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This study examines the impact of screw penetration depth and wood species on the SWS of CLT 
panels, utilizing a combination of experimental testing and FEA to assess performance. CLT panels 
were fabricated from Uludağ fir and black pine, and screw withdrawal tests were performed at two 
penetration depths corresponding to two and three layers. The average densities of CLTs were 
0.44 g/cm3 for Uludağ fir and 0.52 g/cm3 for black pine, with respective moisture contents 
of 11.37% and 11.08%. The average SWS for Uludağ fir CLTs increased from 9.73 N/mm2 (two 
layers) to 11.27 N/mm2 (three layers), representing a 15.83% enhancement, while black pine CLTs 
improved from 13.85 N/mm2 to 14.72 N/mm2 (6.28% increase) with an increase in penetration 
depth from two to three layers. Statistical analysis confirmed significant effects of both wood species 
and penetration depth. FEA simulations predicted withdrawal resistances of 2950.41–3115.94 N 
for Uludağ fir and 3339.19–3969.73 N for black pine, with two- and three-layer penetration depths, 
respectively. The differences between the experimental and numerical results ranged from 3.69% to 
50.10%. Approximately 62.50% of comparisons were within an acceptable 24% deviation range for 
wood materials. The results indicate that denser species and greater penetration depth enhance with-
drawal performance, while FEA provides reasonably accurate yet conservative estimates. The developed 
experimental-numerical framework provides a reliable predictive basis for designing and optimizing 
screw connections in wooden constructions, contributing to safer, more efficient, and sustainable 
CLT-based building systems. 
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Introduction 

The  screw withdrawal strength (SWS) is a  critical 
factor in  the application of cross-laminated timber 
(CLT) materials, influencing both structural integrity 
and construction efficiency. This importance stems 
from how screws are used to join CLT panels, which 
consist of layers of timber bonded at right angles to 

enhance strength and stability. The connection proper-
ties of screws directly impact the withdrawal resistance 
and overall load-bearing capabilities of CLT structures, 
which are essential for their performance, particularly 
in applications such as walls, roofs, and floors. 

The  exploration of  SWS in  CLTs has garnered 
substantial attention in recent literature, particularly 
concerning the interplay of penetration depth, wood 
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species, and the comparison of  experimental and 
numerical results. Screws are a primary joinery method 
in CLT structures, offering advantages in terms of speed 
of installation and structural performance. Besides, 
they provided higher strength capacity compared to 
dowel-type joints (Eini et al., 2022). The penetration 
depth at which screws are embedded in CLT panels 
significantly affects their withdrawal resistance and 
overall load-bearing capacity. The optimal penetra-
tion depth may vary depending on the wood species 
and configuration. Larger penetration depths gener-
ally improve withdrawal resistance in CLTs (Dong 
et al., 2020). In timber-to-timber screw joints, changes 
in penetration depth had a significant effect on joint 
performance (Schiro et al., 2018). 

Although previous studies have explored various 
factors impacting screw holding capacity, the specific 
effects of screw penetration depth in CLTs may differ 
due to the nature of wood, screw size, lamination tech-
nique, and drilling installation. The penetration depth 
significantly influences withdrawal resistance; however, 
the optimal depth for various applications and loading 
scenarios remains unclear (Pang et al., 2020). There-
fore, various screw penetration depths should be taken 
into consideration for each CLT panel, as variations 
in screw and timber design may alter the outcomes 
regarding load transfer capabilities; accordingly, pene-
tration depth as applied in timber materials and their 
direct correlation with withdrawal resistance come 
into prominence to establish a robust framework for 
CLTs (Masroor et al., 2023). Furthermore, the specific 
interaction among screw size, penetration depth, layer 
thickness, number of layers, and wood species in CLTs 
requires more targeted exploration. Therefore, diver-
sion in CLT construction could be optimized by joint 
solutions that interplay the aforementioned factors 
(Ruggeri et  al., 2023). Moreover, the existing body 
of knowledge often presents empirical findings without 
corresponding numerical analysis, leading to a frag-
mented understanding of SWS in CLTs. Experimen-
tal studies have documented various joint behaviours 
under different loading conditions, but they often lack 
numerical validation, which is crucial for creating 
predictive models for design (Gavric et al., 2015; Pan 
et al., 2023). While some studies have attempted to 
correlate experimental and numerical results, differ-
ences between them suggest a need for further rigorous 
comparisons to develop more accurate computational 
models (Shahnewaz et al., 2018).  

