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Prediction of withdrawal resistance 
for a screw in hybrid cross‑laminated timber
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Abstract 

The aim of this study was to predict the withdrawal resistance of a screw in hybrid cross-laminated timber (CLT) com‑
posed of two types of lamina layers. A theoretical model to predict the withdrawal resistance was developed from 
the shear mechanism between a screw and the layers in hybrid CLT. The parameters for the developed model were 
the withdrawal stiffness and strength that occurs when a screw is withdrawn, and the penetration depth of a screw 
in layers of a wood material. The prediction model was validated with an experimental test. Screws with two different 
diameters and lengths (Ø6.5 × 65 mm and Ø8.0 × 100 mm) were inserted in a panel composed of solid wood and 
plywood layers, and the withdrawal resistances of the screws were evaluated. At least 30 specimens for each group 
were tested to derive the lower 5th percentile values. As a result, the developed model predictions were 86–88% of 
the lower 5th percentile values of hybrid CLT from the properties of the lamina layer. This shows that the withdrawal 
resistance of hybrid CLT can be designed from the properties of its layer.
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Introduction
Self-tapping screws have become more common as the 
use of the cross-laminated timber (CLT), wood-based 
panel laminated with orthogonal layers, has expanded, 
and they are commonly used to join CLT panels or to join 
CLT walls to a CLT floor. Self-tapping screws are charac-
terized by tensile strength around 600–1200 MPa, diam-
eters from 5–14 mm, thread lengths from 50–3000 mm, 
and inner/thread diameter ratios of 0.5–0.75 [1]. They 
usually do not need pre-drilling and provide fast installa-
tion with a high withdrawal resistance in wood materials. 
Recent research on self-tapping screws has been focused 
on the CLT panel shear connection [2], timber-to-timber 
joints [3–5], timber-to-steel joints [6–8], and timber-to-
concrete joints [9–11].

The withdrawal resistance of self-tapping screws is 
crucial for tensile connections [12] and for estimat-
ing the rope effect of laterally loaded connections [13]. 

Structural design formulas for screws can be found in 
EN 1995–1-1 [14] and the National Design Specification 
(NDS) [15]. Several researchers have tried to improve the 
structural design formula. For example, Uibel and Blass 
[16] investigated the resistance of screws in CLT made 
of spruce with a characteristic density of 400 kg/m3. The 
screws were placed perpendicular to the plane of the 
CLT or in the edges of the CLT. As a result, the authors 
derived regression models to predict the screws’ with-
drawal resistance in CLT, based on the Europe standard, 
and presented a revised formula. However, the presented 
formula was limited to CLT made of spruce. Therefore, 
Ringhofer et  al. [17] investigated the withdrawal resist-
ance of screws in glulam and CLT. They observed an 
increase of 7–25% on the lower 5th percentile value of 
a single layer for specimens had 3–7 layers. As a result, 
they proposed an adjustment factor based on the num-
ber of layers penetrated by the screws to predict the 
increased strength in the CLT compared to solid wood.

The withdrawal resistance of a screw can be normalized 
by the contact area (mm2) between the screw inserted 
in a wood material and the wood material itself. Celebi 
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and Kilic [18] investigated the withdrawal strength of 
screws and revealed that the withdrawal strength was not 
affected by the layer thickness. Özçifçi [19] analyzed the 
effects of pilot hole size, screw type, and layer thickness 
on the withdrawal strength of screws in laminated veneer 
lumber (LVL). Brandner et al. [20] investigated the effect 
of screw type, thread-grain angle, and pre-drilling on the 
withdrawal strength of screws in hardwood species.

In the case of CLT, the withdrawal strength of screws is 
affected by the density of the layer of the wood material 
[21]. There have been attempts to improve the CLT’s per-
formance and cost competitiveness by changing the cross 
layer to plywood or LVL. Choi et  al. [22, 23] developed 
a Ply-lam panel which was composed of solid wood and 
plywood lamina. The price of plywood is lower than solid 
wood in the Asian market; thus, Ply-lam has advantages 
in terms of production cost. Moreover, the dimensional 
stability and thermal conductivity of Ply-lam was better 
than typical CLT [24–27], and fire-retardant treated ply-
wood can be used for fire resistance improvement. The 
structural characteristic of Ply-lam under out-of-plane 
bending was also investigated [28], but the withdrawal 
resistance of screws in Ply-lam needs to be investigated 
to provide a reasonable design method.

