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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 (fax) of a single
self-tapping screw (STS) inserted into the CLT was investigated using a withdrawal test. The experimental
results showed that fax 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 fax 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 investigated.

Keywords: Withdrawal strength, probabilistic model, failure mode.

INTRODUCTION

Timber construction techniques have been used
to construct temples and shrines in Japan since
ancient times. Most residential houses in Japan
are also constructed using wood. Cross-laminated
timber (CLT) is an engineered wood product
used in wooden houses to achieve environmental

sustainability in Europe, Australia, and North
America. Interest in CLT as a newly developed
technology has increased in Japan. Izzi et al
(2018) stated that CLT structures exhibited
satisfactory performance 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 limited strength
impairment.* Corresponding author
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Self-tapping screws (STSs) optimized mainly for
axial loading represent a state-of-the-art fastening
and reinforcement technology in CLT construc-
tion. STSs are highly recommended by CLT man-
ufacturers and designers, both overseas and in
Japan, owing to their economic benefits and easy
handling (Mohammad et al 2013; Kobayashi
2015; Dietsch and Brandner 2015). Recently, the
Japanese Industrial Standard for STSs for timber
joints (JIS A 1503) has been published. However,
this standard does not include withdrawal strength
and head pull-through properties because their
inclusion requires the consideration of the proper-
ties of the adjacent wood; the JIS is primarily
focused on the fastener property (Goto et al
2018). CLT buildings in Japan are primarily con-
structed for residential use and restricted to three
stories because of the limited local wood sources,
which results in costly and unaffordable CLT pro-
duction (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 analytical approach for CLT con-
nections is necessary to precisely design CLT
constructions and allow for the efficient use of
wood in the future.

The raw material for CLT structures should be
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 tropical
natural forests, particularly trees of large diameter
with high-quality wood, requires long rotations
and this resource has been the target of reckless
exploitation. In response to this challenge, Indo-
nesia has planted fast-growing tree species to
reduce the use of natural forest trees. Some plan-
tation species in the tropics may grow faster than
those in temperate climates because of year-round
favorable environmental conditions. 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 diameter and 3-6 m/yr in height
within 5 yr (Mansur and Tuheteru 2010).

Neolamarckia cadamba, commonly known in
English as burflower-tree and locally known as
kadam or jabon, demonstrates high prospects for
industrial plantations and reforestation in Indone-
sia. This species is also expected to become
increasingly important for the timber industry in
the future, particularly when wood-based raw
materials from natural forests are expected to
decrease in the coming years (Krisnawati et al
2011). The wood from this species is typically
easy to work with hand tools and machines. It can
be easily sawn, crosscut, and planed, and the
resulting planed surface is smooth. However, its
use is mostly limited to furniture, plywood, pulp,
and chips, and it is not yet as major structural tim-
ber components in the construction sector (Okuda
et al 2018). Moreover, CLT reference standards
are not available for jabon wood properties and
their connection performance. The use of this
species for CLT construction requires that its
properties be investigated against those of several
common commercial species used for CLT.

Parameters that mainly influence fastener behav-
ior include the axial strength 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 capac-
ity of an STS in a single-layered timber and CLT
using a probabilistic approach covering the entire
density and diameter bandwidths (Ringhofer et al
2015; Brandner et al 2018; Brandner 2019). How-
ever, the length of the inserted STS-threaded part
was not considered to be included in the proposed
model.

The present study investigates the withdrawal per-
formance of STSs inserted into 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 experimen-
tal results were compared with the design equa-
tion in current regulation EN 1995-1-1:2004/A1
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(2008) and commonly recited probabilistic
approaches. The scope of withdrawal strength
parameters in this study necessitated a specific
probabilistic model approach. Moreover, the
types of failures that occurred in the withdrawal
test were also investigated.

MATERIALS AND METHODS

Materials

The withdrawal strength of a single STS inserted
into CLT was measured using a withdrawal-
loaded test. The specimens used in this study
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
fast-growing Indonesian 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 species.

