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 A B S T R A C T

This paper investigates the buckling capacity of fully threaded screws inserted into timber members perpendic-
ular to the grain, focusing on their role as reinforcement in compression perpendicular to grain scenarios. In 
such applications, the buckling behavior of the screws can be critical and is influenced by several parameters, 
including screw slenderness, insertion tolerances, wood moisture content, and density. To assess the impact 
of these factors, two experimental campaigns of single-screw compression tests were conducted independently 
at two different academic institutions. The experimental results support the development and validation of 
an alternative design model for the buckling of fully threaded screws, proposed as an improvement to the 
current formulation in the draft Eurocode FprEN 1995-1-1:2025. The primary objectives of this study are to 
quantify the influence of key variables and to evaluate the suitability of the proposed model for practical 
design applications.
1. Introduction

Compression perpendicular to grain (CPG) is a common design 
scenario where wood fibers exhibit reduced strength and stiffness. In 
examining CPG, wood fibers can be illustrated as small tubes that 
deform under applied load [1,2]. As the load intensifies, areas of 
the wood farther from the contact point are activated, leading to 
a hardening effect. This increase in capacity is accompanied by an 
increase in permanent deformation, which can theoretically impact the 
stability of the structure. As Madsen noted [3], CPG lacked a method 
to effectively relate material properties to practical design scenarios. 
Gehri [4] provided an extensive literature review and outlined potential 
design approaches that consider factors like member end projection, 
load distribution, moisture content, and load duration. Thelanders-
son [5] suggested differentiating between ultimate and serviceability 
limit states in CPG design. In some cases, local compression failure 
might result in structural failure (an example being the intermedi-
ate support of a continuous beam), whereas in other cases, greater 
deformations are tolerable. Blass and Gorlacher [6] incorporated this 
understanding into a standard proposal, expressing serviceability limit 
state design as ultimate limit state design through the introduction of 
a modification factor 𝑘𝑐,90. Van der Put developed a stress dispersion 
model based on physical assumptions and the equilibrium method, as-
suming a linear elastic–plastic material behavior [7–14]. Evidence from 
experiments validated the capability of both models ([6] and [7–14]) to 
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deliver accurate predictions and their applicability for engineers. How-
ever, it was the latter model that was ultimately chosen for CPG design 
in the revised Eurocode 5 [15], which includes situations involving 
compression perpendicular to grain in cross-laminated timber [16].

Fully threaded self-tapping screws offer a highly adaptable solu-
tion for reinforcing timber elements. They are applicable in various 
design scenarios, as thoroughly detailed in [17], including tensile or 
compressive forces perpendicular to the grain, and shear forces in both 
glued-laminated timber and cross-laminated timber. For CPG, different 
reinforcement methods have been suggested, extending beyond just 
steel screws, as discussed in [2]. Practical examples include structural 
configurations like those illustrated in Fig.  1, seen in discrete beam 
supports (case a), intermediate supports (case b), or transmission of 
loads (case c), and are used in conjunction with load transfer in post & 
beam systems.

For these design scenarios, a design model for self-tapping screws 
has been developed at University of Karlsruhe (referred to as the KIT 
model) by Bejtka and Blass [18–20]. This model enables the determina-
tion of the load-carrying capacity of a reinforced support by examining 
the interaction between wood subjected to compressive stresses perpen-
dicular to the grain and screws under compression. Additional research, 
as detailed in [2], has experimentally validated the additive hypothesis 
for both long and short screws [21–27].
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Symbols

𝑎1 Spacing between screws parallel to the grain.
𝑎3 End distance parallel to the grain of a screw.
𝛼𝑔 Imperfection coefficient.
𝐴11 Compression perpendicular to grain capacity with-

out reinforcement.
𝐴12 Load-carrying capacity of the screws in compression.
𝑏 Member width.
𝑏90,𝑐 Width of the contact area perpendicular to grain.
𝛽 Constant depending on the type of bearing of the 

screw head.
𝑐ℎ Horizontal elastic foundation coefficient for the 

screw in solid timber and glued laminated (GL) 
timber from softwood, in N∕mm2.

CL Cross layered timber.
CoV Coefficient of variation.
CPG Compression perpendicular to the grain.
𝑑 Outer thread diameter of the screw, in mm.
𝑑1 Inner thread diameter of the screw, in mm.
𝜖 Angle between screw axis and the grain direction.
𝐸𝑆 Young’s modulus of steel, in N∕mm2.
𝐸𝑆𝐼𝑆 Bending stiffness per unit length of the steel 

dowel-type fastener, in Nmm2.
𝐹𝑐,90 Resistance of a timber member with screw reinforce-

ment under compression perpendicular to the grain 
(∗).

𝐹𝑐 Axial capacity of the screw in compression (∗).
𝐹𝑒𝑠𝑡 Estimated experimental capacity of the screw (∗).
𝐹𝑚𝑎𝑥 Maximum capacity of the screw estimated as the 

maximum of the experimental curve (∗).
𝐹𝑤 Characteristic withdrawal resistance.
𝑓.𝑚. Failure mode.
𝑓𝑐,90 Compression strength perpendicular to the grain (∗).
𝑓𝑤 Withdrawal strength of the screw (∗).
𝑓𝑦 Yielding strength of the fastener (∗).
GLT Glued laminated timber.
ℎ Depth of the timber member.
𝐼𝑆 Moment of inertia of the screw estimated as 

(𝜋𝑑41∕64).
KIT Karlsruhe Institute of Technology.
𝑘𝑚𝑎𝑡 material factor for the number of lamellae.
𝑘𝑚𝑜𝑑 strength modification factor for the effect of load-

duration and moisture content.
𝑘𝜌 reference density exponent in the determination of 

withdrawal strength.
𝑘𝑠𝑐𝑟𝑒𝑤 factor for the characteristic withdrawal strength.
𝑘𝑤 parameter for the angle between the fastener axis 

and the grain direction.
𝜆𝑘 Relative slenderness of the fastener.
𝑙 Total length of the screw.

Using the KIT methodology, Dietsch et al. [28] suggested additional 
provisions for self-tapping screws installed from opposing sides of a 
member. These screws overlap halfway through the member’s thick-
ness, effectively transferring concentrated forces perpendicular to the 
grain through timber elements refer to Fig.  1 (c).

Since Bejtka’s initial studies, there have been few experimental 
investigations on this topic, such that these aspects have not been 
further studied until Tomasi et al.’s research [29], using a test setup 
2 
𝑙1,𝑒𝑓 Effective contact length parallel to grain in the plane 
defined by the contact area, in mm.

𝑙2,𝑒𝑓 Effective distribution length parallel to grain in the 
plane defined by the screw or rod tips, in mm.

𝑙90,𝑐 Length of the contact area, in mm.
𝑙𝑒 Clear spacing parallel to grain between the end of 

the member and the contact area, in mm.
𝑙𝑒𝑓 effective spreading length parallel to grain.
𝑙𝑟 reinforced length.
𝑙𝑠 Clear spacing parallel to grain between the contact 

area and the nearest concentrated load, if present, in 
mm.

𝑙𝑤 withdrawal length.
𝑛 Product (𝑛0 ⋅ 𝑛90), i.e. the number of fully threaded 

screws or rods applied for reinforcement.
𝑛0 Number of fully threaded screws or rods arranged in 

a row parallel to grain.
𝑛90 Number of fully threaded screws or rods arranged in 

a row perpendicular to grain.
𝑛𝑝 number of penetrated laminations made of struc-

tural timber.
𝑁𝑘𝑖 ideal elastic buckling load of the fastener, in 𝑁 (∗).
𝑁𝑝𝑙 yield resistance of the fastener, in 𝑁 (∗).
NMBU Norges Miljø- og Biovitenskapelige Universitet (Nor-

wegian University of Life Science).
PL Parallel laminated timber.
𝛷 Intermediate buckling parameter for calculating 𝛷𝑐 .
𝛷𝑐 Factor for the buckling of the fastener.
𝜌 density of the timber member, in kg/m3 (∗).
std Standard normal distribution.

