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Abstract
The high-cycle fatigue behaviour of a timber-to-timber connection with self-tapping screws is examined with the fasteners 
under bending due to their alignment lateral to the load direction. The cyclic tests were carried out with a sinusoidal non-
reversed load ( R = 0.1 ) with a loading frequency of 5 Hz. The examined connection is designed for the quasistatic failure 
mechanism with two plastic hinges per shear plane according to Johansen’s theory (European Yield Model), which is mirrored 
in the observed fatigue failure. Based on 30 cyclic tests on four nominal stress levels (S = {0.47, 0.41, 0.31, 0.20}) in the 
finite-life regime the respective Wöhler-curve is obtained, showing high conformity with the test data due to a consideration 
of the specific density of the individual specimens. It is shown that the examined fasteners show a superior fatigue behaviour 
under bending compared to axial loading. A simple safe-side approach for the application of Wöhler-curves for axial loading 
of threaded fasteners to the present case of fastener bending is proposed, extending the field of possible applications for the 
results of existing and future studies of the behaviour under axial loading.

1 Introduction

In the light of a growing societal and political demand for 
more sustainable solutions in the construction sector, tim-
ber constructions are increasingly considered for high/per-
formance structures that are subjected to repeated loading, 
for example, towers for wind energy plants (cf. Röhm et al. 
2015; Schröder 2015; Christian and Aicher 2016; Gräfe et al. 
2017; Sieder and Schröder 2019), heavy duty road bridges 
(cf. Rantakokko and Salokangas 2000; Flach and Frenette 
2004; Meyer et al. 2005; Lefebvre and Richard 2014), or 
elevator shafts (cf. Abrahamsen and Malo 2014; Malo 
et al. 2016; Abrahamsen 2017). Constituting an essential 
advancement in timber construction fastener technology, 
self-tapping screws can make a crucial contribution to the 
fulfillment of the structural challenges that arise with the 
new application fields.

However, little is known about the behaviour of connec-
tions with these fasteners in the high-cycle fatigue regime, 
which is a decisive limit state in the design of the described 
structures. Previous studies on this subject are highly limited 

and consider either small conventional timber and furniture 
screws that are not suitable for high-performance structural 
engineering applications (Burmester and Hoffmann 1970; 
Trübswetter 1973; Bröker and Krause 1991), or consider the 
fastener itself under axial loading (Ringhofer 2017; Ring-
hofer et al. 2019; Niebuhr and Sieder 2020) or connections 
with primarily axial loading of the fasteners (Stamatopoulos 
and Malo 2017).

Connections with self-tapping screws are predominantly 
realised with an inclined orientation of the fasteners with 
regard to the load direction to achieve mainly axial loading 
in the screws. This configuration yields higher strength and 
stiffness values than a lateral orientation of the fasteners 
which subjects them predominantly to bending. If, however, 
fatigue failure is considered, threaded metallic fasteners 
under bending generally show a behaviour that is superior 
to that under axial tension (cf., e.g., Schaumann and Marten 
2009) which could privilege the lateral orientation of the 
fastener in cases where material fatigue needs consideration. 
In this contribution, a timber-to-timber connection with self-
tapping screws under mainly lateral loading will be exam-
ined to form a first empirical basis for the comparison of the 
fatigue performance of timber connections with lateral and 
axial loading of the fasteners.

A previous study (Niebuhr and Sieder 2020) that exam-
ined the same fasteners under axial loading will later be 
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complemented by an ongoing examination of the withdrawal 
behaviour of the fasteners in spruce wood. That way, all 
possible failure mechanisms of connections with an inclined 
orientation of the fasteners have been examined, allowing for 
a full characterisation of these connections, which can then 
be compared to connections with lateral loading as examined 
in this contribution.

2  Material and methods

2.1  Material

The examined fasteners are fully threaded self-tapping 
screws with a nominal outer thread diameter of dn = 6 mm 
and length l = 120 mm with a cylindric head according 
to ETA-12/0114 (2017). In a sample with 23 specimens, 
the mean values of outer thread diameter, core diameter, 
flank inclination angle, head diameter and pitch have been 
determined as d = 5.96  mm, dc = 4.01  mm, � = 39.59◦ , 
dk = 8.15 mm, and p = 3.60 mm. The tensile strength of 
the material was determined as �u,mean = 1236.9 N/mm2 
with CV�u = 1.36% in a previous study (Niebuhr and Sieder 
2020).