In this study, a CTL with alternating cross layer was 
defined as a hybrid CLT. Several researchers investi-
gated the structural properties of the hybrid CLT. Wang 
et  al. [29] investigated the mechanical performances of 
a hybrid CLT composed of solid wood and laminated 
strand lumber (LSL). Pang et  al. [30] investigated the 
bending capacities a hybrid CLT composed of solid wood 
and plywood lamina. Aicher et al. [31] investigated struc-
tural properties of a hybrid CLT composed of softwood 
(spruce) and hardwood (beech).

In the case of CLT, which is composed of layers with 
the same elasticity, the withdrawal resistance can be pre-
dicted by summing up the withdrawal resistance of the 
screws in each penetrated layer. However, in the case of 
hybrid CLT, composed of layers with different elastic-
ity, the elasticity of each layer should be considered. In 
this study, a theoretical model to predict the withdrawal 
resistance for the hybrid CLT was developed and the 
model was validated with experimentally tested values.

Materials and methods
Prediction model
Figure  1 shows the shear mechanism between a screw 
and a hybrid CLT panel when the screw is pulled out by a 
withdrawal load. The withdrawal load is equal to the sum 
of the withdrawal resistance of each layer (Eq. 1). In other 
words, the sum of the withdrawal resistance of the layers 
is the withdrawal resistance of the hybrid CLT.

From the shear mechanism in Fig.  1, the withdrawal 
strength of a screw can be derived, as shown in Eq. 2. The 
effective length of the shear zone ( a in Fig. 1 and Eq. 2) 
is required for the shear mechanism theory, and it will 
be related to the spacing or end distance. The modified 
withdrawal stiffness ( Gwithdrawal ) includes the withdrawal 
stiffness ( G ) and the effective length of the a , as shown in 
Eq. 2. In this study, the modified withdrawal stiffness for 
each layer was measured by experimental test:

Swithdrawal = withdrawal strength when a screw was 
pulled out (MPa); Fmax = maximum load measured by 
experimental test (N); Acontact = contact area between 
screw and wood layer (mm2); r = half of outer diameter 
of screw (mm); d = penetration depth of screw (mm); 
G = withdrawal stiffness when a screw was pulled out 
in a lamina (MPa); �a = displacement of screw (mm); 
a  = effective length of shear zone when screw was pulled 
out (mm); Gwithdrawal  = modified withdrawal stiffness for 
withdrawal behavior (N/mm3).

The withdrawal resistance of hybrid CLT is determined 
by the withdrawal stiffness of each layer. Each layer 

(1)Rpredict = Rs + Rp

Rpredict = withdrawal resistance of hybrid CLT (N)

Rs = withdrawal resistance of solid wood layer (N)

Rp = withdrawal resistance of plywood layer (N)

(2)

Swithdrawal =
Fmax

Acontact

=

Fmax

2 · π · r · d

= G ·

�a

a
= Gwithdrawal ·�a

Fig. 1  Shear mechanism of screw in a panel composed of solid 
wood and plywood
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carries different load capacities that are directly propor-
tional to its relative withdrawal stiffness and penetration 
depth. A low withdrawal stiffness does not share a sig-
nificant amount of the load. Similarly, a high withdrawal 
stiffness layer shares large amounts of the load. Cramer 
and Wolfe [32] applied this concept to predict load dis-
tributions among trusses of various stiffnesses. Pang and 
Jeong [33] also applied this concept to predict the com-
pressive resistance of CLT. When a screw in hybrid CLT 
was withdrawal, the vertical deflections of all the layers in 
the hybrid CLT was identical. Thus, Eq. 3 can be derived 
from Eq.  2. If Eq.  3 is rearranged to solve for the with-
drawal resistance of each layer, Eq. 4 can be derived:

�a = displacement of screw (mm); 
Rs = withdrawal resistance of solid wood layer 
(N); Gs  = modified withdrawal stiffness for with-
drawal behavior in solid wood layer (N/mm3); r = 
half of outer diameter of screw (mm); ds = pen-
etration depth of screw in solid wood layer (mm); 
Rp = withdrawal resistance of plywood layer (N); 
GP  = modified withdrawal stiffness for withdrawal 
behavior in plywood layer (N/mm3); dp = penetration 
depth of screw in plywood layer (mm).