(∗) The addition of a subscript 𝑘 or 𝑑 indicates re-
spectively the corresponding characteristic or design 
value.

configuration with a single screw in compression recommended by 
Madsen [30]. They experimentally determined that the analytical ap-
proach proposed by Bejtka underestimates the compressive buckling 
capacity of a single screw.

Aloisio et al. [31] critically discussed the analytical buckling model 
suggested by Bejtka [20], based on the experimental results of com-
pression test on single screws results reported in Tomasi et al. [29], 
and supported by linear FE models of the compressed screws, repre-
senting the experimental configurations. They introduced a different 
analytical buckling model that aligned more closely with the experi-
mentally observed deformed shape and matched the preliminary test 
results more accurately in terms of buckling load. Although the model 
introduced in [31] appears promising, it has not undergone comprehen-
sive experimental validation. Thus, two institutes in Europe conducted 
experimental studies with the following objectives:

• extend the available data from experimental campaigns on single 
screws in compression to allow for a more consistent validation 
of an ameliorated model for buckling of screws;

• close the existing knowledge gap by advancing the scientific un-
derstanding of key factors that influence maximum load-carrying 
capacity, such as geometrical screw characteristics (diameter and 
length), and influencing factors such as the precision of drilling 
(deviation of the insertion angle), wood moisture content, and 
wood density.

The paper is structured into four main sections following this in-
troduction. The second section presents the theoretical background, 
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Fig. 1. Practical case for reinforced area: (a) discrete support; (b) intermediate support; (c) load transmission.
Fig. 2. Failure modes for CPG reinforced with screws according to KIT model [20].
discussing existing analytical models and normative approaches for 
compression perpendicular to grain (CPG), focusing particularly on 
the behavior and modeling of fully threaded self-tapping screws. Key 
analytical frameworks, including the KIT model and the contributions 
by Bejtka and Aloisio et al. are critically analyzed and contextual-
ized in the frame of the updated guidelines of Eurocode 5. The third 
section describes the experimental methodology. Two separate exper-
imental campaigns, conducted at different European institutes, are 
described sequentially. Each campaign investigates different factors 
influencing the compression capacity of screws, including screw ge-
ometry (diameter and length), insertion accuracy (angle deviations), 
wood moisture content, and density. Experimental setups, procedures, 
and instrumentation are documented. The fourth section provides a 
detailed presentation of the experimental results, followed by a critical 
discussion. Observations are analyzed in relation to theoretical predic-
tions, highlighting agreements, deviations, and possible explanations 
based on observed mechanical behaviors and experimental conditions. 
Finally, the paper concludes by summarizing key findings, implications 
for design practice, and identifying areas requiring further research. 
Recommendations for future experimental investigations and model 
refinements are also provided.

2. Theoretical background and standard approach

2.1. KIT model

Bejtka identified three failure modes in timber members reinforced 
for compressive stresses perpendicular to grain (CPG), as illustrated in 
Fig.  2.

The failure modes illustrated in Fig.  2 are explained below:

• The first failure mode occurs when reinforcing screws are pushed 
into the wood. This is observed for screws that have low slen-
derness. The pushing-in capacity is considered to be equivalent 
to the withdrawal capacity as defined for screws in tension. 
This assumption delivers results on the conservative side as the 
3 
additional effects of the screw tip and head in compression are 
neglected.

• The second failure mode occurs when slender screws are used 
for reinforcing a member against CPG, it is marked by buckling, 
typically within the first 50 mm below the screw head.

• The third failure mode is associated with failure in form of 
horizontal elongation perpendicular to grain, provoked by the 
compressive stresses perpendicular to grain, in a plane formed 
by the tips of the screws. For this situation an angle of stress 
distribution of 45◦  may be applied. From a methodological point 
of view, the stress distribution should be considered as originating 
from the screw heads, refer to Fig.  2.

The first and second failure modes are localized in the area of 
load introduction, where the model presumes a full contribution of 
the capacity of the wood under compression stresses perpendicular to 
the grain 𝐴11, along with the axial resistance of the screws 𝐴12 (using 
an additive hypothesis as applied in the KIT model 𝐴1 = 𝐴11 + 𝐴12). 
The third failure mode occurs due to the high load-carrying capacity 
of the reinforced section, leading to failure being concentrated in the 
transition zone between the reinforced and unreinforced areas (𝐴2).

The KIT model can be represented by Eq.  (1), where the failure is 
taken as the minimum of 𝐴1 and 𝐴2. 

𝐹𝑐,90,𝑘 = min
{

𝐴1 = 𝐴11 + 𝑛 ⋅ 𝐴12

𝐴2
(1)

where 𝐴11 and 𝑛⋅𝐴12 are respectively the design compression perpendic-
ular to grain capacity without reinforcement and the axial load-carrying 
capacity of the 𝑛 screws (additive hypothesis), and 𝐴2 is the capacity 
of the timber member in the transition section between reinforced and 
un-reinforced area, taking into account a stress distribution of 45◦
(effective length 𝑙𝑒𝑓 ).

The characteristic axial load-carrying capacity of the single screw 
𝐴12 is determined as the minimum of the characteristic withdrawal 
capacity and the buckling capacity of the screw in compression, cor-
responding to mode I for stocky screws and mode II for slender screws 
in Fig.  2.
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Fig. 3.  Comparison between modeling approaches in (a) [20] and (b) [31].
𝐴12 = 𝑚𝑖𝑛{𝐹𝑤,𝑘, 𝐹𝑐,𝑘} (2)

Here, 𝐹𝑤,𝑘 represents the withdrawal capacity derived based on the 
characteristic withdrawal parameter outlined in either the technical 
approval or the design standard. 𝐹𝑐,𝑘 denotes the buckling resistance 
of the screws, determined as the product of the plastic resistance and 
the buckling reduction factor, which is dependent on the theoretical 
buckling load.

The model to determine the withdrawal capacity of screws under 
tensile stress has been subject to extensive experimental analysis [17,
32], and it can reasonably be adopted to estimate the pushing-in 
capacity in compression 𝐹𝑤,𝑘. This assumption can be considered con-
servative since the model does not incorporate the impact of the screw’s 
head and tip under compression—factors that have not been thoroughly 
investigated in other studies (though the effect of point length under 
tension has been examined by several authors [33–36]).

Given the difficulty to find an analytical close-form solution for 
buckling, Bejtka [20] has numerically investigated the problem for a 
beam embedded in an elastic sub-grade under a constant axial force, 
by building the finite element model described in Fig.  3(a).

The proposed elastic numerical model tries to capture the main 
parameters of the problem, such as the presence of elastic reaction both 
in vertical and horizontal direction, and the boundary condition at the 
head and at the tip of the screws. While the tip of the screw is free to 
move laterally and rotate, different hypothesis were made on the head, 
which could be either free to rotate or rigidly clamped to the steel plate. 
As for the tip, in this model the lateral sway of the screw head is always 
possible (figure 3(a)).

These two hypothesis have been based on the observation made by 
Bejtka that the support condition of the head of the screw can have 
some influence in the physical model. He concluded that to assume the 
hypothesis of clamped head support it is necessary to countersink the 
steel plate in the form of the screw heads, while in the normal condition 
of the screw head in contact with but above or below the steel plate, a 
hinged screw head support should be assumed.

The FEM model from Bejtka introduces the parameters of elas-
tic foundation based on hundreds of experimental tests, proposing 
an empirical-based expression for a Winkler-like parameter for the 
horizontal elastic foundation 𝑐ℎ and the vertical elastic foundation 
parameter 𝑐𝑣.

