8.18
K.F.GLT 10 9.06 7.73 7.14 7.49
K.F.CLT-A 10 23.18 5.06 7.33 6.21
K.F.CLT-B 10 18.69 11.17 6.16 11.30
K.F.CLT-C 10 19.97 15.13 6.60 15.14

GLT specimens. However, the differences were
found less significant for the CLT-B specimens.
Within a uniform thread diameter, when the with-
drawal load is applied perpendicular to the grain,
the shorter the ., the smaller the f,, which is a
consequence of the divisor variable in Eq 4. Claus
et al (2022) investigated the force distribution
along the STSs using fiber Bragg grating measure-
ments and found that the force distribution on an
STS insertion of length 270 mm into a GLT mate-
rial was relatively constant when the screw axis to
the grain angle was 0°. When the screw axis to the
grain angle was 90°, the withdrawal force tended
to be higher at the uppermost screw thread, which

then gradually decreased to the lower end of the
inserted screw thread. In other words, the length
of the inserted threaded part of the STS did not
significantly affect the withdrawal force when it
was inserted parallel to the grain.

Similar patterns were observed in the CLT-A,
CLT-C, and GLT specimens when the angle
between the STS axis and wood grain was 90°.
However, the withdrawal load was applied in the
radial direction of the wood in the CLT-A and
GLT specimens, whereas in the CLT-C speci-
mens, the withdrawal load was applied in the tan-
gential direction of the adjacent wood, which in
some way altered the difference to the failure
occurrences, as discussed later.

Evaluation of the Prediction Model of
Withdrawal Strength

The characteristic withdrawal strength of a single
screw in EN 1995-1-1:2004/A1 (2008) is basi-
cally described by the characteristic density
values for European solid timber (EN 338, 2016)
and GLT provided in the Eurocode standards (EN
1194, 1999). For the materials used in this study,
the withdrawal strength values were to be evalu-
ated for each specimen, along with the mean and
5%-quantile of the experimental series results to
the predicted value calculated by Eq 6.

Significant correlations between the experimental
results and predicted values are found for GLT,
CLT-A, and CLT-C when each specimen within
the series is analyzed, as shown in Fig 5. The
wide range of density distributions in the experi-
mental results disintegrates the withdrawal strength
values predicted using Eq 6. When the mean values
are projected onto both the experimental results
and predicted values obtained using Eq 6, as
shown in Fig 6, a significant correlation is noted
for each specimen within the series. Figure 7
shows a comparison of the 5% quantile values of
the experimental results and those predicted using
Eq 6. Significant correlations can be observed
for the GLT and CLT-A specimens; however, the
correlations diminish in the remaining specimens.
The values predicted using the empirical model in
EN 1995-1-1:2004/A1 (2008), except for CLT-B



16 WOOD AND FIBER SCIENCE, MARCH 2024, V. 56(1)

CLT-A

Saxexp (N/mm?)
O =L b OO S —
.
25

] | y=12.582x - 5.683
B R2=0.687

T

01

T T T T T T T

234567 8 91011
JSuxpes/T (N/mm?)

CLT-C

—
o o
1 1

&
| |

Saxiexp (N/Mm?)

(=R S RV A -
1

y=2.254x-4.530
R?=10.588

T T T T T T T T T T

0123450678910l
Jaxpes/T (N/mm?)

A Jabon Sugi ¢ Hinoki

® Karamatsu

CLT-B
1
10 -
9_
oxe 105 -
E 7
z N
=5 %0'.
: 4 e
o D
RERIEL +
2 1 @ m
Ay =1780x-4.111
L R2=0.463
S ekl Gl
012345678 9I10Il
Soxpesd/T™ (N/mm?)
GLT
11
10 -
T m
9 N
a 8 1 rsa-}'_l
£ 7] & uh
2 ] A
EES 4 ’?}.\ u
i 4
3 3 |
y=1.664x - 2.465
2 R2 = 0.540
l_
il
0123456789101l

Jaxpcs/T (N/mm?)

Linear (all)

Figure 5. The comparison of experimental results and predicted values by Eq 6.

specimens, did not overestimate the experimental
results, which was the expected anticipation for
structural designing. Based on the comparison of
the values predicted using the empirical model in
EN 1995-1-1:2004/A1 (2008) with the calculated
experimental values, it can be deduced that the
empirical model (Eq 6) is only suitable for the
specimens with STSs perpendicular to the grain
(90°) if each specimen and 5%-quantile values
are considered.