Lamina selection is a prerequisite of the CLT
manufacturing process that minimizes defects and
substandard quality in the final product. Once the
lamina materials were visually selected to exclude
knots, decay, and finger joints (on jabon materi-
als), they were classified physically and mechani-
cally. The laminas were conditioned at a constant
temperature of 20 6 2 and 65% RH for 2 wk,
assuming the MC reached an EMC. The mean
density r (kg/m3) for entire laminas at air-dried
conditions was calculated using the gravimetry
method, as depicted in Eq 1.

r5
m
V
, (1)

where m is the lamina mass (kg) and V is the lam-
ina volume (m3). The lamina materials were
graded according to the Japanese Agricultural
Standard for CLT (JAS 3079-2013) by determin-
ing the value of their Young’s moduli in bending.
The large-sized jabon wood as a raw material
from Indonesia was not easily imported. For this
reason, the limited size of jabon wood was
obtained from furniture producer �Ota Sangy�o Co.,

Ltd., and a distinctive technique to measure its
basic properties was required. The jabon laminas
were sawn, trimmed, and planned to produce
3900-mm length, 40-mm wide, and 25-mm thick
specimens with two flatwise finger joints. The
laminas were used to prepare clear specimens that
were at least 200-mm long. Furthermore, the total
length (L) was subcategorized into 200 mm
#L, 330 mm and L$ 330 mm. Static bending
tests were conducted according to JIS Z 2101
(2009) to the 132 laminas with L $ 330 mm,
and the bending span between the fulcrums was
300 mm. Young’s modulus in bending Eb (GPa)
was calculated using the following expressions:

Eb5
l3DP
48IDy

, (2)

I5
bh3

12
, (3)

where l is the bending span (mm); I is the
moment inertia of area (mm4); DP is the change
in load in the proportional limit area (kN); Dy is
the deflection at the center of the span correspond-
ing to DP (mm); b is the width of the cross section
(mm); and h is the thickness (mm); and DP/Dy is
the slope of load and deflection changes in the elas-
tic range. The obtained mean Young’s modulus in
bending of jabon lamina was 6.812 GPa with
a 0.205 coefficient of variation. Eleven of 132
laminas were classified into M 30A grade (Eb $
2.5 GPa), the rest were classified into M 60A grade
(Eb $ 5 GPa).

Compression tests were carried out on the shorter
304 laminas according to JIS Z 2101 (2009). The
measurement of Young’s modulus in compres-
sion was aimed at approaching Young’s modulus
in bending value. Thirty-two laminas with the
L $ 330 mm also were compression tested. The
linearity between Young’s modulus in bending
value and Young’s modulus in compression was
analyzed to correct Young’s modulus in compres-
sion. The longitudinal Young’s modulus in
compression Ec (GPa) was calculated using the
following formula:

Ec5
DPl
DlA

, (4)
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where A is the cross-sectional area of specimen
(mm2); DP is the difference between the upper
limit load and the lower limit load in the propor-
tional limit area (kN); l is the clamping span
(mm) which was set at 160 mm; and Dl is shrink-
age corresponding to DP (mm). After Young’s
modulus in compression for the shorter laminas
with 200 mm #L, 330 mm were corrected
into Young’s modulus in bending, the obtained
mean Young’s modulus in the bending of jabon
lamina was 6.614 GPa with a coefficient of varia-
tion of 0.369. Seventeen laminas were underrated
and eliminated, 93 laminas were classified into M
30A grade, and 194 laminas were classified into
M 60A grade according to JAS 3079-2013.

Lamina selection of the Japanese species was
solely to eliminate defects and knots along the
lamina after the bending test had been conducted.
Sugi laminas were classified into the M 60A to M
120A (Eb $ 10 GPa) grades, whereas hinoki and
karamatsu laminas were classified into the M 90A
(Eb $ 7.5 GPa) to M 120A grades. Lamina grad-
ing was 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. In addition, GLT specimens were
manufactured to approximate the assumed closest
values to solid wood. The laminas were adhered
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/m2,
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 6 5% RH and 20 6 2�C for 2 wk to
reach EMC close to 12%.

