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Abstract
The pull-out resistance of fully threaded, self-tapping screws under axial loading has been investigated intensively in the 
past. Actual design models are based mainly on empirical data because the detailed interaction between the screw thread 
and the surrounding timber member remains unclear and might depend on the test set-up. An innovative screw sensor with 
19 internal fibre Bragg gratings (FBGs) was developed to measure the forces along the screw axis. The screw diameter was 
12 mm and the maximum embedding length was 360 mm. The FBG measurement screw was applied in pull-out tests under 
different support conditions. The results carried out show details of the axial forces along fully threaded screws depending on 
the magnitude of the screw axis to grain angle, the embedding length, the material and the support conditions. Load transfer 
between the screw and the surrounding timber was determined by means of the change of axial forces along the screw axis. 
A comparison of the experimental results with Volkersen’s theory points out the decisive dependency of the support condi-
tions on the axial forces in fully threaded self-tapping screws. Additionally, the experimental test results show indications 
of shear and compressive stresses in the interface of the measurement screw.

1 � Introduction and background

Self-tapping screws are typically used for connections 
between timber parts together with or without steel plates. 
Moreover, fully threaded screws are used as a reinforce-
ment against longitudinal shear in glued laminated timber 
(GLT) or cross-laminated timber as studied by Dietsch et al. 
(2013) or tensile failure perpendicular to the grain in later-
ally loaded dowel-type connections (see Beijtka 2005; Uibel 
and Blaß 2006; Wolfthaler and Augustin 2016). Axial and 
lateral forces in the screw might also be induced if tension 
forces perpendicular to the grain occur caused by geom-
etry in the case of notches, as shown by Jockwer (2015), or 
holes in beams, investigated by Danzer et al. (2016), or in 
the case of swelling and shrinkage of the timber (Dietsch 
and Brandner 2015; Danzer et al. 2020). Self-tapping screws 
are most effective when loaded in the axial direction. The 
axial load capacity in Eurocode 5 (2010) is limited by the 
withdrawal capacity of the thread, the pull-through capac-
ity of the screw head and the tensile capacity of the steel. 

The withdrawal capacity depends on the diameter d and the 
embedding length lef of the screw. Furthermore, the char-
acteristic density of the timber ρk and the angle Θ between 
the screw axis and grain influence the withdrawal capacity 
according to Eurocode 5 (2010). This leads to the definition:

The factor nef considers the effective number of screws 
and kd adapts the withdrawal capacity of screws for 
d < 8 mm.

Different theoretical models for the calculation of the 
withdrawal capacity based on the evaluation of experimen-
tal results have been presented for different screw types and 
applications as for connections and reinforcements (Blaß 
et al. 2006; Gehri 2009; Frese and Blaß 2009; Pirnbacher 
et al. 2012; Ringhofer 2017; Brandner et al. 2018). The 
empirical-based models provide different prefactors and 
exponents for the geometrical parameters and material 
properties.

Compared to the behaviour of glued-in rods, for which 
bonding behaviour has been studied intensively, for example, 
in the GIROD project (Aicher et al. 1999; Gustafsson and 
Serrano 2000) and later by, for example, Pörtner (2006) and 
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Tlustochowicz et al. (2011), only a few mechanical models 
exist to describe the withdrawal capacity for self-tapping 
screws. Some investigations were made considering the 
interaction between screw and surrounding material (Jensen 
et al. 2011; Ellingsbø and Malo 2012; Ringhofer and Schick-
hofer 2014a).

Finite element analysis was performed to study the wood 
screw interaction and to describe the load deformation char-
acteristic of screws under tension and compression loads 
(Serrano 2001; Danzer et al. 2016; Naderer et al. 2016) or 
to consider group effects, as performed by Mahlknecht et al. 
(2016). The bond behaviour of the model was considered to 
be homogeneous along the screws shaft together with a sim-
plified load slip behaviour derived from the load-deforma-
tion relationship of the screw. The stress distribution along 
the screw axis was always found to be nonlinear.