Even though the low withdrawal strength values
of STSs inserted parallel to the grain (CLT-B)
from experimental results implicitly remind us
that the installation of STS in the narrow edge par-
allel to the grain is recommended to be avoided
(Uibel and Bla3 2013), the author proposed the

new probabilistic model approach for CLT-B spe-
cimens for the anticipatory step in any circum-
stances. The relationship between f,, and density
is usually described by a power regression model
of the form f,, = ap’e, where a and b are the
regression parameters, with a as the scaling
parameter and b as the power parameter, and ¢ is
the error/randomness in the regression model
(Brandner 2019). According to Eq 5 in EN 1995-
1-1:2004/A1 (2008), the effective insertion length
of the STS threaded part, /¢ is also described by a
power model. Therefore, the predicted with-
drawal strength regarding the wood density and
effective insertion length of STS was described in
the following form, with a as the scaling parame-
ter and b and c as the power parameters.
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Figure 6. The comparison of mean experimental results and predicted values by Eq 6.

fax,pred = apblefc (8)

The substitution variables for the equation above
were obtained to make the sum of quadratic dif-
ferences between the whole experimental results
and the proposed prediction model at the mini-
mum. Therefore, the new prediction model for
CLT-B specimens with the uniform STS thread
diameter at 8 mm was reformed as follows. This
proposed model included the  division factor in
the equation.

Jax,prea = 0.00027" % p!6 ©

The proposed prediction model for CLT-B was
evaluated by linear regressive analysis with each

specimen, mean, and 5%-quantile values of
the experimental series results as projected in
Fig 8(a), (b), and (c), respectively. When the
overall values of the experimental results and
the predicted values calculated from the pro-
posed Eq 9 were compared, the linearity was
obtained. A more significant linearity was found
if the mean withdrawal strength of each series
was compared. The 5%-quantile of predicted
values from the proposed model in Eq 9 overes-
timated the 5%-quantile values of experimental
results at the near-threshold significance level
within the limited parameters in this study. There
might also be other wood anatomical parameters
that possibly have an influence on the withdrawal
strength (Brandner 2019).
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Figure 7.

However, the projected p values to both Eqs 6
and 9 generated a disproportionate distribution on
fax,ECS/qT and fax,pred of CLT-B and CLT-C. This
is possibly the causative effect of the unspecific
value of p, which is the mean value of the density
of the whole lamina used for CLT layers instead
of the STS-adjacent CLT layer density.

Influence of Parameters to Withdrawal
Strength

Density, p, was the only wood characteristic that
considerably influenced the withdrawal strength
in this study, and the effective insertion length of
the STS threaded part, Ly, was the representative
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CLT-B

1y=1462x-4.180
g R?=10.342

Sux00s (N/mm?)
O =MW A L DD
1

0123456728910
fnx, 0.05,EC5/ (N/mm?)
GLT
10
9
8 -
NE 7 ]
£ 6 o N
S 4 A %
S 3
5 | y=1.287x-1.494
; R2=0.711
0 T T T T T T T T T
0123456728910

Jax.05,£cs (N/mm?)
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The comparison of 5%-quantile experimental results and predicted values by Eq 6.

geometrical aspect of STS. Within the limited
range of the above parameters, the significance of
influencing the withdrawal strength of STS was
analyzed through linear regression indicated by
the coefficient of determination, R%. As shown in
Fig 9, the significant influence of lamina density
within species on the withdrawal strength was
indicated by the surrounded regression equa-
tions that were found on S.F.CLT-A, S.F.CLT-C,
H.F.GLT, HFE.CLT-A, HF.CLT-B, K.F.CLT-A,
S.P.GLT, and S.P.CLT-A. None of the jabon spe-
cimens showed a significant effect of the density
on the withdrawal strength. Brandner (2019)
found out that the withdrawal strength of screws
inserted in hardwood increased disharmonious
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Figure 8. Correlation of the experimental results and the

proposed predicted values by Eq 9: (a) each specimen values,
(b) mean values, and (c) 5%-quantile values.

with increasing density, which was not the case in
softwood (Uibel and Blaf3 2007).

Regarding the two types of STS used in this
study, the effective insertion length of the STS
threaded part affects the withdrawal strength sig-
nificantly negative on sugi and hinoki GLT, hinoki
and karamatsu CLT-A, and a whole specimen of

CLT-C (Fig 10). This negative effect of /. is also
reasonably interpreted by the power value in the
empirical model, Eq 5.