The wooden specimens were manufactured from kiln 
dried spruce wood (Picea abies). Prior to specimen man-
ufacturing, the material was stored in standard climate 
20/65 (DIN 50014:2018-08 2018) until mass equilibrium 
was reached, and was stored in the same climate between 
manufacturing and testing. All specimens with visible 
imperfections such as knots, checks, excessive slope of 
grain etc. were neglected so that small clear specimens can 
be assumed. All tests were performed in standard climate 
23/50 (DIN 50014:2018-08 2018). The mean density of the 
specimens was determined as �N,mean = 473.9 kg/m3 with 
CV� = 11.06% . Figure 1 shows the distribution of �N for all 
specimens, divided into the test series samples.

2.2  Test setup

The examined connection is a timber-to-timber connection 
with mainly lateral loading of the screws, i.e. the screws are 
oriented perpendicular to the load direction; the test setup 
is shown in Fig. 2. The load is introduced as a compression 
force on the middle member and the outer members are sup-
ported vertically. To prevent unwanted axial forces in the 
fasteners due to the excentric load introduction into the side 
members, steel profiles have been set out to act as horizontal 
supports for the outer members, shown as ideal horizontal 
supports in Fig. 2. To ensure that the fasteners bear as much 
of the outer load as possible, the surface between middle 
and outer members has been lined with a thin PTFE-layer 
( t = 0.20 mm) to minimise friction. Thin plywood battens 

(also lined with PTFE) were set out in the lower part of 
the specimens to prevent a rotation of the members around 
the fastener axis. The displacement in the shear planes was 
measured with four inductive displacement sensors, one on 
each side of each shear plane, see Fig. 2. Any mentioned 
displacement value is a mean value of these four points.

Spacings and edge distances of the fasteners fulfill the 
requirements in ETA-12/0114 (2017); the thickness of the 
outer members and the penetration depth in the middle mem-
ber were chosen in accordance with Eq. (NA.110) of the Ger-
man National Annex to EN 1995-1-1:2004+A1:2008 (2008) 
(DIN EN 1995-1-1/NA:2013-08 2013) to ensure two plastic 
hinges per shear plane according to Johansen’s theory (Euro-
pean Yield Model, cf. Johansen 1949):

Based on the mean density of the specimen material, the 
embedment strength was assumed as fh,mean = 26.7 N/mm2 

(1)treq = 1.15 ⋅ [3.14] ⋅

√
My,R

fh ⋅ d
≈ 40mm

Fig. 1  Distribution of the specimen density at standard climate 20/65 
(DIN 50014:2018-08 2018)

Fig. 2  Test setup, specimen geometry and location of displacement 
sensors. Note that each holding plate for the displacement sensors is 
fastened with only one screw either in a side member or in the middle 
member to measure the relative displacement in the shear planes
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according to Blaß et al. (2006). The fastener yield moment 
was assumed as the characteristic value in ETA-12/0114 
(2017), My,Rk = 16,000 Nmm, because a mean value was 
not available. As the chosen test setup is planned to be used 
in a later study with inclined screws, the penetration depth 
in the middle member was increased by 1.17 ⋅ d = 7 mm in 
accordance with Pirnbacher et al. (2009), who proposed 
considering the influence of the fastener tip on the with-
drawal behaviour of self-tapping screws with a reduction 
factor klength = 1.17 ⋅ d . This is not assumed to influence the 
behaviour under lateral loading considerably and was done 
to ensure maximal comparability between the tests with fas-
teners aligned perpendicular to the load direction and later 
tests with inclined fasteners.

Preliminary to the cyclic tests, the quasistatic capacity of 
the specimens was determined in 13 ramp tests according to 
EN 26891:1991-07 (1991) (Series  Lstat).

2.3  Experimental programme

The fatigue behaviour of the considered connection was 
examined in three series of cyclic tests as shown in Table 1. 
The stress level S = Fmax∕Fult was determined with the qua-
sistatic ultimate capacity Fult,mean from Series  Lstat. The ratio 
between minimal and maximal loading (stress ratio) was set 
to R = 0.1which is close to the most damaging non-revers-
ing loading for timber structures (cf. empirical data by, e.g., 
Sterr 1963; Tsai and Ansell 1990; Bonfield and Ansell 1991; 
Bond and Ansell 1998 or general assessments by Kreuzinger 
and Mohr 1994 and Smith et al. 2003). Reversed loading was 
omitted to keep the load introduction simple. The chosen 
loading frequency is f = 5Hz in all cyclic tests. Because the 
load cycle numbers at failure in the first tests were smaller 
than the commonly assumed threshold for high-cycle fatigue 
phenomena of metallic specimens ( N < 1.0E4 , see e.g., Col-
lins 1993), the stress level of the subsequent tests in that 
series was adjusted and the first tests are separately con-
sidered as Series  Ldyn,0. All cyclic tests were performed as 
force-controlled tests with sinusoidal loading at MFPA Leip-
zig GmbH on a walter + bai servo-hydraulic test rig (type 
LFV-5) with a maximum capacity of 7.5 kN. In compliance 
with the quasistatic reference tests the chosen termination 
criterion is a displacement of u = 15   mm.