Exploring parameters to alter the screw holding 
capacity of  the CLTs is crucial for optimizing CLT 
applications in construction, ensuring durability, reli-
ability, and performance under various loading condi-
tions. Understanding the impact of screw penetration 
depth on the holding capacity is integral to enhancing 

the performance of CLT applications. Given the complex 
nature of wood, characterized by its orthotropic properties, 
screw withdrawal resistance was significantly influenced 
due to variations in grain orientation within the lumber 
(Cavus & Ersin, 2023). By investigating and establish-
ing best practices for penetration depth across different 
scenarios, higher performance in CLT structures can be 
achieved, thereby reducing the risk of joint failure in situ 
(Pang et al., 2020). Additionally, anatomical diversity 
in wood results in significant variations in withdrawal 
resistance (Abdoli et al., 2022). Thus, integrating a broader 
range of wood species into research can provide a compre-
hensive understanding of how species-specific proper-
ties affect screw holding capacities, ultimately leading to 
more informed decisions when selecting materials for CLT 
construction, because fir and black pine are the native 
wood species in Turkey, which have been recently under 
consideration for strength grades according to Eurocode 5 
(OGM, 2023). Moreover, a rigorous understanding of how 
well numerical models predict the behaviour of CLT is 
essential for safe, economical, and code-compliant design 
in timber construction. Studies that compare experimental 
results with numerical simulations provide the evidence 
base for model validation, calibration, and potential code 
updates (Jalilifar et al., 2021; Teixeira et al., 2024). Such 
work supports confidence in FEA or other computational 
tools to capture the anisotropy of CLTs, their layer inter-
actions, and connection behaviour, particularly under 
monotonic and cyclic loading as observed in CLT walls, 
floors, and joints (Jalilifar et al., 2021; Teixeira et al., 
2024). Comparative studies help identify which consti-
tutive models, material anisotropy representations, and 
boundary condition implementations yield the closest 
agreement with observed behaviour, thereby guiding 
researchers toward more physically faithful simulations 
for CLT panels and assemblies (Akter et al., 2021; Jalil-
ifar et al., 2021).

The primary aim of this research is to investigate the 
influence of screw penetration depth and wood species 
on the SWS of CLT panels, and to validate the exper-
imental findings through finite element simulations. 
By  integrating experimental testing and numerical 
modelling, the study aims to provide a more compre-
hensive understanding of screw-timber interactions 
and establish a reliable computational framework for 
predicting connection behaviour in CLT systems. To 
achieve this aim, the study pursued the following objec-
tives that (i) conducting screw withdrawal tests at two 
different penetration depths (two-layer and three-layer 
penetration) and determining the corresponding with-
drawal resistance of CLTs made of Uludağ fir and black 
pine, (ii) developing finite element models replicating 
the experimental setup to simulate screw-wood inter-
action, and (iii) benchmarking the experimental and 
numerical results in terms of ultimate withdrawal load.
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Materials and methods

In this study, Uludağ fir (Abies bornmülleriana Mattf.) 
and black pine (Pinus nigra Arnold), grown in north-
west Turkey and obtained from a local sawmill in Bursa, 
Turkey, were used to fabricate CLT panels. The fabri-
cation of CLT panels was previously reported by Uysal 
et al. (2022). Specimens measuring 50 × 50 mm were 
cut from the CLT panels. Screws with a dimension 
of 3.5 mm and a length of 45 mm were used. The pilot 
holes were drilled 80% of the screw diameter. The screws 
were embedded with lengths of two- and three-layer 
thicknesses, featuring protruding screw tips (Fig. 1).