Three positions in the CLT were available for the
STS insertion: A, the plane side of the CLT; B,
narrow side parallel to the grain of the CLT
core layer; and C, narrow side perpendicular to
the grain of the CLT core layer. Type A was com-
posed of five layers, whereas types B and C were
composed of three layers as the expected effective
layers. Ten replicates were used for each combi-
nation series. The design of specimen dimensions
and STS insertion points is shown in Fig 1. The
insertion point of the STS on the CLT was deter-
mined according to the European standards for
the design of timber structures (EN 1995-1-1

Figure 1. The design of specimen dimensions and the STS insertion point.
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2004 and EN 1995-1-1:2004/A1 2008) by apply-
ing the minimum edge distance of the center of
gravity of the threaded part of the STS in each
layer. Fully threaded STS (PX8-260) and partially
threaded STS (PS8-260) connectors, manufac-
tured by Synegic Co., Ltd., with a thread diameter
of 8 mm and the total length L of 260 mm, as
illustrated in Fig 2, were considered and distin-
guished by the effective length of the STS-
threaded part inserted into the specimen. The
shapes of the screw head, compressor, and screw
tip were assumed not to contribute to the mea-
surements. The lef of specimens with partially
threaded STSs was set into 32 mm for GLT and
80 mm for CLT, while those of fully threaded
STSs depended on the dimension of the specimen
that is in line with the withdrawal test direction.
The nomenclature of the specimens included the
first letter of the wood species (S for sugi, J for
jabon, H for hinoki, and K for karamatsu), fol-
lowed by the first letter of the STS type (P for par-
tially threaded STS and F for fully threaded STS),
and the last character indicating the type of speci-
men and its STS insertion point (GLT, CLT-A,
CLT-B, and CLT-C). Table 1 lists the mean
values of the lamina material density (r) and the
effective length of the fully threaded STS (lef)
measured from the bottom face of the CLT for
each series.

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. The withdrawal test apparatus
is illustrated in Fig 3. A screw grip shaped to fit
the head of the STS was attached to the load head
of a universal testing machine Shimadzu Co.,
AG-I 250 kN. Two displacement gauges (CDP-
25) with a capacity of 25 mm (manufactured by
the Tokyo Instruments Laboratory Co., Ltd.) were
attached to the steel plate and the pitches of the
displacement gauges were adjusted to the right
and the left side 100 mm from the center of the
STS against the plastic plate which was attached
to the STS body above the CLT to record the dis-
placement between the STS and the steel plate
above the CLT during the withdrawal test.

Monotonic static loading was performed at a con-
stant rate of 1 mm/min. The maximum load, Fmax

was determined, and the fax (N/mm2) was calcu-
lated using the following equation (Ringhofer et al
2015; Brandner 2019) according to EN 1382
(1999) with p included in the divisor:

fax5
Fmax

dplef
, (5)

Figure 2. Connector properties showing the fully threaded self-tapping screw (above) and partially threaded self-tapping
screw (below).
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where Fmax is the maximum load attained in each
test (N); d is the thread diameter (mm); and lef is the
effective insertion length of the threaded part (mm).

According to EN 1995-1-1:2004/A1 (2008), the
characteristic withdrawal parameter of a single
screw fp (N/mm2) is calculated as follows:

fp 5 0:52d20:5l20:1
ef r0:8k , (6)

where d is the thread diameter (mm), lef is the
effective insertion length of the threaded part of
the STS (mm), and rk is the characteristic density
adjusted the 12% MC value (kg/m3). This equa-
tion should be divided by p such that the result

can be compared with the experimental value of
withdrawal strength obtained from Eq 5. Thus, a
comparative equation was generated as follows:

fax,EC55
50:52d20:5l20:1

ef r0:8k

p
, (7)

Furthermore, the lower 5%-quantile value, assum-
ing a normal distribution of the experimental
results, was calculated using the following equa-
tion (AIJ 2006).

5%� quantile value5 x ð12k CVÞ, (8)

where x is the mean value, k is the coefficient for
obtaining the 95% lower tolerance limit at the

Table 1. Mean values of lamina density (r) and effective insertion length of STS-threaded parts (lef) for each series.