Only a few tests have been performed to investigate the 
bonding interaction experimentally. Ringhofer and Schick-
hofer (2014a) measured strains on the screw with strain 
gauges. The strain gauges were applied between the thread 
of the screw. The test results were modified with a polyno-
mial regression and compared to the results according to 
Volkersen (1953) for linear-elastic bonding behaviour. The 
experimental results of the pull–push tests showed a com-
paratively poor match compared to the prediction accord-
ing to Volkersen’s theory for the investigated slenderness 
of lef/d = 10, 15 and 20 and for different screw axis to grain 
directions.

An explanation for that might be the influence of the 
pull–push load configuration resulting in shear stresses as 
well as compression stresses between the screw and the sur-
roundings, as defined by Ringhofer and Schickhofer (2014b) 
(Fig. 1).

The direct measuring of strains and forces in self-tap-
ping screws with glued-in strain gauges has already been 
proposed by Wolfthaler and Augustin (2016), who studied 

the reinforcement of a dowel connection, and by Danzer 
et al. (2016) to measure axial forces which develop in 
reinforcements around holes in glulam beams. The manu-
facturing process of the measuring screw was compara-
tively simple, but only two measuring points were possible 
because of the limiting geometrical conditions, which are 
the diameter of the pre-drill and the number of cables to 
be inserted in the pre-drilled hole.

Experimental tests with optical image correlation were 
performed by Ayoubi and Trautz (2013) to evaluate the 
strains on the surface of comparatively thin timber speci-
mens in a pull-pull test configuration without reinforce-
ments of a fully threaded screw. The evaluation of the 
strains on the timber surface pointed out lines of equal 
principal tension stresses. The information was com-
pared to the results of strain gauges and showed good 
accordance.

Kumpenza et al. (2020) used the “electronic speckle pat-
tern interferometry” to evaluate the strains in the surround-
ing area of the screws. Several pull-out tests in a set-up with 
precut timber specimens were performed in this study. To 
provide a look inside the timber specimen, only one half of 
the screw was embedded in the timber to monitor the strains 
on the timber around the screw. The evaluation of the strains 
showed strain concentration close to the screw head, which 
decreased along the penetration length. Thus, a non-constant 
distribution of stresses was assumed.

The limitation of only a few measurement points inside 
the screw can be overcome by a new fibre optic measurement 
technique presented by Schmidt-Thrö et al. (2016) for the 
reinforcement of structural concrete. The optical fibre was 
glued into the reinforcement and could be used for continu-
ous strain measuring. The method showed similar results 
compared to that with strain gauges, but new effects of the 
load distribution in the interface between steel and concrete 
were visible.

(a) (b) (c) (d)

Fig. 1   Definition of compression and shear stresses according to Ringhofer and Schickhofer (2014b)
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In this study, a quasi-continuous fibre optic measurement 
technique with fibre Bragg gratings (FBGs) was developed 
for fully threaded self-tapping screws to investigate the force 
distribution along axially loaded screws in detail, with ref-
erence to the different test set-ups, as depicted in Fig. 1. 
Furthermore, the influence of the angle between the screw 
axis and the grain and the influence of material inhomoge-
neities such as density of the wood material were studied. 
Finally, the experimental results of the forces along the axi-
ally loaded screws under a screw to grain angle of Θ = 0° 
and 90° were compared to results according to Volkersen’s 
mechanical model (1953).

2 � Materials and methods

2.1 � Self‑tapping screw

A commercial self-tapping screw according to ETA 
-11/0190 (ETA 2018a) was equipped as a measuring screw. 
The diameter was chosen to be d = 12 mm and the length of 
the screw was l = 440 mm. The core diameter of the screw 
was dc = 7.1 mm. The screw head was modified to a hexago-
nal head to enable the screw-in with the fibre coming out 
(Fig. 2a). The tensile capacity of the screw was determined 
experimentally as Rax ≈ 53 kN with five preliminary tests. 
This corresponds to a tensile strength of fu > 1200 N/mm2.