This model was used to derive tables with characteristic buckling 
loads for hinged or clamped screw head supports depending on the 
screw geometry (length and diameter) and the density of the timber. 
Two main observations can be made based on the results:

• (in the case of) longer screws the buckling load is independent on 
the screw length

• the axial force is not constant along the screw length
4 
As in the approach given in the revised Eurocode 5 [15], the use 
of tables is discouraged in favor of a closed analytical expression, 
Bejtka proposed to use in the KIT model analytical expressions able 
to give results that were consistent with the finite element numerical 
models and the experimental results. Bejtka suggested to determine 
the buckling load by employing a simplified analytical method for 
a beam embedded in an elastic foundation subjected to a constant 
axial force [20]. This is illustrated in Fig.  4, showing the cases of 
elastically embedded beams both with and without external supports, 
which have well known analytical solutions proposed by, among others, 
Timoshenko and Gere [37]. In his numerical modeling, Bejtka distin-
guishes between screws with hinged and fixed heads, observing that 
hinged heads are more common in practical applications (refer to Fig. 
3(a)). For screws with hinged heads, he discovered that the numerical 
outcomes aligned more closely with the analytical model for elastically 
embedded beams that lack supports (see Fig.  4a). Consequently, he 
suggested using the associated analytical solution for the buckling load 
(𝑁𝑘𝑖,1 =

√

𝑐ℎ𝐸𝐼). Conversely, for screws with clamped heads, he 
recommended adopting the analytical solution for the buckling load 
𝑁𝑘𝑖,2 = 2

√

𝑐ℎ𝐸𝐼 , derived for elastically supported beams with two 
supports (see Fig.  4b).

It should be noted that the KIT model was originally validated using 
an experimental setup involving groups of screws loaded by a steel 
plate, which examines the interaction between wood and screws under 
compression. However, the model was not experimentally verified for 
the scenario of a single screw under compression.

Aloisio et al. [31] critically discussed the analytical buckling model 
suggested by Bejtka [20], based on the experimental results of compres-
sion test on single screws results reported in Tomasi et al. [29], and 
supported by linear FE models of the compressed screws, representing 
the experimental configurations. Based on the experimental results, 
they stated that:

• The assumption of a simple sine deformed shape of Fig.  4 is not 
confirmed by the experimental results, while the damped sine 
configuration of Fig.  3(b) is proven to be more appropriate.

• During testing, neither the screw head nor the tip exhibited 
noticeable lateral movement, indicating that the hinged–hinged 
setup is more realistic. It should be mentioned that the test setup 
did not allow for lateral movement of the screw head.

• When the buckling failure occurs the vertical deformation is 
concentrated in the vicinity of the screw head, while there is no 
evident sign of vertical displacement of the screw tips, supporting 
the hypothesis of a variable axial force along the axis of the screw.

The solution of the buckling problem was derived adopting a 
hinged–hinged configuration and a damped sine deformed shape of 
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Fig. 4. Beam on Winkler foundation, as utilized by Bejtka [18] in alignment with [38], is shown for scenarios without external supports (free ends) (a) and with external supports 
(hinged–hinged ends) (b).
Table 1
Synoptic table of the FprEN1995-1-1:2025 design models for reinforced timber members 
under CPG [15].

Design model of timber members under CPG

Design capacity of reinforced members under CPG

𝐹𝑐,90,𝑑 = min

{

𝑘𝑚𝑎𝑡 𝑏90,𝑐 𝑙1,𝑒𝑓
𝑘𝑚𝑜𝑑
𝛾𝑀

𝑓𝑐,90,𝑘 + 𝑛 𝑘𝑚𝑜𝑑
𝛾𝑅

min
{

𝐹𝑤,𝑘; 𝐹𝑐,𝑘
}

𝑏 𝑙2,𝑒𝑓
𝑘𝑚𝑜𝑑
𝛾𝑀

𝑓𝑐,90,𝑘
(3)

for intermediate supports 
𝑙1,𝑒𝑓 = 𝑙90,𝑐 + min{30; 𝑙𝑠∕2} + min{30; 𝑙𝑠∕2}

𝑙2,𝑒𝑓 = 2𝑙𝑟 + (𝑛0 − 1)𝑎1
(4)

for end support 
𝑙1,𝑒𝑓 = 𝑙90,𝑐 + min{𝑙𝑒; 30; 𝑙𝑠∕2} + min{30; 𝑙𝑠∕2}

𝑙2,𝑒𝑓 = 𝑙𝑟 + (𝑛0 − 1)𝑎1 + min{𝑙𝑟; 𝑎3,𝑐}
(5)

Fig.  3(a). The bar representing the screw is still assumed to have an 
infinite axial stiffness neglecting the variation of axial load along the 
longitudinal axis. The authors propose to indirectly take into account 
the effect of the variation of 𝑁(𝑥) by adopting as deformed shape of 
the screw a damped sine buckled configuration in proximity of the 
screw head, where the concentration of axial force is producing the 
main effect.

2.2. Standard implementation

The KIT model, as specified in Eq.  (1), has been integrated into 
FprEN1995-1-1:2025 [15], utilizing the formulation in Eq. (3) dis-
played in Table  1. Meanwhile, Eqs. (4) and (5) provide the geometrical 
dimensions for regions 𝐴1 and 𝐴2, respectively, as illustrated in Fig.  1. 
Details of various parameters can be found in the symbols section.

Table  2 outlines the guideline given in the draft Eurocode 5 [15] 
concerning the withdrawal resistance of timber screws. The character-
istic withdrawal resistance is calculated using Eq. (6), which involves 
the product of the outer surface area of a cylinder having the screw 
length 𝑙𝑤 (excluding the point and head length) and the characteristic 
withdrawal strength of screws, denoted as 𝑓𝑤,𝑘.

Comparable approaches are found in the European technical ap-
provals for screws applied in this study: 

𝐹w,k = 𝑑 𝑙ef𝑓ax,k
( 𝜌𝑘
350

)0,8
(12)

Note that since the withdrawal capacity and effective lengths are 
defined differently in Eqs. (6) and (12), 𝑓𝑤,𝑘 cannot be equal to 𝑓𝑎𝑥,𝑘, 
their difference is marked by 𝜋. The method outlined in FprEN1995 has 
yet to be adopted by manufacturers, who are expected to furnish suit-
able values for 𝑘screw as introduced in the new standard. Consequently, 
Eq. (12) was utilized further in this study for data analysis.

The methodology employed for the standard buckling model pre-
sented in Table  3 aligns with the overall framework applicable for buck-
ling in steel structures as outlined in the current edition of Eurocode 
3 [39].
5 
Table 2
Synoptic table on the standard model for the withdrawal resistance of timber screws 
(the symbols are defined in the dedicated section).

Widthdrawal resistance of the screws (FprEN 1995-1-1)

𝐹w,k = 𝜋 𝑑 𝑙w 𝑓w,k (6)

𝑓𝑤,𝑘 = 𝑘screw𝑘𝑤𝑘mat 𝑑
−0.33

( 𝜌𝑘
350

)𝑘𝜌 (7)

(for 𝑙𝑤 ≥ 5𝑑 and 𝜌𝑘 ≤ 700 kg/m3)
where

𝑘screw = 8.2 (8)
(unless another value is specified in a European technical product 

specification)

𝑘𝑤 =

{

1.0 for 30◦ ≤ 𝜖 ≤ 90◦,
0.3 + 0.7 𝜖

30◦
, for 0◦ ≤ 𝜖 < 30◦.