Series Species Screw type Specimen type
n

r lef

# Mean (kg/m3) CoV (%) Mean (mm) CoV (%)

S.P.GLT Sugi Partially threaded GLT 10 366.7 5.8 32 —

S.P.CLT-A CLT-A 10 349.2 2.9 80 —

S.P.CLT-B CLT-B 10 373.0 2.8 80 —

S.P.CLT-C CLT-C 10 367.3 2.5 80 —

S.F.GLT Fully threaded GLT 10 369.9 4.8 50.9 0.2
S.F.CLT-A CLT-A 10 376.9 5.7 127.1 0.2
S.F.CLT-B CLT-B 10 372.4 2.8 120.4 0.7
S.F.CLT-C CLT-C 10 363.0 5.3 120.3 1.1
J.P.GLT Jabon Partially threaded GLT 10 402.7 2.3 32 —

J.P.CLT-A CLT-A 10 448.3 3.6 80 —

J.P.CLT-B CLT-B 10 411.5 4.2 80 —

J.P.CLT-C CLT-C 10 410.4 3.5 80 —

J.F.GLT Fully threaded GLT 10 425.3 7.5 49.5 0.1
J.F.CLT-A CLT-A 10 426.7 2.9 123.7 0.1
J.F.CLT-B CLT-B 10 414.2 4.8 118.3 1.4
J.F.CLT-C CLT-C 10 411.1 3.9 121.5 0.4
H.P.GLT Hinoki Partially threaded GLT 10 409.2 2.0 32 —

H.P.CLT-A CLT-A 10 432.6 3.8 80 —

H.P.CLT-B CLT-B 10 439.2 4.0 80 —

H.P.CLT-C CLT-C 10 473.9 5.1 80 —

H.F.GLT Fully threaded GLT 10 409.6 2.0 50.8 0.2
H.F.CLT-A CLT-A 10 432.8 2.2 126.7 1.7
H.F.CLT-B CLT-B 10 455.7 2.1 120.3 0.4
H.F.CLT-C CLT-C 10 448.7 2.2 118.9 0.5
K.P.GLT Karamatsu Partially threaded GLT 10 515.3 5.2 32 —

K.P.CLT-A CLT-A 10 524.4 1.4 80 —

K.P.CLT-B CLT-B 10 524.5 2.5 80 —

K.P.CLT-C CLT-C 10 525.9 2.2 80 —

K.F.GLT Fully threaded GLT 10 548.3 4.0 50.5 5.2
K.F.CLT-A CLT-A 10 530.6 4.4 126.0 2.5
K.F.CLT-B CLT-B 10 541.7 2.8 120.8 0.3
K.F.CLT-C CLT-C 10 539.2 1.2 120.4 0.3
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75% confidence level, which was 2.104 for ten
replicates of each series, and CV denotes the coef-
ficient of variation, obtained from the ratio of the
standard deviation to the mean value.

The given characteristic withdrawal parameter in
EN 1995-1-1:2004/A1 (2008) originated from the
experiment by Blaß et al (2006), with the designed
probabilistic model of withdrawal capacity for a
single specimen and mean values derived in the
following equation:

Rax, sðmeanÞ 5 0:6d0:5l0:9ef r0:8, (9)

This equation was divided by the divisor values
in Eq 5 to predict the single specimen and mean
values of withdrawal strength and then derived as
follows:

fax, sðmeanÞ 5
0:6d�0:5l0:1ef r0:8

p
, (10)

RESULTS AND DISCUSSION

Relationship between Withdrawal Load and
Displacement

The different values of fax for each specimen series
are shown in the boxplots in Fig 4, and the average
values are listed in Table 2. The lowest average fax
was obtained for the partially threaded STS on the
jabon CLT-B specimen with a value of 3.4 N/mm2,
and the highest average value was obtained from
the partially threaded STS on the karamatsu CLT-A
specimen (9.15 N/mm2). The fax values of the par-
tially threaded STSs were higher than those of the
fully threaded STSs for the CLT-A, CLT-C, and
GLT specimens. However, the differences were not
significant for the CLT-B specimens. Within a uni-
form thread diameter, when the withdrawal load is
applied perpendicular to the grain, the shorter the
lef, the higher the fax, which is a consequence of the
divisor variable in Eq 5. Claus et al (2022)