The density and moisture content of the CLT spec-
imens were measured from 50 × 50 mm blocks before 
drilling and screwing specimens. All specimens were 
acclimatized at 20 ± 2 °C and 65 ± 5% relative humidity. 
They were then weighed using a scale with a precision 
of 0.0001g and measured using a calliper with a preci-
sion of 0.01 mm. The density (ρ12, g/cm3) and moisture 
content (MC, %) of CLTs were calculated by using equa-
tions 1 and 2, respectively: 

where ω12 is the air-dry weight of specimens (g), and 
V12 is the air-dry volume of specimens (cm3).

where ω0 is the oven-dry weight of specimens (g).

All tests for the SWS of CLTs were conducted on 
the SHIMADZU universal test machine according 
to TS EN 13446 (2002). Withdrawal load capacities 
were obtained by applying a withdrawal load parallel 
to the screw axis from the face of specimens with a rate 
of 2 mm/min and continued until the ultimate load 
was reached (Fig. 2). SWS (σ, N/mm2) of the CLTs was 
calculated by equation 3.

where Fult is the ultimate failure load (N), r is the radius 
of the screw (mm), and d is the penetration depth of the 
screw (mm). 

a) b) c)

Fig. 1. a. Pilot hole for screws, b. Two-layer penetration depth and c. Three-layer penetration depth

Fig. 2. Screw withdrawal test configuration

𝜌𝜌12 =
𝜔𝜔12
𝑉𝑉12

          (1) 

 

𝑀𝑀𝑀𝑀 = 𝜔𝜔12−𝜔𝜔0
𝜔𝜔0

            (2) 

 

𝜎𝜎 = 𝐹𝐹𝑢𝑢𝑢𝑢𝑢𝑢
2×𝜋𝜋×𝑟𝑟×𝑑𝑑           (3) 
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Finite element analysis (FEA) was simulated on 
Autodesk Fusion 360. The  experimental setup was 
modelled, and screws were embedded with a thickness 
of two and three layers. Linear models were simulated 
by describing the material properties given in Table 1. 
The mesh was created with a parabolic element order 
and a size of 0.50 mm. The prescribed displacement was 
defined as 2 mm at the neck of the screw, as observed 
in the experiments.

Data collected to determine the presence of statis-
tical significance among all sample groups were exam-
ined using one-way ANOVA and Tukey pair-wise 
comparisons in SPSS.

Results and discussion

Table 2 gives the results of the density and moisture 
content of the CLT specimens. According to the results, 
the average densities of CLTs made of Uludağ fir and 
black pine were 0.44 g/cm3 with a coefficient of varia-
tion of 3.53% and 0.52 g/cm3 with a coefficient of vari-
ation of 3.41%. In addition, the moisture contents were 
11.37% and 11.08%, respectively.

Fig. 3 gives the average SWS of CLTs. According to 
the results, the average SWS of CLTs made of Uludağ 
fir was 9.73 N/mm2 with a  standard deviation 
of 1.05 N/mm2 in the case that the penetration depth 
was two-layered. Increasing the penetration depth 
to three layers enhanced the SWS by 15.83%. In the 
case of black pine, the average SWS was 13.85 N/mm2 
with a standard deviation of 0.76 N/mm2 for two-layer 

penetration depth. In the case of the three-layer one, 
the average SWS was 14.72 N/mm2 with a standard 
deviation of 0.75 N/mm2. The increase was 6.28% for 
the CLT made of black pine. As the contact area with 
wood fibres increases when screws are embedded 
in more layers of CLTs, CLT materials result in greater 
resistance to withdrawal force, thereby increasing 
friction and mechanical interlocking between screw 
threads and wood fibres (Pang et al., 2020).

Moreover, the density of the wood species plays 
a vital role in the SWS of CLTs. In here, the black pine 
was denser by 17.71% compared to Uludağ fir. (Xu et al., 
2021) stated that denser wood material resulted 
in  higher SWS due to its denser cellular structure 
and greater resistance to deformation under the load. 
According to the results, CLTs made of black pine had 
higher SWS by 42.34% and 29.45% than Uludağ fir with 
penetration depths of two- and three-layer, respectively.        