3  Results

3.1  Quasistatic tests

Figure 3 shows the array of F − u - curves of the quasistatic 
tests. Note, that the discontinuity at ca. 5.5 kN is the transi-
tion from force-controlled testing to displacement-controlled 
testing. In all tests, the displacement threshold of u = 15 mm 
was decisive for the determination of the ultimate capacity, 
which was determined as

The individual results of the quasistatic tests in Series  Lstat 
are given in Table 2. An evaluation of the opened specimens 

Fult,mean = 6.836 kN with CVFult = 15.28%.

Table 1  Experimental 
programme

n (–) F
max

 (N) N
est

 (–)
S =

F
max

F
ult,mean (–)

R =
F
min

F
max (–)

f (Hz)

Ldyn,0 3 3200 1.0E4 0.47  0.1  5
Ldyn,1 7 2800 1.0E4 0.41
Ldyn,2 12 2100 6.0E4 0.31
Ldyn,3 8 1350 1.0E6 0.20

Table 2  Individual results of Series L
stat

�
N,mean,i (kg/m3) F

ult
 (N) �

N,mean,i (kg/m3) F
ult

 (N)

L1 382.5 4944 L31 487.1 7349
L5 398.9 5426 L35 489.8 7037
L9 407.9 5339 L39 496.2 7540
L13 446.1 6113 L43 503.0 7752
L17 467.1 7028 L47 509.6 8227
L21 473.8 6928 L51 526.8 7536
L27 480.6 7648

Fig. 3  Array of F − u - curves of the quasistatic preliminary tests
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after testing showed plastic deformation in the fasteners at 
47 of the 52 expected plastic hinge locations (ca. 90%). 
However, as the tests were not aborted at u = 15 mm but 
were continued up to u ≈ 20 mm, a proportion of these 
observed plastic hinges might have formed after reaching 
the respective ultimate capacity.

As shown in Fig. 4, the observed ultimate capacity shows 
a distinct dependence on the density of the individual speci-
men, which can satisfactorily be explained by the influence 
of the specimen density on the embedment strength. In order 
to estimate the individual quasistatic capacity of each speci-
men in the cyclic test series, a linear regression was per-
formed on the results from Series  Lstat, yielding the following 
relation between specimen density and quasistatic capacity 
( R2 = 0.9147):

Here, a mean value for the density of the individual speci-
mens (each comprised of three wooden members: two side 
members [sm] and one middle member [mm]) was assumed. 
First, the individual geometric mean density for both shear 
planes was calculated analogous to the consideration of 
different densities when determining Kser , cf. EN 1995-1-
1:2004+A1:2008 (2008) 7.1 (2); then, the arithmetic mean 
of the values for both shear planes was determined:

In the subsequent description of the results of the cyclic 
tests, the stress level will be individually evaluated for each 
test, determining the quasistatic capacity with Eq. 2 and the 
individual mean density of the respective specimen. These 
individually determined stress levels are indicated with an 
asterisk S∗.

(2)Fult,i [kN] = 0.022 ⋅ �N,mean,i

[
kg

m

3]
− 3.506

(3)�N,mean,i =

√
�N,sm1,i ⋅ �N,mm,i +

√
�N,sm2,i ⋅ �N,mm,i

2

3.2  Cyclic tests

3.2.1  Failure modes

In all cases, ultimate failure in the cyclic tests occurred 
through tear off of the screws due to the cyclic bending. 
Failure was observed at two points in each screw, one on 
each side of the shear plane, analogous to the desired pairs of 
plastic hinges according to Johansen’s theory under ultimate 
quasistatic load, see Fig. 5.

While in most cases full separation was observed, in a few 
cases failure occured only as a distinct crack on the tension 
side of the screw. With decreasing stress level, the location 
of the points of failure was observed to be closer to the shear 
plane, see Fig. 6.

Figure 7 shows the progression of the deformations at 
maximum load during cyclic testing. To compensate for the 
different magnitudes of load cycle numbers and deforma-
tions, the graphs of all tests are normalised with regard to 
both axes. The load cycle numbers are displayed relative 
to the individual ultimate load cycle number Ni∕N and the 
deformations are displayed relative to the mean deforma-
tion umean between 0.15 ⋅ N  and 0.75 ⋅ N  of every test dur-
ing which the deformations are quite stable. The individual 
values of umean are given in Table 3.