Figure 3. Test apparatus used to determine withdrawal capacity.
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investigated force distribution along STSs using
fiber Bragg grating measurements and found that
force distribution on an STS insertion of length 270
mm into a GLT material 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 upper-
most screw thread, which then gradually decreased
to the lower end of the inserted screw thread. The
results support previous literature that the length of
the inserted threaded part of the STS did not signifi-
cantly affect 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 specimens,
the withdrawal load was applied in the tangential
direction of the adjacent wood, which in some way
altered the failure mode, 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

basically described by the characteristic density
values for European softwood solid timber (EN
338 2016) and GLT (EN 1194 1999) provided in
the Eurocode standards. For the materials used in
this study, the individual specimen and the mean
values of withdrawal strength were compared
with the predicted value calculated by Eq 10, and
5%-quantile values of the experimental results to
the predicted value calculated by Eq 7.

Significant correlations between the experimental
results and predicted values by Eq 10 were found
for GLT, CLT-A, and CLT-C when every single
specimen within the series was analyzed, as
shown in Fig 5. Significant correlations were
noted when mean values were projected onto
both the experimental results and predicted values
obtained using Eq 10, as shown in Fig 6, 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
7. Significant correlations were observed for the
GLT, CLT-A, and CLT-C specimens; however,
the correlations were lower in CLT-B specimens.
The decreased correlations for CLT-B specimens
proved that the empirical model in EN 1995-1-
1:2004/A1 (2008) was intended to determine the
withdrawal capacity of joints with angles between

Figure 4. Boxplot of withdrawal strength for lamina species, the effective insertion length of STS-threaded part, and insertion points.
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the STS axis and the grain direction (a) not less
than 30�. Uibel and Blaß (2007) have proposed
the corresponding prediction model for screw
insertion parallel to the grain direction of Euro-
pean spruce (Picea abies) wood with the spacing
requirements to prevent splitting. However, this
proposed model was not qualified for a wide
range of densities and was not included in the cur-
rent regulation.

The relative corresponding linearities were shown
for GLT specimens (Figs 5, 6, and 7) as the char-
acteristic of GLT configurations considerably
resembles solid wood, which was the intended

purpose of the empirical model in EN 1995-1-
1:2004/A1 (2008). The wide range of density dis-
tributions in the CLT layers modifies the with-
drawal strength values predicted using Eq 7.

The single specimen, mean, and 5%-quantile
values predicted using both empirical models in
Blaß et al (2006) and EN 1995-1-1:2004/A1
(2008), except for CLT-B specimens, did not
overestimate the experimental results, which was
the expected for structural designing. Compari-
sons between values predicted using the empirical
model in EN 1995-1-1:2004/A1 (2008) with the
calculated experimental values indicated that the

Table 2. The mean values of Fax and fax for each series.