According to the statistical analysis, the wood species 
(p-value < 0.001) had a greater impact on the SWS 
of CLTs than the penetration depth (p-value < 0.001), 
and both parameters were statistically significant. On 
the other hand, the interaction of wood species and 
penetration depth (p-value = 0.528) was not statisti-
cally significant on the SWS of CLTs (Table 3). Varia-
tion in wood species and penetration depth explained 
90.9% of changes in the SWS of the specimens. Further-
more, the results of Tukey’s mean pairwise compari-
son showed that the SWS of the CLTs made of black 
pine with three penetration depths were significantly 
different from those of other sample groups, but there 

Table 1. Material properties used in FEA for CLTs made of Uludağ fir and black pine

Parameters Uludağ fir Black pine Screw*** 

Young’s modulus (GPa)*

Possion’s ratio

Density (g/cm3)*

Yield strength (MPa)**

Tensile strength (MPa)**

5.27

0.30

0.44

40.00

62.00

8.66

0.30

0.57

55.00

67.76

85.00

0.25

7.00

150.00

259.00
 *Values from Uysal et al. (2023), ** Values from Cetin & Gündüz (2017), and ***Values from Autodesk Fusion 360 (2025) 

Table 2. Density and moisture content of the CLT panels made of Uludağ fir and black pine

Wood Species
Density (g/cm3) Moisture Content (%)

Average Std. Dev. Average Std. Dev. 

Uludağ fir

Black pine

0.44

0.52

0.02

0.02

11.37

11.08

0.17

0.17
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was no statistical difference between the SWS of CLTs 
made of black pine with two-layer penetration depth 
and Uludağ fir with three-layer penetration (Fig. 3). 

Fig. 4 shows the results of FEA. According to the 
results, the screw withdrawal resistance of CLT was 
2950.41 N and 3115.94 N with penetration depths of two- 
and three-layer, respectively. The increase in resistance 
was 5.61%, whereas the penetration depth increased. 
On the other hand, the withdrawal resistance of black 
pine was 3339.19 N and 3969.73 N, respectively. Similarly, 
an increase in penetration depth enhanced the with-
drawal resistance by 18.88%. The change in mechanical 
properties of CLTs in FEA resulted in various incre-
mental rates in the withdrawal resistance, as discussed 

earlier; thereby, an increase in contact area between 
screw and material provided higher friction and more 
self-interlocking points in the numerical solution, too. 

Table 4 shows the difference between experimental 
and numerical results. The highest difference observed 
was 50.10% in the sample group of CLT made of Uludağ 
fir with a  penetration depth of  two layers. On the 
contrary, the lowest difference was 3.69% for CLT 
made of black pine with a penetration depth of two 
layers. The high variation may occur owing to model 
assumptions and simplifications, orthotropic prop-
erties of wood, boundary conditions and load cases, 
and variability in material properties. FEA often relies 
on certain assumptions to simplify complex physical 

Fig. 3. SWS of the specimens (Same letters indicate that the results were not statistically different from each other, 
α = 0.05)

Fig. 4. FEA results: a. Uludağ fir with two-layer penetration depth, b. Uludağ fir with three-layer penetration depth, 
c. Black pine with two-layer penetration depth and d. Black pine with three-layer penetration depth 

a) b)

c) d)
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behaviours. The importance of accurately capturing the 
material behaviour of CLT, which includes both elastic 
and inelastic properties. For instance, Albostami et al. 
(2019) emphasised the necessity of recognizing the 
limitations of linear elastic models in modelling CLT 
behaviour under varied loading conditions, particu-
larly in capturing real-world factors such as mechan-
ical interlocking and material degradation over time. 
Without considering these complexities, FEA results 
might diverge significantly from experimental obser-
vations. In this study, an isotropic model was simulated, 
which may increase variation due to the simple assump-
tions made. Additionally, when FEA models assume 
isotropic properties, the predicted performance may 
differ significantly from experimental results. Although 

Boggian et al. (2022) illustrated how connection details 
and the directional properties of wood influence the 
behaviour of CLT panels, demonstrating the impor-
tance of accurately capturing these characteristics to 
minimise modelling errors, basic isotropic properties 
were defined for the modelled CLTs made of Uludağ 
fir and black pine. Therefore, the experimental results 
may differ significantly from numerical results. Hu et al. 
(2019) also stated that localised defects or variations 
in wood structure in experimental setups can result 
in outcomes that differ from predictions based on aver-
aged values used in the FEA. Furthermore, if bound-
ary conditions are rigidly defined in the numerical 
model compared to the actual conditions experienced 
in experimental tests, variations of up to 24% can occur 

Table 3. Two-way ANOVA for the SWS of the CLTs

Source Sum of Squares df Mean Square F-value Sig.