It was possible to drill a borehole utilising “fast hole drill-
ing wire erosion” with a diameter of di = 0.8 mm throughout 
the entire length of the screw. The optical fibre was glued-in 
using a special two-component epoxy designed for optical 
fibres (EPO-TEK 353ND). The borehole was cleaned, and 
the epoxy was pressed in until it leaked out at the screw tip. 
Subsequently, the fibre with the diameter of df = 0.125 mm 
was inserted and the screw was stored for one hour under a 
temperature of 80 °C (Fig. 2b).

2.2 � Optical fibre

The FBGs reflect light of a specific wavelength. Nineteen 
FBGs were inscribed into the fibre core over a length of 
360 mm. The distance between each measuring point (FBG) 
was a = 20 mm. The length of the single FBG was chosen 
as lFBG = 2.2 mm.

A short wavelength infrared spectrum generated from 
an optical interrogator was introduced into the glass fibre. 
The optical spectrum of the FBG sensors was between 
λ1 = 1509 nm and λ19 = 1584 nm. Each FBG reflected a spe-
cific wavelength with a peak λi (see Fig. 2b). The peaks 
reflected were also detected by the optical interrogator. The 
elongation of the fibre also led to an elongation of the Bragg 

gratings, resulting in a shift of the peaks reflected in the 
optical spectrum. The shift of the peak was nearly linear to 
the elongation of the fibre. A strain of 1 µm/m corresponded 
approximately to the shift of the reflected wavelength of 
1 pm.

The shift of the reflected wavelength was measured for 
each FBG in the tests. Thus, a calibration of each FBG was 
necessary before measuring axial forces along the screw 
axis. The calibration of the measurement screw was per-
formed under constant tension over the entire measurement 
length of the screw (Fig. 2). The external force was applied 
stepwise until Fax = 15 kN which was limited by the embed-
ding length of 33 mm of the screw in an aluminium bloc. 
Nevertheless, the relationship between the axial force in the 
single FBG Fi and the shift of the peak reflected λi was eval-
uated to be linear. Thus, a calibration factor ki was detected 
for each FBG in the range of 6.1 to 7.1 N/pm. Furthermore, 
no defects due to air inclusions and the lack of fibre bonding 
were detected in the calibration process.

2.3 � Wood materials and specimens

Specimens of GLT made from spruce (Picea abies) of the 
strength class GL 24h according to EN 14080 (2013) were 
used for the experimental tests. All samples were cut out of 
one beam. The density of the timber was measured close to 
the screw hole after testing under drying to u = 0% of the 
timber. The mean density was calculated as ρ12% = 422 kg/
m3 for a reference moisture content of u = 12% according to 
EN 384 (2019). The moisture of the GLT was measured as 
u = 8.1%. The coefficient of variation (COV) was 5% for the 
density and 7% for the moisture for all specimens made of 
GLT. Additionally, specimens of laminated veneer lumber 
made of beech (LVL-B), according to ETA (2018b) were 
used for the pull-out tests. The mean density of the LVL-B 
specimens was calculated as ρ12% = 835 kg/m3 after drying 
to u = 0% and the moisture content was u = 5.4% according 
to EN 384 (2019).

The thickness was t = 120  mm and the width was 
b = 210 mm (see Fig. 3) for all specimens. The height of the 
timber parts was varied between l = 90 and 360 mm. Thus, 
the slenderness ratio between the diameter of the screw and 
the embedding length of d/l was between 7.5 and 30. The 
timber specimens were pre-drilled with a diameter of 8 mm 
to ensure a straight path of the screw axis and to reduce the 
torsion forces on the measurement screw during the screw-
in process.

Table 1 gives an overview of all specimens tested. The 
labelling displays the material in combination with the 
embedding length and the screw axis to grain angle. The 
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angle was Θ = 0°, 30°, 45°, 60° and 90° for an embed-
ding length of l = 270 mm and Θ = 0° resp. 90 for the other 
tests. The specimen LVLB90-GLT180-90 was a composite 
specimen of one section of LVL-B of l = 90 mm combined 
with one section of GLT of l = 180 mm, which were glued 
together (Fig. 3b).