Series Species Screw type Specimen type
n

Fmax fax

# Mean (kN) CoV (%) Mean (N/mm2) CoV (%)

S.P.GLT Sugi Partially threaded GLT 10 4.09 8.15 5.09 8.15
S.P.CLT-A CLT-A 10 9.44 9.69 4.70 9.69
S.P.CLT-B CLT-B 10 7.04 38.83 3.50 38.83
S.P.CLT-C CLT-C 10 10.42 16.11 5.18 16.11
S.F.GLT Fully threaded GLT 10 5.24 6.69 4.10 6.66
S.F.CLT-A CLT-A 10 13.79 6.90 4.32 6.84
S.F.CLT-B CLT-B 10 11.82 12.24 3.91 12.14
S.F.CLT-C CLT-C 10 11.29 12.47 3.74 12.43
J.P.GLT Jabon Partially threaded GLT 10 5.15 16.44 6.41 16.44
J.P.CLT-A CLT-A 10 14.44 16.80 7.18 16.80
J.P.CLT-B CLT-B 10 6.84 29.15 3.40 29.15
J.P.CLT-C CLT-C 10 14.79 9.69 7.36 9.69
J.F.GLT Fully threaded GLT 10 6.94 12.84 5.58 12.82
J.F.CLT-A CLT-A 10 18.20 6.91 5.85 6.83
J.F.CLT-B CLT-B 10 11.35 27.29 3.82 26.73
J.F.CLT-C CLT-C 10 16.39 16.01 5.37 16.10
H.P.GLT Hinoki Partially threaded GLT 10 6.06 10.62 7.54 10.62
H.P.CLT-A CLT-A 10 17.13 5.16 8.52 5.16
H.P.CLT-B CLT-B 10 8.95 26.57 4.45 26.57
H.P.CLT-C CLT-C 9 15.25 10.04 7.59 10.04
H.F.GLT Fully threaded GLT 10 7.13 10.59 5.59 10.56
H.F.CLT-A CLT-A 10 21.23 6.01 6.67 6.45
H.F.CLT-B CLT-B 10 14.15 5.80 4.68 5.64
H.F.CLT-C CLT-C 10 18.37 8.22 6.15 8.34
K.P.GLT Karamatsu Partially threaded GLT 10 6.19 14.69 7.70 14.69
K.P.CLT-A CLT-A 10 18.39 4.82 9.15 4.82
K.P.CLT-B CLT-B 10 11.90 26.58 5.92 26.58
K.P.CLT-C CLT-C 10 18.07 8.18 8.99 8.18
K.F.GLT Fully threaded GLT 10 9.06 7.73 7.14 7.49
K.F.CLT-A CLT-A 10 23.18 5.06 7.33 6.21
K.F.CLT-B CLT-B 10 18.69 11.17 6.16 11.30
K.F.CLT-C CLT-C 10 19.97 15.13 6.60 15.14
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empirical model (Eq 7) was only suitable for the
specimens with STSs insertion perpendicular to
the grain direction (90�).

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
parallel to the grain should be avoided (Uibel and
Blaß 2013), the author proposed the new probabi-
listic model approach for CLT-B specimens for
the anticipatory step in any circumstances. The
relationship between fax and density is usually
described by a power regression model of the
form fax 5 arb« where a and b are the regression
parameters, with a as scaling and b as power

parameter, and « as the error/randomness in the
regression model (Brandner 2019). According to
Eq 7 in EN 1995-1-1:2004/A1 (2008), the effec-
tive insertion length of STS-threaded part, lef is
also described by a power model. Therefore, the
predicted withdrawal strength regarding wood
density and the effective insertion length of STS
were described by following formula, with a as
scaling, b and c as power parameters.

fax, pred 5 arblefc (11)

The substitution variables for the equation above
were obtained to minimize the sum of quadratic
differences between the whole experimental
results and the proposed prediction model

Figure 5. The comparison of individual experimental results and predicted values by Eq 10.
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Therefore, the new prediction model for CLT-B
specimens with the uniform STS thread diameter at
8 mm was derived as follows. This proposed model
included the p division factor in the equation.

fax, pred50:000226lef0:08r1:6 (12)

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)-(c), respectively. Linearity was obtained
when the overall values of the experimental
results and the predicted values calculated from
the proposed Eq 12 were compared. The more
significant linearity was found if the mean

withdrawal strength of each series were com-
pared. The 5%-quantile of predicted values from
the proposed model in Eq 12 overestimated the
5%-quantile values of experimental results at the
near-threshold significance level within the lim-
ited parameters in this study. There might be also
other wood anatomical parameters which possibly
have an influence on the withdrawal strength
(Brandner 2019). Eq 12 was proposed for the
withdrawal strength of STS insertion in the nar-
row side of CLT with parameters limited in this
study; d5 8 mm, a 5 0�, the range of r 372-542
(kg/m3), and the range of lef 80-120.8 mm. How-
ever, Eq 11 does not rule out the possibility for
designing a more varied range of parameters.