Failure Modes

Regarding the angle between the STS axis as well
as the withdrawal load direction and the grain
direction, they were grouped into 0° and 90°. The
CLT-B specimen was the only specimen configu-
ration, which is inserted by the STS parallel to the
grain (0°). The CLT-A, CLT-C, and GLT were
technically in the same state, which is inserted by
the STS perpendicular to the grain (90°). How-
ever, the difference was noticed in the orthotropic
anatomy of the wood materials. The STS was
inserted in the radial direction through the crossed
layups configuration in the CLT-A specimen. In
unidirectional layups, the STS insertion was sub-
jected to GLT in the same direction as CLT-A.
And the direction of the STS insertion to the
CLT-C was tangential. According to the men-
tioned conditions, the typical forms of failure
modes were observed.

In this study, the failure modes were distinguished
into three categories. First, the withdrawal failure,
which is an initial failure in the withdrawal test,
was characterized by the shear failure at the wooden
members surrounding the STS to the sticking out
of the upmost layer of CLT around the STS (Pang
et al 2020), depicted in Fig 11. The second failure
mode was a crack perpendicular to the withdrawal
test direction (Fig 12), and the third failure mode
was split as the further impact of the crack repre-
sented in Fig 13 was categorized into severe
damages.

The withdrawal failures were found all over
the series before the continued damage occurred.
The crack failures occurred on one specimen of
HFE.CLT-C, six KF.CLT-C, seven K.P.CLT-C,
one K.F.GLT, and two K.P.GLT. Four K.F.CLT-C,
one K.P.CLT-C, and one K.F.GLT were found
with split failure. The severe failures, cracks, and
splits mostly occurred on the dense specimens in
the tangential direction of the withdrawal force. A
similar failure also occurred in the previous study
by Xu et al (2021), with splitting and tension cracks
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Figure 9. The linear regression graphics analysis of the withdrawal strength depends on the lamina density: (a)-(d) specimens
with fully threaded STS and (e)-(h) specimens with partially threaded self-tapping screw.
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Figure 10. The linear regression graphics analysis of the withdrawal strength depends on the effective insertion length of the

self-tapping screw threaded part.

perpendicular to the grain of CLT karamatsu in the
first layer. Severe failures were also found on some
dense GLT specimens. This would be the impor-
tant case for the spacing method of STS installment
on the narrow edge of the dense wood material in

Figure 11.

Typical withdrawal failure mode.

the tangential direction and the dense unidirectional
layup material and solid wood in the radial direction.
This also proved that the cross-lamination method
might enhance the prevention of severe failures.

back

Figure 12. Typical crack failure mode.
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Figure 13.

Typical split failure.

CONCLUSIONS

Prior to assessing the prospect of the jabon as a
fast-growing-tree species for structural purposes,
the preliminary test of the lamina material was
performed and proved that the bending Young’s
modulus E, passed the minimum grade according
to the lamina classification in JAS 3079-2013.
Within the density (p) and the effective insertion
length of the threaded part of STS (/o) bandwidth
in this study, the withdrawal strength of fully
threaded and partially threaded STS inserted into
the different sides of CLT as well as GLT made
of jabon, sugi, hinoki, and karamatsu lamina was
evaluated. The result showed that the withdrawal
strength of the partially threaded STS was higher
than that of fully threaded STS concerning the ¢
if it was inserted perpendicular to the grain yet
was not the pattern in the STS inserted parallel to
the grain of the specimen with respect to the dif-
ferences on stress distribution along the STS. The
compatibility of the probabilistic model given in
EN 1995-1-1:2004/A1 (2008) on predicting the
withdrawal strength with the limited parameters
bandwidth in this study was evaluated. It was
found that this probabilistic model was suitable

for predicting the withdrawal strength of the STS
as long as the predicted values underestimated the
experimental results. The significant influence of
the lamina density was not found in every wood
species and the insertion point of the STS due
to the unspecific measurement of density on the
STS-inserted wood member. The effective inser-
tion length of the STS threaded part seemed to
influence the withdrawal strength if it was inserted
in the tangential direction of the wood member.
According to the observed failure modes, the spac-
ing design of STS installment on the solid (core
layer) and unidirectional layups of dense wood
members perpendicular to the grain need to be
considered to prevent severe failure caused by the
withdrawal force.
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