(9)

𝑘mat =

{

1 other than PL and CL
1 + ln(𝑛𝑝)

12
≤ 1.15 for PL and CL (10)

𝑘𝜌 =

⎧

⎪

⎨

⎪

⎩

0.7 for softwoods and 𝜀 ≤ 5◦

1.1 for softwoods and 5◦ < 𝜀 ≤ 90◦

1.6 for hardwoods and 0◦ ≤ 𝜀 ≤ 90◦
(11)

The theoretical buckling load 𝑁𝑘𝑖 expresses the ideal buckling force 
without defects, while the plastic resistance 𝑁𝑝𝑙 represents the axial re-
sistance of the element in the absence of instability phenomena. Based 
on Bejtka’s observations, the parameter 𝛽𝑔 used to determine the values 
of 𝑁𝑘𝑖 in Eq. (18) should be set to 1 for a screw that is free to rotate and 
sway at the head and to 2 for the cases of clamped screws. The ideal 
column model formulation gives the axial capacity as the product of 
the plastic resistance 𝑁𝑝𝑙 and a buckling reduction coefficient 𝜅𝑐 which 
represents the stability curve for a real case including imperfections. 
The slenderness curve is a function of the relative slenderness, which 
is determined with Eq. (16) as the ratio between the plastic (Eq. (17)) 
and the ideal buckling load (Eq. (18)). For the screws a constant defect 
class 𝑐 was assumed, with the corresponding 𝛼𝑔 coefficient equal to 
0.49 [39].

The model proposed by Aloisio et al. [31] can be incorporated 
within the framework outlined in Table  3 by using a defect coefficient 
of 𝛼𝑔 = 0.16 and setting 𝛽𝑔 = 2.34 to calculate the buckling load in Eq. 
(18) [31].

3. Two experimental campaigns on reinforced CPG

In the spring of 2023, a set of experimental studies was conducted at 
the wood mechanics lab of the Norwegian University of Life Sciences 
(NMBU) and the Karlsruhe Institute of Technology (KIT). The initial 
series constituted the core of a Master’s Thesis [40], while the second 
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Table 3
Synoptic table on the standard model for the buckling capacity of timber screws where 
𝛼𝑔 = 0.49 and 𝛽𝑔 = 1 (or 𝛽𝑔 = 2 for clamped screws) according to FprEN 1995-1-1 [15] 
(the symbols are defined in the dedicated section). Alternative values were proposed 
in the model in Aloisio et al. [31].

Buckling resistance of the screws (FprEN 1995-1-1)

𝐹𝑐,𝑘 = 𝛷𝑐𝑁𝑝𝑙,𝑘 (13)

𝛷𝑐 =

⎧

⎪

⎨

⎪

⎩

1 for 𝜆̄𝑘 ≤ 0.2
1

𝛷+
√

𝛷2−𝜆̄2𝑘
for 𝜆̄𝑘 > 0.2 (14)

𝛷 = 0.5
[

1 + 𝛼
(

𝜆̄𝑘 − 0.2
)

+ 𝜆̄2𝑘
]

(15)

𝜆̄𝑘 =

√

𝑁𝑝𝑙,𝑘

𝑁𝑘𝑖,𝑘
(16)

𝑁𝑝𝑙,𝑘 = 𝜋
𝑑2
1

4
𝑓𝑦,𝑘 (17)

𝑁𝑘𝑖 = 𝛽𝑔
√

𝑐ℎ𝐸𝑆𝐼𝑆 (18)

𝑐ℎ = (0.19 + 0.012𝑑) 𝜌𝑘
( 90◦ + 𝜖

180

)

(19)

𝐸𝑆𝐼𝑆 = 210000
𝜋𝑑4

1

64
(20)

series was undertaken by the lead author during a research visit to 
KIT in May 2023. Both campaigns utilized a similar experimental 
arrangement, though with minor differences as outlined below.

Despite the similarities, the two test campaigns focused on different 
facets of the reinforcement technique. At NMBU, the experiments em-
phasized installation factors like deviation of insertion angle, whereas 
at KIT, the focus was predominantly on material factors, such as 
moisture content and density.

3.1. Tests at NMBU

For the tests carried out at NMBU, several specimens were produced 
to insert the screws for subsequent single screw compression tests (see 
Fig.  7). The depth of the specimens was designed to accommodate 
the longest screws being tested, while the other dimensions of the 
specimens were chosen to fit 3 to 6 screws per specimen, ensuring that 
the minimum spacing and edge distances were respected (see Fig.  6).

For the test campaign at NMBU, glued laminated timber GL30 made 
of Norway spruce according to EN 14080 [41] was used. Two types of 
cross-sections were prepared: 140 × 225 mm for 6 mm diameter screws 
and 140 × 540 mm for 8 and 10 mm diameter screws, with a interspace 
and end distance varying from 80 to 100 mm. The lengths 𝑙 of the 
blocks varied, 330 mm for 6 mm diameter screws and 510/570 mm 
for 8 and 10 mm diameter screws.

Before testing, the specimens were stored in a controlled environ-
ment with a relative humidity of 65% and a temperature of 20 ◦C. At 
time of testing, the moisture content of the specimens was about 16%. 
Due to the fact that the influence of wood moisture content proved to 
be negligible in the KIT tests, see Section 5.2, the results of the NMBU 
campaign are comparable with the results of other testing campaigns.
6 
Fig. 5. Main geometrical parameters of full threated self-tapping screws.

Moisture content was measured using both the electrical resistance 
method according to EN 13183–2 and the oven-dry method according 
to EN 13183-1 [42,43]. Since the screws were inserted into the central 
layers, moisture content was measured both close to the surface and in 
the inner section near the screws using a Delmhorst RDM3 instrument. 
It should be noted that moisture was only measured in the same zones 
as the screws, meaning the timber beneath was not considered.

Given the use of combined glued laminated timber (GLT) and the 
potential significance of density on the results, density was measured 
in both the inner and outer layers. Density was assessed after testing 
in areas not visibly damaged. Following ISO 13061–2 requirements, 
a high-precision balance was used for measuring the piece by water 
immersion. The oven-dry method, according to EN 13183–1, was later 
used to confirm the initial results. The sections were dried in a venti-
lated oven at 103 ± 2 ◦C. The same weighing and volume measuring 
procedures were used to determine the dry density. For the specimens 
of the NMBU test campaign the mean density ρ and the mean moisture 
content ω were 469 kg/cm3 (COV ∼8.3%) and 16% (COV ∼12.5%) 
respectively.

The screws applied in this study were fully threaded, self-tapping 
screws manufactured according to the European technical assessment 
document [44]. The geometrical properties for the screw adopted are 
indicated in Fig.  5 and reported in Table  4 for the diameter 𝑑 and length 
𝑙.

In the NMBU test campaign, screws with diameters of 6 mm, 8 mm, 
and 10 mm were inserted at various angles as shown in Fig.  6. The 
screws were positioned such that the center of gravity was in the middle 
of the cross-section, as illustrated in Fig.  6. Pre-drilled holes ensured the 
intended inclination of the screws, following the ETA guidelines and 
matching the length of the screws. Straight holes were drilled using a 
bench drill press, while holes under an angle were created with a drill 
guide.

A total of 99 compression tests conducted at NMBU involved apply-
ing pressure to a single screw, following the setup described in [29], 
in which the screw head was directly loaded causing the screw itself to 
fail.

The NMBU specimens were subjected to compressive forces us-
ing the load cell of the ZwickRoell Z1200 Universal Testing Machine 
(UTM). Deformations were measured both at the screw head—using 
the total displacement recorded by the ZwickRoell universal testing 
machine (UTM)—and beneath the screw tip, where external Heiden-
hain BX-CNINCAD.YC1-001 sensors monitored the vertical movement 
of brackets fixed at the screw tip level. This setup allowed for the 
subtraction of deformations occurring below the screws from the total 
recorded displacement (see Fig.  8).