2.4 � Experimental programme and test set‑up

Overall, 28 tests were performed as a basis for a first 
experimental analysis. The load Fax was applied on the 
screw head controlled by the displacement w under a 
constant velocity of v = 1.0 mm/min using a Zwick and 
Roell testing machine. The load applied was increased 
constantly until Fax,max ≈ 30 kN and, subsequently, 

decreased at the same velocity back to zero. The total 
test time was around 600 s. The maximum load was lim-
ited by the capacity of the screw reduced by a factor of 
0.6 to avoid fatigue failure after all load cycles and under 
repeated screw in and screw out. Nevertheless, the design 
capacity of the screw against withdrawal failure was 
exceeded in the case of l = 90 and 180 mm. Withdrawal 
failure occurred before reaching Fax,max only for specimen 
GLT90-00 and GLT90-90.

Four load configurations were investigated accord-
ing to Fig. 1. Figure 3 depicts the pull–push/compres-
sion and pull–push/shear test set-up with the timber 
part fixed to the testing machine by a steel plate using 
four steel rods. The steel plate had a circular opening 
around the screw with a diameter of 72 mm (2 · 3d), 

Fig. 2   Design and detailing of 
the fibre Bragg grating measure-
ment screw

(a) (b)
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following the considerations of Ringhofer and Schick-
hofer (2014b). The steel plate was arranged on the bot-
tom side of the test specimen for the push-push/com-
pression load configuration (Fig. 1b). In the push-push/

shear load configuration the supports were reinforced 
(Fig. 1d). The reinforcement with three fully threaded 
screws (d = 10 mm) on each support was used to enable 
shear stresses inside the specimen under pull–push/

Fig. 3   a Test set-up and dimen-
sions for pull–push/shear load 
configuration and b specimen 
LVLB90-GLT180-90 under 
pull–push/compression loading

(a) (b)

Table 1   Labelling and 
geometrical parameters of the 
specimens

Specimen Material l Θ n Load configuration
[mm] [°]

GLT90-00 GLT 90 0 1 pull–push/compression
GLT90-90 GLT 90 90 1 pull–push/compression
GLT180-00 GLT 180 0 1 pull–push/compression
GLT180-90 GLT 180 90 1 pull–push/compression
GLT270-00 GLT 270 0 5 pull–push/compression
GLT270-00-PUSH-C GLT 270 0 1 push-push/compression
GLT270-00-PULL-S GLT 270 0 1 pull–push/shear
GLT270-00-PUSH-S GLT 270 0 1 push-push/shear
GLT270-30 GLT 270 30 1 pull–push/compression
GLT270-45 GLT 270 45 1 pull–push/compression
GLT270-60 GLT 270 60 1 pull–push/compression
GLT270-90 GLT 270 90 5 pull–push/compression
GLT270-90-PUSH-C GLT 270 0 1 push-push/compression
GLT270-90-PULL-S GLT 270 0 1 pull–push/shear
GLT270-90-PUSH-S GLT 270 0 1 push-push/shear
GLT360-00 GLT 360 0 1 pull–push/compression
GLT360-90 GLT 360 90 1 pull–push/compression
LVLB90-GLT180-90 LVL-B/GLT 270 90 1 pull–push/compression
LVLB 270–00 LVL-B 270 0 1 pull–push/compression
LVLB 270–90 LVL-B 270 90 1 pull–push/compression
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shear and push-push/shear configurations. The heads 
of the reinforcement screws were in contact with the 
steel plates (Fig. 3a).

The test load Fax and the axial forces in 19 FBGs FFBG,i 
were measured and stored at a frequency of 10 Hz. Addi-
tionally, the deformation between the screw head ∆w and 
the timber surface was measured with two displacement 
transducers (LVDT).

3 � Experimental results

3.1 � Sensitivity study

In this part of the study the measurement screw was checked 
regarding the resolution of the optical sensor. Furthermore, 
the influence of the load level as well as the influence of the 
material inhomogeneities on the stresses along the screw 
axis was investigated.