Fig. 4  Influence of �
N

 on F
ult

 ( �
N,mean,i acc. to Eq. 3)

Fig. 5  Failure through tear off at two locations in each fastener (specimen 
 L16❘ Series  Ldyn,3❘ N = 1.06E6 ❘ S∗ = 0.20 ). The dislocated pieces of the 
fasteners are not included in the picture

Fig. 6  Observed distance between location of failure and shear plane, 
theoretical location of M

max
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3.2.2  Load cycle numbers

The load cycle numbers at failure of the individual tests are 
given in Table 3 and displayed in Fig. 8. In Fig. 8, the four 
tested load levels (cf. Table 1) cannot readily be identified, 
because the ordinate displays the individual stress levels S∗ , 
determined with Fult,i according to Eq. 2. This yields an indi-
vidual effective stress level for each specimen, even though 
the absolute loading is the same within each series  Ldyn,i.

Since failure essentially occurs in the metallic fasteners, 
assuming a linear relation between the logarithmic values of 
loading and load cycle numbers was identified as the most 
promising approach for a continuous description of the test 
results. A linear regression was performed with the logarith-
mic S∗ − N-data, yielding the following relation for a failure 
probability of PA = 50% ( R2 = 0.939):

Although the linear regression is based on the double-logarith-
mic data, a linear scale is chosen for the ordinate ( S∗ ) in Fig. 8 
to comply with the common form of S − N-curves in timber 
construction. The chosen S∗ − N-relation also accounts for a 

(4)logN = 2.1830 − 5.1309 ⋅ log S∗

possible influence of the fatigue behaviour of the embedment 
in the wood. Beyond that, an evaluation of the stress ampli-
tude in the fasteners (the ordinary approach in the evaluation 
of metal fatigue) is only possible with limited reliability. 
Both of these aspects will be further discussed in Sect. 4. 
Analogous to the pearl string method in DIN 50100:2016-
12 (2016), the standard deviation of the logarithmic load 
cycle numbers at failure over all tests was determined as 
s̃logN,corr = 0.1922 (corrected according to Martin et al. 2011 
to compensate for the limited sample size). This approach 
is based on the assumption that the respective standard 
deviation is constant in the finite-life regime. A summary 

Fig. 7  Progression of maximal deformation during cyclic testing—
note the different scaling on the individual ordinates

Table 3  Individual results of the cyclic test series

a  Flawed data
b Runout

�
N,mean,i (kg/m3) S

∗ (–) N (–) u
mean

 (mm) �
u|M (mm)

Ldyn,0 
[
Fmax = 3200N

]

L2 386.7 0.632 5.00E3 10.63 2.93
L30 484.9 0.452 6.37E3 3.77 3.26
L50 523.9 0.426 9.71E3 3.12 2.62
Ldyn,1 

[
Fmax = 2800N

]

L10 409.9 0.502 6.06E3 5.54 1.86
L14 454.2 0.427 1.06E4 3.07 3.60
L18 471.2 0.404 1.42E4 2.79 3.69
L26 479.9 0.393 1.47E4 2.70 3.94
L34 489.0 0.382 1.35E4 2.60 4.88
L42 501.3 0.368 2.03E4 2.40 3.61
L46 508.1 0.361 2.67E4 2.28 3.02
Ldyn,2 

[
Fmax = 2100N

]

L3 391.8 0.406 1.97E4 2.76 2.65
L7 403.7 0.386 2.53E4 2.89 3.65
L11 413.0 0.372 3.05E4 2.70 2.65
L15 458.6 0.316 5.26E4 1.86 3.93
L19 472.5 0.302 5.59E4 –a 3.42
L25 479.3 0.295 1.24E5 1.37 3.92
L29 483.1 0.292 7.19E4 –a 3.67
L33 487.7 0.288 6.16E4 1.26 3.67
L37 493.4 0.283 5.93E4 1.27 4.67
L41 498.9 0.278 6.03E4 1.17 3.92
L44 505.4 0.283 9.00E4 0.81 4.27
L49 516.2 0.265 6.95E4 0.93 4.47
Ldyn,3 

[
Fmax = 1350N

]

L8 405.7 0.246 3.99E5 1.07 4.01
L12 435.2 0.220 6.03E5 0.99 4.11
L16 463.4 0.200 10.59E5 1.18 4.35
L20 473.2 0.194 7.68E5 1.00 3.96
L28 482.1 0.188 2.97E6b – –
L36 492.6 0.182 7.31E5 0.94 3.96
L40 498.1 0.179 2.01E6 1.16 4.46
L45 506.9 0.175 1.15E6 0.59 5.11
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of the different testing and evaluation approaches in DIN 
50100:2016-12 (2016) and the underlying assumptions has 
been given by Masendorf and Müller (2018).