The type of loading on the screw heads in the NMBU tests is referred 
to as ‘‘torx’’ tests, as the torx bit was used as the compression device, 
as shown in Fig.  7. In these tests, undesired torque forces emerged 
during the compression test because the torx bits settled into the screw 
drive. This led to the failure of the torx bit in some instances, as 
shown in Fig.  13(a). Despite the undesired failure of the bits, it had no 
impact on the ultimate outcome, as this failure only manifested in a few 
instances after reaching the maximum load. To mitigate safety concerns 
during testing, the issue was resolved by removing the threads from the
bits.
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Table 4
Properties of screws used in NMBU tests.
 Screw type Diameter Length Withdrawal resistance 
 𝑑 (mm) 𝑑1 (mm) 𝑙 (mm) 𝑓𝑎𝑥,𝑘 (N/mm2)  
 [44] 6 4.1 100/120/160 11.8  
 [44] 8 5.5 120/160/200/220/260 11.8  
 [44] 10 6.25 280/300/340 11.8  
Fig. 6. Screws arrangement in NMBU test.
Fig. 7. NMBU test set-up (‘‘Torx’’ test).
The loading sequence was carried out in accordance with ISO 
6891 [45], as shown in Fig.  9. The testing protocol depends on the 
initial estimated load, denoted in the standard as 𝐹𝑒𝑠𝑡, which is derived 
from experience, calculation, or preliminary tests. In this study, 𝐹𝑒𝑠𝑡 was 
determined using the method detailed in [31], following the formulas 
in the draft FprEN 1995 [15] with minor modifications: both 𝛼𝑔 and 
the amplification factor 𝑁𝑘𝑖,1 were set to 0.16, with the latter being 
multiplied by 2.34.
7 
The loading procedure is illustrated in Fig.  9. The test includes 
four stages. Stages 1, 2, and 3 are characterized by loading rates of 
0.2 ⋅ 𝐹𝑒𝑠𝑡∕𝑚𝑖𝑛, whereas stage 4 is controlled by displacement. Stages 
1 and 2 comply with ISO 6891 [45] and aim to prevent residual 
initial deformations and stabilize the loading region. The specimen is 
subjected to 40% of the estimated resistance (𝐹𝑒𝑠𝑡) for 30 s, after which 
the load is reduced to 10% of 𝐹𝑒𝑠𝑡 and held for another 30 s. Stage 4 
involves a deformation rate of 1mm∕min or 1.5mm∕min, thus achieving 
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Fig. 8. Global 𝛥 and local 𝛿 displacement at the head and tip of the screw.

Fig. 9. Loading protocol according to ISO 6891.

the maximum force within 300 ± 120 s. The test will automatically stop 
at different displacement target values based on the chosen diameter. 
To achieve a test duration of approximately 10 min, varying rates were 
employed.

3.2. Test at KIT

For the specimens tested at KIT, ten blocks with approximate di-
mensions of 120 × 360 × 350,mm3 were produced by bonding three 
previously sawn timber elements of Norway spruce together (see Fig. 
10(a)). The sub-blocks were extracted from sawn timber elements with 
dimensions of roughly 120 × 120 × 1000mm3 which were previously 
sorted in two groups of distinct densities (‘‘low’’ and ‘‘high’’ density 
sub-blocks). The mean values of density ρ of all ‘‘low’’ and ‘‘high’’ sub-
blocks were 394 kg/cm3 (COV ∼0.1%) and 536 kg/cm3 (COV ∼6%) 
8 
respectively. Although the material was not graded for strength, it was 
classified by density, so it is not entirely ‘‘ungraded’’. The mean density 
ρ of all KIT series was 465 kg/cm3 (COV ∼16%).

The sub-blocks were then stored in two distinct climates, a climate 
chamber to derive ‘‘wet’’ specimens (relative humidity RH ∼95% and 
temperature 𝑇 ∼20 ◦C) and controlled standard climate (RH ∼65%, 
temperature 𝑇 ∼20 ◦C) to obtain the ‘‘dry’’ specimens. The ‘‘dry’’ and 
‘‘wet’’ conditions were considered achieved when the timber elements 
reached equilibrium moisture content in their respective climate en-
vironments (see Figs.  11(a) and 11(b)). The moisture content of the 
specimens was assumed to be approximately ω∼12% for the ‘‘dry’’ 
conditions and approximately ω∼18% for the ‘‘wet’’ conditions, in 
accordance with the hygrometric tables for coniferous wood species at 
equilibrium with the environment. Each block’s identification acronym 
consists of a first letter representing the moisture condition (W for 
‘‘wet’’ and D for ‘‘dry’’), a second letter representing the density (L for 
low and H for high), and a Roman number indicating the test series. 
The total number of series was 10 (6 ‘‘dry’’ and 4 ‘‘wet’’).

The screws applied in KIT test fully threaded, self-tapping screws 
manufactured by two different producers (according to the European 
technical assessment documents [44,46]). The geometrical properties 
for the screw adopted are indicated in Fig.  5 and reported in Table  5 
for the diameter 𝑑 and length 𝑙.

During the KIT campaign, screws were inserted into each block 
following the arrangement shown in Fig.  12. Each screw maintained a 
minimum spacing of 5 d, while the outer 6 mm screws were positioned 
with an edge distance of 10 d. The neighboring screws were offset by 
10 mm from the central axis of the block.

All KIT samples underwent pre-drilling with a 3 mm predrill diam-
eter for screws with 6 and 8 mm nominal diameter, and with a 5 mm 
predrill diameter for screws with 10 mm nominal diameter. In all cases, 
the predrilling length was 50 mm. Pre-drilling ensured the creation of 
a straight hole. The screws were inserted perpendicular to grain, and 
the head remained flush with the timber surface (Fig.  10(b)).

To address the issues highlighted in Fig.  13(a), in the KIT test 
a specialized head system was designed to introduce the loads into 
the screw heads, featuring two distinct geometries (see Figs.  13(b)
and 13(c)). The setup depicted in Fig.  13 features a sharp pointed 
tip designed to fit into the screw head, thereby preventing lateral 
movement. Two variants of the heads were applied. The head with a 
‘‘calotta’’ was equipped with a special cap acting as a spherical hinge. 
This was utilized for the initial four test series (DL-I, DL-II, DH-I, DL-
II), corresponding to the first 24 tests fo the KIT specimens. In case of 
considerable initial eccentricity, this variant led to substantial twisting 
of the screw head Fig.  14(a). The tests in which hinges developed under 
the screw head were not considered in the analysis reported in the 
next section. To mitigate these undesired and – in terms of practical 
application – unrealistic secondary stresses and failure mode, a head 
without a ‘‘calotta’’ was used for the next 36 tests, see Fig.  14(b).
Fig. 10. KIT specimens: Preparation of the specimens.
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Table 5
Properties of screws used in KIT tests.
 Screw type Diameter Length (mm) Withdrawal resistance 
 𝑑 (mm) 𝑑1 (mm) 𝑙 (mm) 𝑓𝑎𝑥,𝑘 (N/mm2)  
 [46] 6 3.9 200 11.5  
 [44] 8 5.5 260 11.8  
 [44] 10 6.25 300 11.8  
Fig. 11. KIT specimens: (a)‘‘Dry’’ subblocks (moisture content of about 12%; (b) ‘‘Wet’’ subblocks (moisture content of about 18%).
Fig. 12. Screws arrangement KIT test (dimensions in mm).

Using prior experience gained at the NMBU laboratory, we em-
ployed the identical measurement setup and testing method, outlined 
in Section 3.1, was employed for conducting the KIT test (see Fig.  14).