Wood species (A)

Penetration depth (B)

A*B

11480458.30

55299.05

55299.05

1

1

1

11480458.30

55299.05

55299.05

87.47

31.80

0.42

<0.001

<0.001

0.528
*R2= 0.909

Table 4. Results of the experimental and numerical studies of screw withdrawal resistance in CLTs

Wood 
species

Two-layer penetration depth Three-layer penetration depth

No. of 
specimens 

Ultimate 
load in the 
experiment 

Ultimate 
load in 

the FEA 
Difference No. of 

specimens 

Ultimate 
load in the 
experiment 

Ultimate 
load in 

the FEA 
Difference

Uludağ 
Fir

1

2

3

4

Average

1915.63

2332.81

1965.63

2343.75

2139.46

2950.41

-54.02%

-26.47%

-50.10%

-25.88%

-37.90%

1

2

3

4

Average

4184.38

4079.69

3773.44

2826.56

3716.02

3115.94

25.53%

23.62%

17.42%

-10.24%

16.15%

Std. Dev. 230.53 
(10.77%) Std. Dev. 618.07 

(16.63%)

Black pine

1

2

3

4

Average

3109.38

3017.19

3220.31

2826.56

3043.36

3339.19

-7.39%

-10.67%

-3.69%

-18.14%

-9.72%

1

2

3

4

Average

4609.38

5198.44

4845.31

4767.19

4855.08

3969.73

13.88%

23.64%

18.07%

16.73%

18.24%

Std. Dev. 166.69 
(5.48%) Std. Dev. 249.06 

(5.13%)
* Values in parentheses are the coefficient of variation (CoV)
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in wood science (Pichler et al., 2018). The difference 
between experimental and numerical results for screw 
withdrawal resistance of CLTs was lower than 24%, 
except for the sample group of CLTs made of Uludağ 
fir with a two-layer penetration depth. Specifically, 
10 of 16 experimental results for withdrawal resis-
tance were below 24%. This indicates that 62.50% 
of the results fell below the acceptable level of 24%, 
with three slightly above it. However, 18.75% of the 
experimental results exceeded the acceptable level. 
The study showed that FEA was somewhat successful 
at predicting screw withdrawal resistance in CLTs 
across various penetration depths and wood species. 
The purpose of the FEA was therefore not to repli-
cate the full mechanical complexity of CLT connec-
tions, but to evaluate the capability and limitations 
of a simplified, linear-isotropic modelling approach 
in estimating screw withdrawal resistance owing to 
the limitations of Fusion 360, deliberately selected 
FEM software, in  defining fully orthotropic and 
layered wood materials.

A larger sample size could improve the estimation, 
but the statistical analyses in this study are intended 

to identify comparative trends between wood species 
and penetration depths rather than to provide popula-
tion-wide estimations. Besides, the CoV of the sample 
groups was acceptable; namely, the highest CoV was 
16.63% for the Uludağ Fir with a penetration depth 
of 3 layers. 

Conclusions 

This study investigated the effects of screw penetration 
depth and wood species on the SWS of CLT panels 
through combined experimental and numerical analyses. 
The results confirmed that both parameters significantly 
affect withdrawal strength, with denser species and 
greater penetration depths providing higher withdrawal 
resistance. The benchmarking between experimental 
and numerical results validates the somewhat successful 
development of the model, even under simple assump-
tions and modelling, providing a practical foundation 
for the predictive design of screw-based joints. The study 
highlights that the availability of wood materials can be 
utilized in CLTs, which recently considered the stress 
grade of wood species according to Eurocode 5. 
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