Figure 6. The comparison of mean experimental results and predicted values by Eq 10.
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The experimental values were further evaluated
with the recently given probabilistic model in
response to the overestimated 5%-quantile values
predicted with Eq 12. Ringhofer et al (2018) pro-
posed a generic approach which covered the thread-
grain angle a {0, 90}� generated from experimental
data of solid softwood C24 with characteristic den-
sity of 350 (kg/m3) according to EN 338 (2016),
derived as the simplified following equations:

fax, k, R 5kax, k ksys, k 8:67d�0:33 rk
350

� �kr
, (13)

kax,k 5
1:00 for 45� #a# 90�

0:5810:0094a for 0� #a# 45�,

�

(14)

ksys, k 5 1:00 for solid timber and CLT, N$3,

(15)

kr 5
1:10 for 0� ,a# 90�,

1:2520:05d for a 5 0�

�

(16)

However, the probabilistic model in Eqs 13-16
did not effectively predict the withdrawal strength
of 5%-quantile values of CLT-B specimens with
the coefficient of determination R2 0.499. The
limited characteristic density for designing an
equation restricted the range of applicable para-
meters. Besides, the input parameters in this study
also need to be evaluated.

Figure 7. The comparison of 5%-quantile experimental results and predicted values by Eq 7.
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The projected r values to Eqs 7, 10, and 12 gener-
ated a disproportionate distribution on withdrawal
strength when the STS insertion point was on the
narrow side, CLT-B and CLT-C. This is possibly
the causative effect of the unspecific value of r
which is the mean value of the density of the
whole laminas used for CLT layers instead of the
STS-adjacent CLT layer density. The range of

densities measured from the specimens in this study
was also considered too large to be predicted using
Eq 7, where this empirical model was derived for
European softwood (EN 338 2016).

Influence of Parameters to
Withdrawal Strength

Density, r, was the only wood characteristic
which considerably influenced withdrawal
strength in this study, and the effective insertion
length of the STS-threaded part, lef, was the repre-
sentative geometrical aspect of STS. Within the
limited range of the above parameters, the signifi-
cant influences on the withdrawal strength of STS
analyzed through linear regression indicated by
the coefficient of determination, R2. As shown in
Fig 9, lamina density within species significantly
influenced withdrawal strength as indicated by
the regression equations found on S.F.CLT-A,
S.F.CLT-C, H.F.GLT, H.F.CLT-A, H.F.CLT-B,
K.F.CLT-A, S.P.GLT, and S.P.CLT-A. Jabon
specimen density had no significant effect on
withdrawal strength. Brandner (2019) found that
the withdrawal strength of screws inserted in
hardwood increased disharmonious with increas-
ing density, but that was not the case in softwood
(Uibel and Blaß 2007).

The effective insertion length of the STS-threaded
part had significant negative effects on the with-
drawal strength of sugi and hinoki GLT, hinoki
and karamatsu CLT-A, and a whole specimen of
CLT-C (Fig 10). This negative effect of lef was
also reasonably interpreted by the power value in
the empirical model, Eq 6. None of wood species
in CLT-B specimens were significantly influ-
enced by the lef parameter, which is in line with
the excluded lef parameter in the generalized-
angle (0� # a # 90�) proposed empirical model
in previous studies (Ringhofer et al 2018; Brand-
ner 2019) where no further length effect was con-
sidered in the calculation, as the lef did not cover
the tip length.

Failure Modes

The angle between the STS axis as well as the
withdrawal load direction and the grain direction,

Figure 8. Correlation between the experimental results and
the proposed predicted values by Eq 12: (a) individual speci-
mens; (b) mean; (c) 5%-quantile.
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Figure 9. The linear regression analyses of withdrawal strength vs lamina density: (a)-(d) specimens with fully threaded STS
and (e)-(h) specimens with partially threaded STS.
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was grouped as either 0� or 90�. The CLT-B spe-
cimen was the only specimen configuration which
is inserted with the STS parallel to the grain (0�).
The CLT-A, CLT-C, and GLT were technically
inserted with the STS perpendicular to the grain
(90�). However, a difference was observed on the
orthotropic anatomy of the wood materials. The
STS was inserted in the radial direction through
the crossed layup configuration in the CLT-A spe-
cimen. The STS insertion in the unidirectional
layups was subjected to the GLT model in the
same direction as CLT-A. And the direction of
STS insertion to the CLT-C was in tangential.
According to the mentioned conditions, the typi-
cal forms of failure modes were observed.