In total of 60 compression tests at KIT were conducted using a 
Hegewald&Peschke Universal Testing Machine (UTM) with a maximum 
capacity of 250 kN. The load was recorded via the load cell built 
into the UTM. Vertical deformation was monitored using the UTM’s 
integrated sensor, as internal machine slip was deemed negligible for 
this setup (The additional metric 𝛿 at the screw tip was found to be an 
order of magnitude smaller than the displacement 𝛥, see Fig.  8). Both 
load and displacement signals were captured by an HBK Quantumx 
datalogger.
9 
Fig. 13. Different types of head adopted for load introduction.

The loading sequence was carried out adopting the same method 
described in Fig.  9) according to ISO 6891 [45].

3.3. Methods of analysis

The experimental results can be expressed in terms of 𝐹𝑚𝑎𝑥 or 
alternatively in terms of 𝐹 ∗

𝑒𝑠𝑡 determined with a procedure similar to 
the one described in EN 408 [47], and adapted by Tomasi et al. [29] 
for single screw compression tests (see Fig.  15).

Within this iterative method, the estimated value 𝐹 ∗
𝑒𝑠𝑡 is derived 

from the stiffness measured between 0.1𝐹 ∗  and 0.4𝐹 ∗ , as shown in 
𝑒𝑠𝑡 𝑒𝑠𝑡
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Fig. 14. Final deformation of screw head with and without ‘‘calotta’’ in KIT tests.
Fig. 15. Load–deformation curve for compression.

line 1 of Fig.  15. Line 1 is then moved 1% of the length of the screw, as 
displayed with line 2 in Fig.  15. The intersection between the second 
line and the force displacement curve delivers the estimated 𝐹 ∗

𝑒𝑠𝑡, as 
displayed in Fig.  15. If the difference between the calculated 𝐹 ∗

𝑒𝑠𝑡 and 
the estimated 𝐹 ∗

𝑒𝑠𝑡 is greater than 5% this process is repeated until it 
is within the tolerance of 5%, replacing the calculated 𝐹 ∗

𝑒𝑠𝑡 with the 
estimated 𝐹 ∗

𝑒𝑠𝑡. This method can be utilized when the load–deformation 
curve does not exhibit a distinct peak load that can be considered the 
maximum, or when the peak is associated with a deformation that 
cannot be considered compatible with an operational condition of the 
structures (note that the definition of the maximum deformation is the 
method used in EN408 [47] to determine 𝑓𝑐,90,𝑘).

The buckling failure modes observed in the NMBU tests did not 
exhibited a distinct peak load, hence these results are reported both in 
terms of 𝐹𝑒𝑠𝑡. In the case of KIT tests, the experimental results has been 
expressed in terms of 𝐹𝑚𝑎𝑥, since the buckling failure modes observed 
did exhibited a distinct peak load.

The characteristic 5th-percentile value according to EN 14358 [48] 
is obtained, for the case of normally distributed values, as follows: 

𝑚 = 𝑦 − 𝑘 (𝑛)𝑠 (21)
𝑘 𝑠 𝑦

10 
where 𝑦 and 𝑠𝑦 are the mean value and the standard deviation, respec-
tively, and the parameter 𝑘𝑠(𝑛) is calculated in function of the number 
𝑛 of specimen.

The experimental data were statistically analyzed using an analysis 
of variance (ANOVA) to evaluate differences between groups and the 
influence of different parameters. Since ANOVA relies on the assump-
tion of normally distributed residuals, a Quantile–Quantile (Q–Q) plot 
was used to assess the normality of the data. In a Q–Q plot, the quantiles 
of the sample data are plotted against the corresponding quantiles of 
a normal distribution; alignment of the points along the reference line 
𝑦 = 𝑥 indicates that the normality assumption is satisfied (see Figs.  17
and 19). Following significant ANOVA results, post-hoc comparisons 
were conducted to identify specific group differences.

4. Results

4.1. Results of NMBU tests: load–displacement curves and load-carrying 
capacity

The primary observations gathered during the tests at NMBU was 
that all screws d = 6 mm experienced pushing-in failure. Screws d = 
8 mm with l = 120 mm experienced pushing-in failure while screws 
with l = 160 mm experienced mostly combined failure. All remaining 
NMBU tests (d = 8 mm with 𝑙 = 200 ÷ 280 mm and all screws d = 
10 mm) experienced buckling failure. Fig.  16 presents the outcomes 
for each screw test, depicting the force–displacement relationship for 
the NMBU campaign. All graphs maintain a uniform scale for both axes, 
enabling a comparison of performance based on screw attributes. These 
attributes are represented by the 𝑑 × 𝑙𝑟 notation, which denotes the 
screw’s diameter and length, respectively.

The method outlined in Section 3 and depicted in Fig.  15 was 
utilized to obtain the load 𝐹𝑒𝑠𝑡 for the NMBU experiments. In the NMBU 
tests, both pushing-in and buckling mechanism were observed, and the 
difference in the failure mode is also evident from the shape of the 
force displacement-relationship. For example, the curves for specimens 
8 × 120 and 8 × 160 depicted in Fig.  16 exhibit a distinct pattern 
indicative of a withdrawal failure mode, unlike the curves for the 
remaining 8 mm diameter specimens, which displayed buckling failure.

The normality of the distributions of the results has been visually 
confirmed by the use of QQ plots, as visualized in Fig.  17. This 
conclusion is further supported by traditional normality tests such as 
Shapiro–Wilk and Anderson–Darling.
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Fig. 16. NMBU test: force–displacement relationship by screw type (mean curves).
Fig. 17. Q–Q plot for the capacity values in NMBU tests (𝐹𝑒𝑠𝑡 in kN).
Table 6
Summary of the results of the 99 compression tests at NMBU in terms of estimated capacity 𝐹𝑒𝑠𝑡 in kN. KEY: P = pushing-in; B = buckling; C 
= combined failure.
 Screw type Test Lab Repetitions Mean std COV 5th percentile Failure mode 
 6 × 100 NMBU 9 10.49 1.21 12% 7.92 P  
 6 × 120 NMBU 9 11.29 0.74 7% 9.71 P  
 6 × 160 NMBU 9 12.49 0.79 6% 10.80 P  
 8 × 120 NMBU 9 18.12 1.70 9% 14.51 P  
 8 × 160 NMBU 9 25.04 1.43 6% 22.00 C  
 8 × 200 NMBU 9 25.13 3.73 15% 17.18 B  
 8 × 220 NMBU 9 26.17 3.63 14% 18.44 B  
 8 × 260 NMBU 9 25.68 3.22 13% 18.82 B  
 8 × 280 NMBU 9 24.17 2.67 11% 18.48 B  
 10 × 300 NMBU 9 34.94 4.43 13% 25.50 B  
 10 × 340 NMBU 9 37.70 1.65 4% 34.19 B  
Eq.  (21) was adopted to evaluate the characteristic values given in 
Table  6 for each type of screw tested (where 𝑘𝑠(9) = 2.13 according to 
EN 14385 [48]).

4.2. Results of KIT tests: load–displacement curves and load-carrying ca-
pacity

The primary observation gathered during the tests at KIT was 
that all resulted in buckling failure of the screws. Fig.  18 presents 
the outcomes for each screw test, depicting the force–displacement 
relationship for the KIT campaign. All graphs maintain a uniform scale 
for both axes, enabling a comparison of performance based on screw 
attributes. These attributes are represented by the 𝑑×𝑙𝑟 notation, which 
denotes the screw’s diameter and length, respectively.

In the KIT experiments, the load–displacement graphs showed dis-
tinct peak loads at the point of buckling failure. Thus, in this instance, 
11 
the experimental findings are illustrated by the maximum experimental 
load 𝐹𝑚𝑎𝑥.

The normality of the distributions of the results has been visually 
confirmed by the use of QQ plots, as visualized in Fig.  19. This 
conclusion is further supported by traditional normality tests such as 
Shapiro–Wilk and Anderson–Darling.