To allow for a comparison of the given test results in 
bending and the results in axial tension from an earlier study 
(Niebuhr and Sieder 2020), the axial bending stresses in the 
fasteners shall be assessed. The analytical determination of 
the cross-sectional screw properties is not trivial and has 
been described extensively by Ringhofer (2017). Figure 9 
shows the chosen coordinates and the considered cross-sec-
tion. For the fastener given here (see Sect. 2), the moments 
of inertia have been determined as

With the location of the cross-section’s local centre of grav-
ity ( ys = 0∕zs = −0.22mm ), the section moduli are

To estimate the bending moment in the fasteners during 
the cyclic tests, a simple numerical beam-on-springs-model 
was used (implemented in the software package DLUBAL 
RFEM). The fasteners were modelled as cylindric beams 
with linear elastic behaviour ( E = 210 GPa) and diameter 
d = dc = 4.01 mm. The embedment was modelled with dis-
crete nonlinear spring elements (spaced 1 mm apart), esti-
mating the load-slip behaviour with the following equation:

Equation 7 is taken from Blaß et al. (2006) for the chosen 
geometric conditions. Initial slip ws = 0.022 mm is consid-
ered in w� = w − ws . To account for the pronounced influ-
ence of the specimen density on fh , the specimens were 
grouped into five classes with respect to their mean density 
�N,mean,i . For each class, a nominal embedment strength and 
respective load-slip diagram was estimated and considered 
in the numerical determination of the bending moments:

Figure 10 shows the assumed load-slip diagrams.
The determined location of the maximal bending moment 

in the screw is shown in Fig. 6. It can be seen that the dis-
tance between the shear plane and the theoretical location 
of the maximal bending moment increases with increasing 
stress level S∗ . However, the observed distance between 

(5)Iy = 19.3mm4 and Iz = 13.0mm4.

(6)Wy =

{
8.7mm3

−7.0mm3 and Wz = ±6.5mm3.

(7)�h(w) = fh ⋅
[
1.029 − 0.01 ⋅ w�

]
⋅

[
1 − e

−
w�

0.8

]
≤ fh

fh = {20.0, 23.0, 26.0, 29.0, 32.0}N/mm2

Fig. 8  Observed load cycle numbers and linear regression of double-
logarithmic data ( P

A
= 50% ); Wöhler-curve for connections with 

nails in EN  1995-2:2004 (2004); Wöhler-curve derived from axial 
tests (Eq. 17)

3 2

1

-1 -2 -3

2

3

-1

-2

-3

1

y

z

zs = 0.22 mm

d c
 =

 4
.0

1 
m

m

d 
= 

5.
96

 m
m

Fig. 9  Considered cross-section and coordinates for the determination 
of cross-sectional properties (adapted from Ringhofer 2017)

Fig. 10  Assumed load-slip behaviour in the beam-on-springs-model 
for f

h
= {20.0, 23.0, 26.0, 29.0, 32.0} N/mm2
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location of failure and shear plane is generally smaller than 
between the shear plane and the numerically determined 
location of the maximal bending moment, see also Fig. 5. 
Possible reasons for this discrepancy will be discussed in 
Sect. 4.

4  Discussion

4.1  Progression of deformation

As seen in Fig. 7, the deformations at Fmax of most speci-
mens are stable for most of the fatigue life and a consider-
able rise in deformations is observed only shortly before ulti-
mate failure. In a small number of tests, however, an abrupt 
rise of deformations is seen considerably before ultimate 
failure, followed by a stabilisation on a higher deformation 
level. Obviously, considerable damage has occured before 
ultimate failure in these tests, with ultimate failure prob-
ably only deferred by the redundant nature of the chosen test 
setup with two fasteners.

A possible approach to considering this phenomenon is to 
choose a different termination criterion in the fatigue tests, 
for example, a certain deformation increment between load 
cycles or a smaller absolute deformation. However, because 
the stress level in the fatigue tests is defined by the quasi-
static ultimate capacity determined in Series  Lstat, compli-
ance between the failure criteria in the static and dynamic 
test series is prioritised, which is why the original failure 
criterion ( u = 15 mm) was maintained in the fatigue tests. As 
the described premature damaging occured only in a small 
fraction of the tests, the effective influence on the overall 
evaluation is assumed to be small.

4.2  Location of failure

Quantitatively, the observed shift of the location of fail-
ure towards the shear plane with decreasing stress level S∗ 
as shown in Fig. 6 is plausible, given that the embedment 
stiffness decreases with increasing embedment stress (cf. 
Fig. 10). For smaller stress levels the embedment stiffness 
is higher in relation to the bending stiffness of the fas-
tener, which is assumed to be constant in the linear elastic 
regime. With increasing embedment stiffness, the location 
of the maximal bending moment moves closer to the shear 
plane, ultimately yielding the ideal bearing-type connection 
assumed for bolted steel connections, where no bending in 
the fastener is considered (Petersen 2013).