Figure 4 depicts two possibilities to document the forces 
FFBG along the screw axis depending on the load Fax for a 
specimen made of GLT with l = 360 mm loaded perpendicu-
lar to the grain (Θ = 90°) as an example. Figure 4a shows 
the axial forces for 10 out of 19 measuring points. The first 
measuring point FBG01 close to the screw head nearly equals 
the load Fax applied. The axial forces in the embedded screw 
part vary depending on its position and the test load. The 
axial forces in the FBG01, FBG02 and FBG03 are significantly 
higher for a comparatively low level of loading (Fax < 7.5 
kN) compared to the FBGs behind. With increasing load, 
the difference between the forces in each FBG became more 
balanced.

An alternative representation is displayed in Fig. 4b, 
where the local forces FFBG are related to the loading Fax. 

The results start with Fax ≥ 1 kN due to the resolution of the 
measuring system. The share of the loading for the FBG01 
starts at 0.9 and increases to about 0.98 for Fax > 10 kN. The 
difference between the load applied and the force measured 
in the first FBG could be explained by small eccentricities 
at the screw head where the load is introduced.

All the measuring points show a maximum of the related 
axial force between a load level of 10 and 20 kN. The share 
decreases again after the local maximum is reached. The 
difference between the individual loads referred to the axial 
loads FFBG/Fax is more balanced for a test load of about 30 
kN compared to smaller load levels. An explanation might be 
local defects in the upper part of the embedding length which 
leads more and more to a force shifting along the screw axis.

Even without any withdrawal failure, the axial forces 
along the screw axis showed a nonlinear distribution. A 
transfer of the axial forces between the measuring points is 
visible with an increasing load level.

The sensitivity study documented the influence of the 
load level on the development of axial forces along the screw 
axis. For a better overview, the axial force along the screw 
will be evaluated for Fax = 9 kN and Fax,max ≈ 30 kN in the 
following analysis.

Overall, 22 tests were performed in a pull–push/compres-
sion configuration (see Fig. 3b) to study the influence of the 
embedding length and the screw axis to grain angle Θ on 
the force distribution along the screw axis. Figure 5 shows 
the axial forces FFBG in each FBG along the screw axis x for 
different levels of the load Fax applied for two specimens 
each with l = 360 mm. The timber specimen made of GLT 
in Fig. 5a was loaded parallel to the grain (Θ = 0°). The axial 
force decreased to zero within the first 100 mm for the first 
loading steps up to Fax = 3 kN. It is obvious that the axial 
forces decrease to 15 kN within the first 120 mm of the 

Fig. 4   Specimen GLT360-90: 
a local forces FFBG depending 
on the test load Fax and b local 
forces FFBG related to Fax
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screw thread for a load level of Fax ≈ 30 kN. No significant 
change in the axial forces is visible in the middle of the 
screw between x = 160 and 260 mm. The axial forces for 
the section x > 260 mm decrease rapidly to zero until x = l.

Figure 5b depicts the axial forces if the screw is ori-
ented perpendicular to the grain. The distribution of axial 
forces is similar to the situation when the screw is oriented 
parallel to the grain until a load of 9 kN is applied. With 
increasing load, the decrease in the axial force in the first 
FBGs becomes more linear but still with a relatively high 
reduction in axial forces within the first 40 mm.

Figure 6a shows the mean values of axial forces of five 
tests carried out with an embedding length of l = 270 mm 
and the screw axis to grain directions of Θ = 0° and 90° for 
Fax = 29.5 kN. For Θ = 0° a more convex and for Θ = 90° a 
more concave distribution is visible. The scattering of the 
experimental results varies along the screw axis but does 
not influence the overall distribution of axial forces along 
the screw significantly.

Additionally, the minimum and maximum values out of 
the five tests are displayed.

The difference of the axial force between two measure-
ment points could be defined as the bond force ∆FFBG.

The bond force will be transferred from the screw thread 
to the timber between two measurement points. With refer-
ence to the cylindrical shell surface area of the screw, the 
corresponding bond stresses fb could be determined as well.

The bond forces ∆FFBG for configuration GLT270-00 
and GLT270-90 are shown in Fig. 6b. The maximum bond 
force at a load level of Fax = 29.5 kN is around 4.0 kN. Two 
local maximums of ∆FFBG at x = 80 mm (x/l = 0.35) and 
x = 220 mm (x/l = 0.85) occur if the screw axis is parallel 
to the grain (GLT270-00). Regarding a screw axis perpen-
dicular to the grain Θ = 90° (GLT270-90), the maximum 
bond force is located at x = 20 mm (x/l = 0.1). A second 
local maximum is located at x = 180 mm (x/l = 0.7).