In this study, the failure modes were divided into
three categories. First, the withdrawal failure,
which is an initial failure in withdrawal test, char-
acterized by the shear failure at the wooden

members surrounding the STS which was 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

Figure 10. Linear regression analyses of withdrawal strength vs effective insertion length of the STS-threaded part.

Figure 11. Typical withdrawal failure mode showing pull
out of uppermost layer on specimen K.F.CLT-A_2.
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failure mode was split as the further impact of the
crack represented in Fig 13 were categorized into
severe damage.

Withdrawal failure modes were found in all speci-
mens before the damage continued to increase.
Crack failures occurred on one specimen of
H.F.CLT-C, six K.F.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 failures. The severe failures with cracks
and splits mostly occurred on the dense speci-
mens in tangential to the withdrawal force. Simi-
lar failures were observed by Xu et al (2021) who
noted splitting and tension cracks perpendicular
to the grain in the first layer of CLT karamatsu.
Severe failures were also found on some dense
GLT specimens. This would be the important
case for the spacing method of STS on the narrow
edge of dense wood material in the tangential
direction and in dense unidirectional layups or
solid wood in the radial direction. These results
also suggest that the cross-lamination method
might help prevent severe failures. The spacing
protocols for STS installation on the narrow edge
of CLT are available as suggested in Uibel and
Blaß (2007) and ETA-11/0030 (2019) to ensure a
reliable design.

CONCLUSIONS

The properties of fast-growing jabon were investi-
gated to determine its potential for structural pur-
poses, compared with common commercial Japa-
nese softwoods listed in JAS 3079-2013.
Withdrawal strength (fax) was determined for a
state-of-art STS and timber material; CLT and
GLT were investigated within the bandwidth of
parameters of density (r), the effective insertion
length of the threaded part of the STS (lef), and
the side of CLT where the screw was installed.
EN 1995-1-1:2004/A1 (2008) has been used in
Japan and was evaluated for 5%-quantile charac-
teristic values along with the basic empirical
approach given in Eq 10 for the single specimen
values and mean values. With a uniform thread
diameter (d) 8 mm, the influences of r and lef
were investigated.

� A preliminary test was carried out on the lam-
ina material to determine the bending
Young’s modulus Eb passed the minimum
grade according to the lamina classification in
JAS 3079-2013 before considering its struc-
tural potential for jabon as fast-growing
species.

Figure 12. Typical crack failure mode on specimen
K.F.CLT-C_6.

Figure 13. Typical split failure mode on specimen
K.F.CLT-C_9.
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� Within the density (r) and the effective inser-
tion length of threaded part of STS (lef) band-
width 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 fully
threaded STS when it was inserted perpendic-
ular to the grain, yet was not the pattern in
the STS inserted parallel to the grain of the
specimen, regarding the difference in stress
distribution along the STS. However, it
should be highlighted that the withdrawal
strength of the STS is relative to the lef as the
divisor variable in the formulation.

� The compatibility of the probabilistic model
given in EN 1995-1-1:2004/A1 (2008) (Eq 7)
on predicting the 5%-quantile value of with-
drawal strength and the given probabilistic
model in Blaß et al (2006) (Eq 10) on predict-
ing the single specimen and mean values with
the limited parameters bandwidth in this
study have been evaluated. It was found that
the probabilistic model is beneficial in pre-
dicting the withdrawal strength of the STS
when the predicted values underestimated the
experimental results concerning the purpose
of the empirical model is to predict the worse
possibility yet correspond to the experiment
result. Both equations unlikely effective in
predicting a withdrawal strength for STS
insertion parallel to the grain in the narrow
side of CLT (CLT-B), proving the regulation
projected for the angle between the STS axis
and the grain direction (a) is not less than
30�.

� A new empirical approach was proposed for
CLT-B in Eq 12. The proposed model was
particularly effective in predicting the with-
drawal strength of single specimen, mean,
and 5%-quantile values of the experiment.
However, the overestimation of 5%-quantile
values still requires a further solution.

� The significant influence of the lamina den-
sity 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
insertion 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
spacing design of STS installment on the nar-
row side perpendicular to the grain and plane
side of dense wood member need to be con-
cerned to prevent severe failure caused by
withdrawal force.
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