As mentioned, a discrepancy between the observed location 
of failure and the theoretical location of the maximal bending 
moment in the fastener was observed (cf. Figs. 5, 6 ). On aver-
age, the failure location is �u|M = 3.72 mm closer towards the 
shear plane than the numerically estimated maximal bending 

moment. Considering the individual values of �u|M for all 
fatigue tests, given in Table 3 as a mean value of the four fail-
ure locations per specimen, the discrepancy tends to be big-
ger for smaller stress levels S∗ . While the reason(s) for the 
observed discrepancy could not definitively be found, some 
possible explanations will be discussed: 

1. Deficiencies in the numerical simulation Obviously, the 
chosen numerical beam-on-springs-model is a gross 
simplification of the reality, especially with regard to 
the fatigue behaviour of the embedment of the fastener 
in the wood. However, given that the standard devia-
tions for the load-slip-curve parameter given by Blaß 
et al. (2006) are small, the estimation of this behaviour 
is thought to be sufficiently accurate.

2. Gaping shear plane Due to imperfect manufacturing and 
possibly also due to unexpected (and unnoticed) lateral 
deformations during testing, an open gap between side 
members and middle member of the specimens (in the 
shear plane) cannot be neglected. At a minimum, the 
members are kept at a certain distance by the PTFE-
layer, although this alone ( t = 0.20 mm) is not enough 
to justify the observed discrepancy �u|M . However, 
considering any gaping joint yields a maximal bending 
moment that lies closer to the shear plane, allowing to 
assign a partly explanation to this aspect.

3. Random scatter of crack initiation nuclei in the fastener 
The location of a fatigue crack in metals is bound to the 
existence of a crack initiation nucleus in the material 
such as dislocations and vacancies (Forsyth 1969). A 
certain proportion of these points is assumed to be ran-
domly distributed along the idealised longitudinal axis 
of the fastener (disregarding geometrical effects such 
as notches formed by the thread and other effects such 
as work hardening). In a previous study of the fatigue 
behaviour of the given fasteners under axial tensile load-
ing (Niebuhr and Sieder 2020), failure was observed 
to occur anywhere between the 2nd and 22nd thread 
(counting from head to tip), which is assumed to be rea-
soned by the natural scatter of crack initiation nuclei. 
The same can be applied here, certainly explaining some 
of the scatter of the location of failure. Additionally, 
with increasing deformation, an increasing proportion of 
the external load is borne as axial forces in the fasteners 
due to the rope effect, reducing the relative influence of 
the bending stresses in the fastener due to superposition 
of the stresses. However, as the observed failure loca-
tions are generally on one side of the theoretical loca-
tion, natural scatter alone is an unsufficient explanation 
for the discrepancy.

4. Influence of geometric and metallurgical notches Given 
that the surface geometry of the specimen has a major 
influence on the crack initiation, a deviation of the 
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failure locations in the magnitude of the thread pitch 
p = 3.60 mm would be plausible as this is the interval in 
which the geometric shape of the fastener repeats along 
the axis. However, the scatter range is about three times 
bigger than that (cf. Fig. 6), moreover, the deviation is 
only to one side of the theoretical location, see above.

5. Accumulated deformation in the wood close to the shear 
plane Smith et al. (2003) describe that under compres-
sive fatigue loading parallel to grain an accumulation of 
deformations can be observed in spruce wood (findings 
based on Gong 2000). Assuming that this is also valid 
for the given embedment in the wood (the load is ori-
ented parallel to the grain as well), the aforementioned 
gaping shear plane effect might be considerably intensi-
fied by local fatigue damage of the wood fibers close to 
the shear plane (cf. Fig. 11), effectively leading to the 
described gaping shear plane without an externally vis-
ible gap. This effect would assign a non-negligible influ-
ence on the behaviour of the connection to the fatigue 
behaviour of the wood, as it governs the alteration of the 
fastener loading during the progression of the test.

Given the described discrepancy between the loca-
tion of failure and the theoretical location of the maxi-
mum bending moment, the determination of axial bend-
ing stresses in the fastener must be discussed. Due to the 
uncertainties described above, the exact magnitude of the 
bending moment in the fastener at the location of failure 
is unknown. Additionally, the appropriate section moduli 
of the screw are unknown as the orientation of the screw 
(with regard to rotation around its longitudinal axis) is 

unspecified; Eq. 6 gives only the extreme values. Hence, 
the axial bending stresses in the fastener at the location of 
failure are estimated as a limit value consideration, deter-
mining the minimal and maximal realistic magnitude of 
the stress amplitudes for every specimen.