Eq.  (21) was adopted to evaluate the characteristic values given 
in Tables  7 for each type of screw tested and density value (where 
𝑘𝑠(10) = 2.09 according to EN 14385 [48]).

5. Discussion

5.1. NMBU results

5.1.1. Comparison to analytical models
The results of the experimental campaign at NMBU, compared with 

the different analytical models described in Tables  3 and 2, are reported 
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Fig. 18. KIT-results: force displacement curve by screw type and density.

Fig. 19. Q–Q plot for the capacity values in KIT tests (𝐹𝑚𝑎𝑥𝑖𝑛 kN).
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Table 7
Summary of the results of the 60 compression tests at KIT in terms of estimated capacity 𝐹𝑚𝑎𝑥 in kN. KEY: P = pushing-in; B = buckling; C = 
combined failure.
 Screw type Test lab Repetitions Mean std CoV 5th percentile Failure mode 
 6 × 200 KIT - low 10 17.50 0.56 3.20% 16.33 B  
 8 × 260 KIT - low 10 28.19 0.86 3.04% 26.40 B  
 10 × 300 KIT - low 10 36.75 2.29 6.23% 31.97 B  
 6 × 200 KIT - high 10 19.38 1.84 9.47% 15.87 B  
 8 × 260 KIT - high 10 30.33 3.22 10.61% 24.17 B  
 10 × 300 KIT - high 10 40.72 3.06 7.52% 34.85 B  
Table 8
Analyzed NMBU results.

test results screws properties EC5 Aloisio et al.
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
screw type n 𝐹𝑒𝑠𝑡,𝑚𝑒𝑎𝑛 𝐹𝑒𝑠𝑡,𝑘 COV f.m. 𝑑 𝑑1 𝑙 𝑓𝑤𝑘 𝐹𝑤,𝑘,𝐸𝐶5 𝐹𝑏𝑢𝑐𝑘𝑙,𝑘,𝐸𝐶5 𝐹𝑐,𝑚𝑖𝑛,𝐸𝐶5 f.m. error 𝐹𝑏𝑢𝑐𝑘𝑙,𝑘,𝐴𝑙 𝐹𝑐,𝑚𝑖𝑛,𝐴𝑙 f.m. error

(kN) (kN) (mm) (mm) (mm) (MPa) (kN) (kN) (kN) (kN) (kN) (kN)
6x100 9 8.26 7.29 5 % P 6 4.1 100 11.8 7.72 9.02 7.72 P −6 % 13.04 7.72 P −6 %
6x120 9 9.37 8.60 4 % P 6 4.1 120 11.8 9.26 9.02 9.02 B −5 % 13.04 9.26 P −7 %
6x160 9 14.68 11.22 11 % P 6 4.1 160 11.8 12.35 9.02 9.02 B 24 % 13.04 12.35 P −9 %
8x120 9 14.34 12.32 7 % P 8 5.5 120 11.8 12.35 16.52 12.35 P 0 % 23.54 12.35 P 0 %
8x160 9 21.58 17.83 8 % P 8 5.5 160 11.8 16.47 16.52 16.47 P 8 % 23.54 16.47 P 8 %
8x200 9 24.96 17.05 15 % B 8 5.5 200 11.8 20.59 16.52 16.52 B 3 % 23.54 20.59 P −17 %
8x220 9 26.02 18.25 14 % B 8 5.5 220 11.8 22.65 16.52 16.52 B 11 % 23.54 22.65 P −19 %
8x260 9 25.36 18.74 12 % B 8 5.5 260 11.8 26.76 16.52 16.52 B 13 % 23.54 23.54 B −20 %
8x280 9 24.01 18.22 11 % B 8 5.5 280 11.8 28.82 16.52 16.52 B 10 % 23.54 23.54 B −23 %
10x300 9 35.20 26.07 12 % B 10 6.25 300 11.8 38.60 21.66 21.66 B 20 % 30.49 30.49 B −14 %
10x340 9 37.83 34.68 4 % B 10 6.25 340 11.8 43.75 21.66 21.66 B 60 % 30.49 30.49 B 14 %
in Table  8. The test ID in column 0 is represented by the nominal 
diameter 𝑑 and thread length 𝑙𝑟. Columns 1 to 4 report the test results in 
terms of numbers of repetitions, mean experimental capacities 𝐹𝑒𝑠𝑡,𝑚𝑒𝑎𝑛, 
characteristic experimental capacities 𝐹𝑒𝑠𝑡,𝑘 and coefficient of variation. 
The failure mode (P = pushing-in; B = buckling) is given in column 5.

The characteristic values given by the formula reported in Table  3 
are reported in columns 10–14 when adopting the Eurocode model [15] 
and in columns 15–18 when adopting the Aloisio et al. model [31]. 
The deviation of the model from the experimental results is reported in 
columns 13 and 18.

It can be noted that model in FprEN1995-1-1:2025 [15] under-
estimates the capacity when it comes to buckling phenomena, while 
the model from Aloisio et al. seems to be more precise, however 
leading to slight over prediction of the characteristic values in some 
cases. In case of the NMBU tests, the mean error is about 13% for 
the FprEN1995-1-1:2025 model and -9% for Aloisio model. It is also 
interesting to observe the capacity of the models to correctly predict the 
failure modes observed experimentally in the NMBU tests, see column 
5 featuring different colors in case of buckling or pushing-in (Table 
8). Columns 13 and 17 highlight in green correctly predicted failure 
modes, demonstrating that both models accurately predict the majority 
of failure modes.

As highlighted in Table  8, even though the 6 × 120 mm and 
6 × 160 mm screws were expected to experience buckling according 
to FprEN1995-1-1:2025, they instead failed due to pushing-in. In these 
scenarios, the Aloisio et al. model was more accurate in its predictions. 
It is clear from Table  8 that the failure load correlates with screw length 
in cases of pushing-in failure but does not show such a correlation with 
buckling failure.

The boxplot charts in Fig.  20 illustrate graphically the outcomes 
of the NMBU tests in terms of 𝐹𝑒𝑠𝑡. The experimental results are then 
compared with the analytical prediction of the different analytical 
modes described in Section 2. It is graphically evident that in case of 
pushing-in failure type the failure load correlates with screw length, 
while this correlation does not hold for buckling capacity, which is 
length-independent (only a slight variation in the maximum load for 
longer screws can be noted in the diagrams of Fig.  20).

5.1.2. Effect of inclination
The effect of inclination on the capacity has been analyzed for 

screws with diameters of 𝑑 = 8 mm and 𝑑 = 10 mm, focusing on lengths 
for which buckling failure modes were experimentally observed. For 
13 
these scenarios, the failure mode proves to be independent of the screw 
length, allowing to only take the inclination factor into account. The 
impact of ‘‘controlled’’ inclination is illustrated in the box plot diagrams 
in Fig.  21.

The influence of the inclination angle on the capacity of screws 
with diameters 𝑑 = 8 mm and 𝑑 = 10 mm has been statistically as-
sessed using analysis of variance (ANOVA) and post hoc tests. Assump-
tions for ANOVA, including normality of residuals and homogeneity of 
variances, were verified and satisfied for both diameters.

The ANOVA results indicate that both for 𝑑 = 8 mm and 𝑑 = 10 mm
diameter the inclination angle has a statistically significant effect on 
the screw capacity. Post hoc analysis using Tukey’s HSD test revealed 
a significant reduction in capacity at 10◦ inclination compared to 0◦, 
while no significant differences were observed between 0◦ and 5◦ or 
between 5◦ and 10◦.

5.2. KIT results

5.2.1. Comparison to analytical models
A comparison with the analytical models is also reported for KIT 

tests, separated in function of the density level in Tables  9 and 10. 
The definitions of the parameters for each column correspond to those 
outlined in Section 5.1.1. In this campaign only long screws were 
adopted for 6 mm, 8 mm and 10 mm diameter, therefore in all the cases 
only the buckling failure mode was observed (and correctly predicted 
by the models).