Substituting Eq. 4 into Eq. 1 leads to Eq. 5. Equation 5 
shows that a specific layer carries a load in proportion to 
its relative withdrawal stiffness and penetration depth:

Rpredict = withdrawal resistance of hybrid CLT(N);Gs  
= modified withdrawal stiffness for withdrawal behav-
ior in solid wood layer (N/mm3); ds = penetration depth 
of screw in solid wood layer (mm); GP = modified with-
drawal stiffness for withdrawal behavior in plywood layer 
(N/mm3); dp = penetration depth of screw in plywood 
layer (mm); Rp = withdrawal resistance of plywood layer 
(N); Rs = withdrawal resistance of solid wood layer (N).

Finally, Eq. 6 can be derived to predict the withdrawal 
resistance of screws in hybrid CLT by replacing the with-
drawal resistance with withdrawal strength and contact 

(3)�a =
Rs

Gs · 2 · π · r · ds
=

RP

Gp · 2 · π · r · dp

(4)Rs =
Gs · ds

Gp · dp
Rp or Rp =

Gp · dp

Gs · ds
Rs

(5)

Rpredict =

(

Gs · ds

Gp · dp
+ 1

)

Rp or

(

Gp · dp

Gs · ds
+ 1

)

Rs

area. The developed model reflects the load sharing effect 
of the layers, and the load sharing is assumed to be con-
stant until ultimate failure occurs at the weakest layer. 
When a layer reaches its ultimate withdrawal resistance, 
the other layers also contribute to the withdrawal resist-
ance in an amount equaling the ratio of the withdrawal 
stiffness to the penetration depth. The ultimate with-
drawal resistance of a layer is determined by the with-
drawal strength and penetration depth of screw. The 
withdrawal strength of each layer was assumed to be the 
lower 5th percentile value, and those values were then 
used to predict the lower 5th percentile value of hybrid 
CLT. In this way, the two withdrawal resistance values of 
hybrid CLT were predicted from the withdrawal resist-
ance two layers. The smaller of the two predicted values 
was used as the withdrawal resistance of the hybrid CLT:

Rpredict = withdrawal resistance of hybrid CLT 
(N);Gs  = modified withdrawal stiffness for with-
drawal behavior in solid wood layer (N/mm3); 
ds = penetration depth of screw in solid wood layer (mm); 
Gs  = modified withdrawal stiffness for withdrawal behav-
ior in plywood layer (N/mm3); dp = penetration depth of 
screw in plywood layer (mm); Ss = withdrawal strength 
of solid wood layer when a screw was pulled out (MPa); 
Sp = withdrawal strength of plywood layer when a screw 
was pulled out (MPa).

(6)Rpredict = min

[(

Gs · ds

Gp · dp
+ 1

)

SP · 2 · π · r · dp,

(

Gp · dp

Gs · ds
+ 1

)

Ss · 2 · π · r · ds

]

Table 1  Specifications of lamina materials

a  Calculated by Eq. 1 with air-dry weight and air-dry volume of lamina material
b  Coefficient of variation
c  From Korean Design Standard [35]
d  Calculated by Eq. 2 with oven-dry weight and oven-dry volume of lamina 
material

Solid wood Plywood

Density (kg/m3)a

Average 578.89 708.40

 COVb 0.11 0.04

 5th percentile 478.79 659.93

Specific gravity

 Average 0.50c 0.66d

Species Larix kaempferi

Moisture contents 13.23 7.93
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Experimental test materials
Materials
Lamina
Table  1 shows the air-dry density, specific gravity, and 
moisture contents for solid wood and plywood lamina. 
The density of the solid wood was calculated by Eq.  7, 
using the air-dry weight and air-dry volume at the test 
moisture content [34]. All of the specimens were made 
from the larch (Larix kaempferi) species. The specific 
gravity for the larch species is tabulated in the Korean 
Design Standard [35], but the specific gravity for plywood 
was not tabulated in the standard. Thus, the specific grav-
ity of plywood was calculated from the oven-dry weight 
and oven-dry volume using Eq. 8.