The maximum limit value of the bending moment in 
the fastener Mmax is assumed as the maximum value from 
the simulation, regardless of its location. The minimum 
limit value Mloc is assumed as the value from the simula-
tion at the point where failure was observed in the test. 
Both values are shown in Fig. 5. As to the section moduli, 
the minimal and maximal values from Eq. 6, Wy and Wz , 
are used, corresponding to the most favourable and most 
unfavourable axial orientation of the fastener (cf. Fig. 9). 
With these quantities, the minimum limit value of the axial 
bending stress at maximum external force Fmax is deter-
mined with the minimal bending moment and the maximal 
section modulus:

Accordingly, the maximum limit value at maximum external 
force Fmax is determined with the maximal bending moment 
and the minimal section modulus:

All of these considerations were undertaken for the stresses 
under the maximal external force in the load cycle Fmax . 
Neglecting some of the aforementioned nonlinearities, the 
stresses at Fmin = Fmax ⋅ R are assumed as

which yields

for the limit values of the stress amplitude. Equation 11 
was used to determine the axial bending stress amplitudes 
in Fig. 12, showing the minimal and maximal values as a 
range of uncertainty. A linear regression of the logarithmic 
�a − N-data yielded the following relations for the minimum 
(R2 = 0.955) and maximum (R2 = 0.945) limit values:

(8)min �(F = Fmax) =
Mloc(F = Fmax)

Wy

(9)max �(F = Fmax) =
Mmax(F = Fmax)

Wz

(10)
min �(F = Fmin) = min �(F = Fmax) ⋅ R

max �(F = Fmin) = max �(F = Fmax) ⋅ R

(11)
min �a =

1

2
⋅

Mloc(F = Fmax)

Wy

⋅ (1 − R)

max �a =
1

2
⋅

Mmax(F = Fmax)

Wz

⋅ (1 − R)

(12)
logN = 15.853 − 4.430 ⋅ log

(
min �a

)

logN = 16.949 − 4.717 ⋅ log
(
max �a

)

local fatigue
damage in wood
(superelevated)

fastener bending
(qualitative)

Fig. 11  Possible local embedment failure near the shear plane due 
to wood fatigue resulting in altered loading of the fasteners (top: no 
damage in wood; bottom: damage near the shear plane)
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4.3  Comparison axial tension and bending

Figure 12 shows the derived �a − N-Wöhler-curves in the 
classical double-logarithmic form for metals, displaying 
the stress amplitude on the ordinate. The results are com-
pared to the corresponding Wöhler-curve for the tested 
screw under axial tension from an earlier study (Niebuhr 
and Sieder 2020). It is obvious that the observed behaviour 
under bending is superior to that under comparable axial ten-
sion. This complies with existing findings on the behaviour 
of steel bolts that have been extensively examined for appli-
cations with combined loading such as bolted ring flange 
joints in towers for wind energy plants (cf. Agatonovic 1973; 
Frank 1980; Kampf 1997; Seidel 2001; Alt 2005; Berger 
et al. 2008; Schaumann and Marten 2009; Eichstädt 2019). 
As stated by the named authors, and shown in Fig. 12, the 
fatigue behaviour of threaded fasteners under bending and 
under combined axial and bending loading can be charac-
terised on the safe side using a Wöhler-curve for pure axial 
loading, as long as for combined loading the additional 
stress due to the bending component is considered in the 
determination of the stress in the fastener. This approach 
will be used in the next section.

4.4  Verification and design

At first, the Wöhler-curve given for nailed connections in EN 
1995-1-1:2004+A1:2008 (2008) shall be viewed as it might 
be considered appropriate for the verification of connections 
with self-tapping screws. As seen in Fig. 8, the EC-curve 
lies on the unsafe side of the obtained test results, clearly 
dismissing it for a verification of the tested fastener. This 
can satisfactorily be explained by the negative influence of 
the geometric notch that is formed by the threads as well as 
metallurgical notches formed during manufacturing of the 

fasteners. Hence, a dedicated design curve for self-tapping 
screws or threaded fasteners in general is necessary.

Obviously, for the specific examined fastener, Eq. 4 
yields the most accurate verification of timber-to-timber 
connections with lateral loading of the fastener. However, 
as described in Sect. 1, empirical data for the fatigue behav-
iour of threaded fasteners in timber construction is primar-
ily available and easier obtainable for axial loading. Hence, 
a simple safe-side approach for the verification of lateral 
fastener loading using axial Wöhler-curves is presented to 
allow for a utilisation of this more readily available type of 
data if connections with other fasteners shall be assessed.