In case of the KIT tests with low density specimens, the mean error is 
about 39% for the FprEN1995-1-1:2025 model and 12% for the Aloisio 
model. In case of the KIT tests with high density specimens, the mean 
error is about 35% for the FprEN1995-1-1 model and 10% for the 
Aloisio model.

In comparison to the NMBU tests, that failed due to pushing-in or 
buckling, the COV for the KIT tests, that failed only due to buckling, 
is lower. Several factors can account for this difference, non least the 
limited number of specimens. The NMBU results include results of tests 
on specimens with varying insertion angle, potentially leading to higher 
COV, whereas all KIT tests featured the same insertion angle (90◦).

5.2.2. Effect of moisture and density
Figs.  22 and 23 report the boxplots for the KIT tests, highlighting 

the effect of density and moisture content on the results.
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Fig. 20. NMBU test (𝐹𝑒𝑠𝑡 in kN): boxplot for screws with different diameter and length.

Fig. 21. Influence of the screw inclination angle on the capacity.

Fig. 22. Results of KIT test: boxplots in function of the moisture content.
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Table 9
KIT results low density.

test results screws properties EC5 Aloisio et al.
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
screw type n 𝐹𝑚𝑎𝑥,𝑚𝑒𝑎𝑛 𝐹𝑚𝑎𝑥,𝑘 COV f.m. 𝑑 𝑑1 𝑙 𝑓𝑤𝑘 𝐹𝑤,𝑘,𝐸𝐶5 𝐹𝑏𝑢𝑐𝑘𝑙,𝑘,𝐸𝐶5 𝐹𝑐,𝑚𝑖𝑛,𝐸𝐶5 f.m. error 𝐹𝑏𝑢𝑐𝑘𝑙,𝑘,𝐴𝑙 𝐹𝑐,𝑚𝑖𝑛,𝐴𝑙 f.m. error
  (kN) (kN)   (mm) (mm) (mm) (MPa) (kN) (kN) (kN)   (kN) (kN) (kN)  
6x200 10 17.50 16.33 3.20 % B 6 3.90 200 11.5 15.17 8.69 8.69 B 47 % 13.00 13.00 B 20 %
8x260 10 28.19 26.40 3.04 % B 8 5.50 260 11.8 26.98 16.55 16.55 B 37 % 23.55 23.55 B 11 %
10x300 10 36.75 31.97 6.23 % B 10 6.25 300 11.8 38.92 21.70 21.70 B 32 % 30.50 30.50 B 5 %
Table 10
KIT Results high density.

test results screws properties EC5 Aloisio et al.
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
screw type n 𝐹𝑚𝑎𝑥,𝑚𝑒𝑎𝑛 𝐹𝑚𝑎𝑥,𝑘 COV f.m. 𝑑 𝑑1 𝑙 𝑓𝑤𝑘 𝐹𝑤,𝑘,𝐸𝐶5 𝐹𝑏𝑢𝑐𝑘𝑙,𝑘,𝐸𝐶5 𝐹𝑐,𝑚𝑖𝑛,𝐸𝐶5 f.m. error 𝐹𝑏𝑢𝑐𝑘𝑙,𝑘,𝐴𝑙 𝐹𝑐,𝑚𝑖𝑛,𝐴𝑙 f.m. error
  (kN) (kN)   (mm) (mm) (mm) (MPa) (kN) (kN) (kN)   (kN) (kN) (kN)  
6x200 10 19.38 15.87 9.47 % B 6 3.90 200 11.5 19.20 9.24 9.24 B 42 % 13.15 13.15 B 17 %
8x260 10 30.33 24.17 10.61 % B 8 5.50 260 11.8 34.16 17.46 17.46 B 28 % 23.79 23.79 B 2 %
10x300 10 40.72 34.85 7.52 % B 10 6.25 300 11.8 49.26 22.85 22.85 B 34 % 30.80 30.80 B 12 %
Fig. 23. Results of KIT test: boxplots in function of the density.
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 
 

 

 

 
 

 
 
 

 
 

 

 

 
 
 
 
 
 

 
 
 

Two different statistical techniques have been adopted to evaluate
the influence of density and humidity: two factors ANOVA (analysis
of variance) and mixed model. Both approaches demonstrated that
the density affects the results but not the moisture content. This is
also visible from Figs.  22 and 23. Fig.  23 also illustrates that both
models cover the influence of density to a lesser extent than indicated
by the test results (mean level), whereby the model proposed by
Aloisio et al. [31] seems to represent almost no influence of density on
buckling. The influence of density on the horizontal elastic foundation
increases with decreasing 𝛷𝑐 , i.e. with increasing tendency of pure
stability failure. Both models incorporate different factors 𝛽𝑔 (1,0 vs.
2,34) and 𝛼𝑔 (0,49 vs. 0,16), see e.g. Table  3. Due to this, the results of
both models actualize on different parts of the stability curve. As the
FprEN1995 model delivers more conservative results (i.e. the screws
are more prone to stability failure), it also involves a higher influence
of density on its results.

6. Conclusion

This study analyzes the influence of various parameters on the
capacity of screws inserted perpendicular to grain into timber elements
and subjected to compression. Specifically, the following factors were
examined:

• screw length, screw slenderness
• insertion angle,
• wood moisture content,
• wood density.
Two independent experimental campaigns allowed to identify the

significance of all studied factors, except for the moisture content,
which resulted in minimal variations in load-carrying capacity. In
15 
contrast, wood density demonstrated a substantial effect, confirming
its importance in connection design.

Based on the results of this study the influence of the following
factors can be summarizes as follows::

1. Inclination angle: Inserting the screw at an angle < 90◦ to
the timber surface reduces the load-carrying capacity by a few
percent for every 5◦  change, with a significant change from 0◦
to 10◦. Future research should examine this factor in groups of
screws under compression, taking into account that the overall
effect may be compensated due to varying inclinations of the
screws.

2. Moisture content: the influence of moisture content can be
considered negligible for moisture contents expected in building
practice (service class 1 and 2).

3. Density: the influence of density proved to be significant, result-
ing in an increase in load-carrying capacity in the upper single
digit percentage range when comparing low density spruce spec-
imens (𝜌𝑚𝑒𝑎𝑛 = 394 kg∕m3) to high density spruce specimens
(𝜌𝑚𝑒𝑎𝑛 = 536 kg∕m3).

The results also provided experimental validation for the theo-
retical model proposed by Aloisio et al. [31], showing a stronger
correlation with the experimental data compared to the model in
FprEN1995-1-1:2025 [15]. The models consider the impact of density
to a smaller degree than the test results (mean level) suggest. Notably,
the Aloisio [31] model appears to show minimal influence of density
on buckling. It is recommended to reassess both models in relation to
how they represent the impact of density.

The reason why it was decided to keep the more conservative model
in FprEN1995-1-1:2025 was the lacking ability of the current models
to capture the following group effects appearing in practical situations,
see Fig.  24:
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Fig. 24. Visualization of different type of group effects and buckling modes.
• uneven loading of screws in a group of screws due to deformation 
and/or rotation of the timber member above the support.

• uneven stress transfer from the wood matrix into the screws due 
to the position of the screw in a group of screws (corner, exterior 
rows, interior rows).

Larger-scale testing and more complex configurations could further 
validate the model in practical applications, enhancing its engineering 
usability. In such tests it should be attempted to provoke buckling 
failure in all possible failure modes, see Fig.  24. The result that any 
of these failure modes cannot be provoked in experiments could be 
an indication that this failure mode is unrealistic and could hence be 
ignored.

These findings highlight the importance of experimental research 
in supporting theoretical modeling and contributing to safer and more 
efficient designs in timber structures.
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