The size of the solid wood lamina was 25  mm (thick-
ness) × 100  mm (width) × 2700  mm (length), and 
the moisture content (MC) was 12 ± 2%. The size 
of the plywood was 24  mm (thickness) × 1200  mm 
(width) × 2400 mm (length), and the MC was 7 ± 1%. The 
grades of the plywood and solid wood laminas were No. 1 
and No. 3, respectively, according to NIFoS #2018-8 [36]. 
The laminas were cut to a 200 mm length for the with-
drawal test:

ρ = density of lamina material at the test moisture con-
tent (kg/m3); Wair−dry = air-dry weight (kg); Vair−dry = air-
dry volume (m3):

S G = specific gravity of lamina material based on oven-
dry weight and oven-dry volume; Woven−dry = oven-dry 
weight (kg); Voven−dry = oven-dry volume (m3).

Ply‑lam
The Ply-lam panel was manufactured by gluing the solid 
wood and plywood laminas. Figure  2 shows the layer 

(7)ρ =
Wair−dry

Vair−dry
.

(8)SG =
Woven−dry

Voven−dry
/1000.

composition of the Ply-lam, which consisted of 5 layers 
for a total thickness of 123  mm. Phenol resorcinol for-
maldehyde resin (PRF resin) adhesive was used to glue 
the flat surface of the five layers. The amount of glue 
spread over the layers was 200 g/m2, and the five stacked 
layers were pressed together under a pressure of 0.8 MPa 
for 8  h. The thickness of the adhesive layer was thin, 
about 0.1  mm, and the effect of the adhesive layer was 
not considered in this study. The manufactured Ply-lam 
panel was cut to a size of 300 (width) × 200 mm (length) 
for the withdrawal test.

Screws
To evaluate the withdrawal resistance of a screw inserted 
in wood materials, two types of screws (Vinzenz Har-
rer GmbH, Austria) were inserted in solid wood lamina, 
plywood lamina, and ply-lam specimens. Table  2 shows 
the specifications of the screws. The diameter and length 
for first type of screw (Ø6.5 × 65  mm) were 6.5  mm 
and 65  mm, and those for the second type of screw 
(Ø8.0 × 100 mm) were 8.0 mm and 100 mm.

Withdrawal resistance test
To determine the input parameters of the developed 
model (Eq. 6), withdrawal tests on the laminas were car-
ried out. The withdrawal test for Ply-lam was conducted 

Fig. 2  Ply-lam composition

Table 2  Specifications of screws [37]

Self-tapping screw Ø6.5 × 65 mm Ø8.0 × 100 mm

Tensile strength (MPa) ≥ 600 ≥ 600

Modulus of elasticity (MPa) 210,000 210,000

Outer thread diameter (mm) 6.50 8.00

Inner thread diameter (mm) 3.25 5.30

Inner thread diameter ratios 0.50 0.66

Length (mm) 65.00 100.00

Tip length (mm) 5.6 11.5

Head diameter (mm) 10.00 13.00

Pitch (mm) 2.80 3.60



Page 5 of 11Pang et al. J Wood Sci           (2020) 66:79 	

to verify the predicted values derived from the devel-
oped model. Table  3 shows the specimen nomenclature 
and the condition of the specimens in the withdrawal 
resistance test. The nomenclature of the six groups of 

specimens was determined depending on the specimen 
type and the diameter of the penetrated screw.

For solid wood and plywood lamina, the screws pen-
etrated through the full thickness of the specimens, as 

Table 3  Specimens and test results depending on the test configurations

a  Coefficient of variation
b  Lower 5th percentile value
c  Lower 5th percentile value divided by the contact area between the screw inserted in the wood material and the wood material (Eq. 2)
d  Diameter of screw (mm)
e  Parentheses show thickness of each layer (from bottom to top)

Group Wood material Screw Repetition Withdrawal resistance Withdrawal 
strengthc 
(MPa)Type Thickness 

(mm)
Diameter × length 
(mm)

Penetration 
depth (mm)

Average (kN) COVa 5th 
percentile 
valueb (kN)