As mentioned in the previous section, an axial Wöhler-
curve is sufficient for a safe-side estimation of the fatigue 
behaviour of the fastener under bending. These curves gener-
ally describe a �a − N-relation which will be transferred into 
an S − N-form in order to comply with the common form 
in timber construction. The stress amplitude from Eq. 11 is 
rearranged and multiplied with the minimum value of the 
section modulus to derive a respective maximum bending 
moment in the description of the material behaviour:

For a simplified estimation of the bending moment in a 
fastener under a given external force, a linear approach is 
proposed. It is based on the ultimate capacity Fult (deter-
mined with a method of choice, e.g., according to EN 1995-
1-1:2004+A1:2008, 2008) and the yield moment of the 
fastener My,R (e.g., as given in the respective technical 
assessment). The bending moment in the fastener is assumed 
to decrease linearly with decreasing external loading which 
yields

for the maximum force in a load cycle, yielding

and thus (Eq. 13 →14)

Assuming My,Rk = 16,000 Nmm for the examined fastener, 
this approach estimates the numerically estimated bending 
moment at the failure location Mloc with a mean error of 2.0% 
( CV = 10.59% ). Considering the extent of the conservativeness 
of the �a,axial-curve compared to the �a,lateral-curve in Fig. 12, 
this approach can be seen as reasonable.

(13)M(F = Fmax) =
2 ⋅ �a

1 − R
⋅Wz

M(F = Fmax) = My,R ⋅
Fmax

Fult

= My,R ⋅ S

(14)S =
M(F = Fmax)

My,R

(15)S =
2 ⋅ �a

1 − R
⋅

Wz

My,R

.

Fig. 12  Observed load cycle numbers at failure in relation to the axial 
stress due to bending (Eqs.  11,  12), comparison with Wöhler-curve 
for axial tension (axial data taken from Niebuhr and Sieder, 2020)
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Exemplarily, the proposed approach will be shown for the 
examined fastener, as the Wöhler-curve for axial loading is 
available from an earlier study (Niebuhr and Sieder 2020). 
There, the �a − N-relation for failure in the threaded part of 
the fastener was determined as

Considering Eq. 15 and Wz = ±6.5 mm3 (Eq. 6), Eq. 16 can 
be written as

Figure 8 shows the Wöhler-curve given by Eq. 17. Clearly, 
the simplified approach yields a highly conservative esti-
mation of the behaviour under lateral loading. However, if 
no other empirical data is available for a specific fastener, 
but a lateral orientation is desirable (e.g., because of space 
limitation in the members), the proposed approach enables 
a safe-side estimation of the fatigue behaviour.

5  Conclusion

The fatigue behaviour of a timber-to-timber connection with 
self-tapping screws under lateral loading was examined in 
the finite-life regime. The design of the connection was suc-
cessfully aimed at a decisive quasistatic failure mode with 
two plastic hinges per shear plane according to Johansen’s 
theory, which was mirrored in fatigue failure. The Wöhler-
curve for the examined connection was obtained on the 
basis of 30 fatigue tests with load cycle numbers ranging 
from 5.00E3 to 2.97E6, whereby the consideration of the 
individual density of the specimens enabled a continuous 
description of the results with a high accuracy.

An inspection of the obtained results with regard to the 
stress in the fastener enabled a comparison with the behav-
iour of the fastener under axial loading. The general under-
standing that the fatigue behaviour of threaded fasteners 
under bending is superior to that under axial loading could 
be confirmed for the examined fastener. On this basis, a sim-
ple safe-side approach for the utilisation of axial Wöhler-
curves for connections with lateral loading of the fastener 
was proposed, allowing to use these results for a wider range 
of applications.

As described in Sect. 1, a full comparison between con-
nections with lateral and axial loading of the examined fas-
tener has to consider results from an ongoing examination of 
the withdrawal behaviour of the screw. This will allow for a 
qualitative and quantitative assessment of the superiority of 
either configuration with regard to fatigue failure.

Apart from this, it has to be emphasised that an unreserved 
validity of the obtained results is only given for the specific 
screw that was examined. Differences in geometry, mate-
rial, manufacturing and other aspects (cf. Ringhofer 2017) 

(16)logN = 12.38 − 3.40 ⋅ log �a.

(17)logN = 2.02 − 3.40 ⋅ log S.

certainly influence the behaviour of different fasteners. For 
axial loading, this assumption has been confirmed by Niebuhr 
and Sieder (2020), comparing their test data with similar data 
from Ringhofer et al. (2019), although a certain affinity of the 
behaviour of the considered screws was apparent. An exten-
sive experimental study of a wide variety of screws might 
enable a general description of this type of fasteners, similar to 
the detail categories in EN 1993-1-9:2005 + AC:2009 (2009) 
or the respective general consideration of nailed connections 
and connections with dowels in EN 1995-1-1:2004+A1:2008 
(2008). The results given here are only one of many contribu-
tions that are neccessary for this extensive study.
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