Solid-6.5d Solid wood 24 6.5 × 65 24 30 4.32 0.20 2.85 5.81

Solid-8.0 8.0 × 100 24 32 4.49 0.19 3.19 5.29

Plywood-6.5 Plywood 24 6.5 × 65 24 30 5.43 0.07 4.77 9.74

Plywood-8.0 8.0 × 100 24 30 6.10 0.06 5.47 9.07

Ply-lam-6.5 Ply-lam 
(25-24-25-
24-25)e

123 6.5 × 65 33 32 5.30 0.17 3.76 6.72

Ply-lam-8.0 8.0 × 100 70 32 13.96 0.10 12.00 8.16

Fig. 3  Withdrawal test configurations for solid wood and plywood
Fig. 4  Penetration depth for Ply-lam specimen (odd layer: solid 
wood; even layer: plywood)



Page 6 of 11Pang et al. J Wood Sci           (2020) 66:79 

shown in Fig.  3. The thickness of the solid wood and 
plywood lamina was equal to the penetration depth of 
screws. Figure  4 shows the withdrawal test configura-
tion for the Ply-lam specimens. The penetration depth 
of the Ø6.5 × 65  mm screws was 33  mm and that for 
the Ø8.0 × 100  mm screws was 70  mm. To connect 
the screw to the test machine, 30 mm of the screw, as 
measured from the screw head, could not be inserted 
into the Ply-lam specimen. When measuring the modi-
fied withdrawal stiffness ( Gwithdrawal ), if the displace-
ment of screw (∆a in Fig.  1) is measured within the 
effective length of the shear zone (aa in Fig. 1), an inac-
curate Gwithdrawal is measured. Since the exact effective 
length ( a ) was not known, it was assumed that it would 
not exceed four times the screw diameter according 
to the spacing of screws recommended by NDS [15]. 
Thus, to measure the displacement of the screw, a wood 
block was placed 32 mm away from the screw and the 
Linear Variable Displacement Transducers (LVDT) 
was placed on the wood block, as shown in Fig.  5. 
The distance was about five times the diameter of the 
Ø6.5 × 65 mm screw and four times the diameter of the 
Ø8.0 × 100 mm screw.

At least 30 specimens for each group were tested to 
determine the lower 5th percentile value of the with-
drawal resistance of the screws. The load speed was 
determined, so that the screw could be pulled out from 
the specimens within 1–2 min after applying the load, 
according to the KS F ISO 9087 standard [38]. The 
applied load speed was 7 mm/min for the Ø6.5 × 65 mm 
screws and 10 mm/min for the Ø8.0 × 100 mm screws.

The withdrawal strength of a screw in lamina was 
determined by dividing the maximum withdrawal load 
by the contact area between the screw inserted in the 
specimen and the wood specimen itself (Eq.  2). The 

withdrawal stiffness of the screw was determined from 
Eq.  9. It was assumed that the behavior of withdrawal 
resistance of the screw is linearly elastic. The load–
displacement curve of withdrawal behavior was not 
complete linear, but the withdrawal stiffness was calcu-
lated at the linear part of the load–displacement curve 
between 10 and 40% of max load according to the ISO 
6891 standard [39]:

Gwithdrawal  = modified withdrawal stiffness for with-
drawal behavior (N/mm3); Glamina  = modified withdrawal 
stiffness for withdrawal behavior (N/mm3); F0.1 and F0.4 
= the loads corresponding to 10% and 40% of the ulti-
mate load Pmax , respectively (kN); r = half of outer diam-
eter of screw (mm); d  = penetration depth of screw 
(mm); a0.1 and a0.4 = displacements corresponding to 
P0.1 and P0.4 , respectively (mm).

Lower 5th percentile value
Characteristic values of the test specimen were deter-
mined by nonparametric lower 5th percentile point esti-
mate. The test values were arranged in ascending order. 
Beginning with the lowest value, i/(n + 1) was calcu-
lated. The lower 5th percentile value was interpolated by 
Eq. (10):

where n: total number of samples, j: the lowest order of 
the test value when i/(n+ 1) ≥ 0.05 , i: the order of the 
test value, xi: ith value.

Results and discussion
Failure mode and load–distribution curve
The possible failure modes in the withdrawal test of the 
screws are screw failure or wood material failure [40, 41]. 
In this test, splitting failure of the fiber of the outer wood 
layer appeared in all specimens, as shown in Fig. 5. The 
failure occurred only around the screw and did not reach 
the wood block. Figure 6 shows the withdrawal load and 
displacement curves of the specimens, in which the max-
imum load resistance was close to the 5th percentile value 
of the test group. The withdrawal resistance of the screws 
in the specimens reached its maximum load within a 
2 mm displacement and then gradually decreased as the 
displacement increased.

To observe a failure mode at the maximum load was 
not easy due to the small displacement. When the screw 

(9)Gwithdrawal =
F0.4 − F0.1

2 · π · r · d · (a0.4 − a0.1)
.

(10)

Lower 5th percentile value

=

[

5

100
(n+ 1)−

(

j − 1
)

]

[

xj − x(j−1)

]

+ x(j−1),

Fig. 5  Failure mode of withdrawal test
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was completely removed from the wood material, wood 
powder was attached to the screw threads (Fig. 7a). Thus, 
it is reasonable to assume that shear failure of the wood 
in contact with the thread of the screw happened when 
the maximum load was reached. After the shear failure, 
the friction between the screw and the wood material 
was reduced and the load capacity was decreased.

Figure 7b, c shows cross-sections of the Ply-lam speci-
men from front and side views. Because the withdrawal 
stiffness of each layer is different, the withdrawal load 
would have been transferred to the layers according to 
their relative withdrawal stiffness and their contact area 
with the layer. Finally, when the withdrawal load reached 
its maximum, the shear stress of a layer would have 
exceeded the withdrawal strength of the layer.

Distribution of withdrawal capacity
The experimental test results are presented in Table 3. 
Figure  8 shows the distribution of the withdrawal 
capacity of the screws in lamina (solid wood and ply-
wood). The withdrawal resistance distributions for 
plywood are located to the right side of the solid wood 
withdrawal resistance distributions, indicating their 

larger values (Fig.  8a). In particular, the mean value 
(5.43 kN) and lower 5th percentile values (4.77 kN) for 
plywood with Ø6.5 × 65  mm screws were higher than 
those for solid wood with Ø8.0 × 100 mm screws (mean 
value: 4.49 kN and lower 5th percentile value: 3.19 
kN). In this study, the penetration depth of the screws 
was similar for the lamina test. The withdrawal resist-
ances of solid wood and plywood specimens increased 
by 12% and 15%, respectively, at the Ø8.0 × 100  mm 
screws compared to the Ø6.5 × 65  mm screws. The 
withdrawal resistance of plywood specimens increased 
by 60% for the Ø6.5 × 65  mm screws and 58% for the 
Ø6.5 × 65  mm screws compared to the solid wood 
specimens. The density of plywood (708.40 kg/m3) was 
higher than that of solid wood (578.89  kg/m3). There-
fore, the withdrawal resistance of screws in lamina was 
more affected by the density of the wood material than 
the diameter of the screw.

However, the withdrawal resistances of the screws 
were divided by the contact area between the screw 
and the lamina to derive the withdrawal strengths of 
the screws in laminas, which were shown to decrease 
as the diameter of the screw increased (Table 3). When 
the screw diameter increased from 6.5 to 8.0  mm in 
solid wood, the withdrawal strength decreased from 
18.2 to 16.6 MPa. In plywood, the withdrawal strength 
decreased from 30.5 to 28.4 MPa as the diameter of the 
screw increased from 6.5 to 8.0  mm. Figure  8b shows 
the distributions of withdrawal strengths of screws in 
laminas. The small size screw specimens, Solid wood-
6.5 and Plywood-6.5, are located to the right side of 
the Ø8.0 × 100  mm screw specimens, Solid wood-8.0 
and Plywood-8.0, indicating their withdrawal strength 
value. This result seems to display the same phenom-
enon as the size effect of timber: the strength decreases 
as the size of the timber increases [42].

Figure  9 shows the distribution of the withdrawal 
capacity of screws for Ply-lam. In the case of Ply-lam, 
as the diameter increased from 6.5 to 8.0  mm, the 
penetration depth also increased from 35 to 70  mm. 
Thus, the specimen groups with larger diameter screws 
showed higher withdrawal resistance (Fig. 9a).

In the case of withdrawal strength, the lower 5th per-
centile value of the Ø6.5 × 65  mm screw specimens 
(6.72 MPa) was lower than that of the Ø8.0 × 100 mm 
screw specimens (8.16  MPa), because the penetrated 
lamina layer and the penetrated length of the screws 
were different. However, the distributions of the two 
differently sized screws in the Ply-lam specimens 
tended to overlap and were located between the distri-
butions for solid wood and plywood lamina (Fig.  9b). 
This shows that the withdrawal strength determined by 
the withdrawal behavior of screws can be normalized 

a Laminas (solid wood and plywood) 

b Ply-lam 
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by a strength (MPa) unit, such as tension, compression, 
and bending strength for timber.

In Fig.  9b, the cumulative probability of the 
Ø6.5 × 65  mm screws and the Ø8.0 × 100  mm screws 
was reversed between the lower part and the higher 
part. It is considered that the variation of the wood 
material penetrated by the screws was affected. The 
penetration depth of the Ø8.0 × 100  mm screw was 
70 mm, and the penetration depth of the Ø6.5 × 65 mm 
screw was 30 mm. Thus, the screw with the deeper pen-
etration depth showed less variation.

Validation of developed model
Table  4 shows the comparisons of predicted and tested 
values for Ply-lam. The predicted values from the model 
developed in this study showed ratios of 0.86–0.88 with 
respect to the experimental values. In the case of the 
Ø6.5 × 6.5 mm screws (Ply-lam-6.5), the predicted value 
was 3.31 kN, which was 88% of the test value. In the case 
of the Ø8.0 × 100 mm screws (Ply-lam-8.0), the predicted 
value was 10.46  kN, which was 87% of the test value. 
When the withdrawal resistance of Ply-lam was pre-
dicted from input parameters derived by the average val-
ues of the experimental values of Ø6.5 and Ø8.0 screws, 
it also showed a similar accuracy. This indicates that the 

Fig. 7  Shear failure of wood material by thread of screw
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withdrawal resistances of screws of other diameters or 
lengths could be predicted using the equivalent values 
which are independent of the dimension of the screws. 
Thus, the equivalent values in this study are applicable for 
screws with diameters between Ø6.5 and Ø8.0.

As mentioned above, the predicted values were under-
estimated the test value about 13%. In this study, the 
withdrawal resistance of screw in Ply-lam specimens 
were predicted by the modified withdrawal stiffness 
( Gwithdrawal ) for each layer, which was measured by the 
individual lamina test. In the test, the distance between 
screw and the supporting plates was 80 mm for all speci-
mens, and the effect of bending stress may be different 
between the single layer and CLT specimens as the stiff-
ness of the specimens is different. Thus, the withdrawal 
stiffness of the screw in the single layer would have been 
measured to be less than that in Ply-lam, and the actual 
withdrawal stiffness of lamina in Ply-lam would have 
been stiffer than that measured in the single lamina test. 
In addition, Ringhofer et  al. [17] reported the effect of 

the number of layers penetrated by the screws in CLT. 
They revealed that an increase of 7–25% on the lower 5th 
percentile value of a single layer for CLT had 3–7 layers. 
Therefore, the number of layers penetrated by the screw 
in Ply-lam may have resulted in the test values that was 
higher than the predicted values.

Conclusions
In this study, a theoretical model to predict the with-
drawal resistance in Ply-lam was developed from the 
Ply-lam properties. The model was based on the shear 
mechanism between a screw and Ply-lam layers. The 
withdrawal strength, withdrawal stiffness, and penetra-
tion depth of a screw in Ply-lam layers were used as the 
input parameters. When the predicted values were com-
pared with the experimental test values, the predicted 
values were 86–88% of the test values. The lower 5th per-
centile values of the withdrawal strength of the screws in 
the layers were determined, and the results show that the 
withdrawal resistance of Ply-lam is conservatively pre-
dicted using the developed model.

a Withdrawal resistance 

b Withdrawal strength
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In addition, the effect of the penetration depth of the 
screw in a specific layer was investigated using the devel-
oped model. When the penetration depth of the screw 
increased in the plywood layer, the withdrawal resistance 
of the Ply-lam increased more significantly than when 
the penetration depth of the screw increased in a solid 
wood layer. This effect increased as the diameter of the 
screw increased because of the larger contact area. This 
means that a high withdrawal resistance can be designed 
in hybrid CLT by changing the penetration depth of the 
specific layers.
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