(2)ΔFFBG,i = FFBG,i+1 − FFBG,i

The difference in maximum and minimum values of spe-
cific measuring points varies along the screw axis between 
0.5 and 3.0 kN (see Fig.  6b). Regarding the test series 
GLT270-00, the range of test results is comparatively small 
within the first 80 mm of the embedding length and increases 
with higher mean values of the bond force. Regarding a 
screw axis to grain angle of Θ = 90°, the range decreases 
along the embedding length, except for x = 20 to 40 mm.

The difference in the position of the first local maximum 
of the bond forces for different screw to grain angles can be 
explained by compression stresses to the supports, accord-
ing to Fig. 7a, b. Following the investigations of Bernasconi 
(1996), the load distribution angle is roughly α = 15° for 
screws oriented parallel to the grain and about α = 60° if 
oriented perpendicular to the grain. Thus, different positions 
of the first local maximums under different screw axis to 
grain angles are to be expected.

The second local maximum can be explained by the test 
set-up. Regarding a pull–push configuration, tension forces 
Ft and compression forces Fc, both perpendicular to the 
screw axis, appear (Fig. 7c). Ft is located close to the screw 
head in the timber specimen and Fc at the bottom side of the 
specimen. The compression stresses due to Fc might enhance 
the bonding behaviour and increase the bond forces.

In the subsequent sections the following parameters will 
be studied: The bond forces ΔFFBG for different load con-
figurations, embedding lengths, screw axis to grain angles 
and inhomogeneity of density.

3.2 � Influence of support conditions

The test set-up as depicted in Fig. 3 was modified to investi-
gate three more support conditions according to Fig. 1. Test 
specimens GLT270-00-PUSH-C and GLT270-90-PUSH-
C were loaded under compression of the screw head. Fig-
ures 8a, b show the bond forces for the two load levels of 
Fax = 9 kN (dark grey) and Fax ≈ 30 kN (grey). The maxi-
mum bond forces for both screw axis to grain angles develop 

Fig. 5   Pull-out tests on GL24h 
with l = 360 mm. Development 
of axial forces for screw axis 
a parallel to the grain and b 
perpendicular to the grain
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in the first 90 mm. Hardly any forces are transferred in the 
section for x > 100 mm for a load of 9 kN. Regarding the 
load of Fax ≈ 30 kN, the maximum bond force increases to 
about 8 kN if the screw is in a parallel direction to the grain 
and up to 10 kN if the screw is oriented perpendicular to the 
grain. Taking into account a bond surface of Ab = π ∙ 12 mm 
∙ 20 mm = 754 mm2 between each FBG, the maximal bond 
stresses rise to fb > 10 N/mm2.

Four tests were carried out with reinforced supports con-
sidering pull–push/shear and push-push/shear load configu-
rations. Figure 8c shows the bond forces of the pull–push/
shear tests of specimen GLT270-00-PULL-S. The bond 
forces for both levels of the load applied are more con-
stant along the screw axis compared to the push compres-
sion tests with a maximum of bond forces between x = 40 
and 80 mm. Under a screw axis to grain angle of Θ = 90° 

(GLT270-90-PULL-S), the bond forces are nearly constant 
along the embedding length for both load levels (Fig. 8d).

Figures 8e, f show the bond forces along the screw axis 
of a push-push/shear load configuration with reinforced sup-
ports. If the screw is oriented parallel to the grain (GLT270-
00-PUSH-S), local maximums of bond forces are visible 
for x = 40 mm and x = 260 mm. Compared to the results of 
the specimen GLT270-00-PUSH-C, no outstanding peak of 
bond forces was detected under an applied load of Fax ≈ 
30 kN. If the screw was oriented perpendicular to the grain 
(GLT270-90-PUSH-S), most of the forces were transmit-
ted within the first section of the embedding length for an 
applied load of 9 kN. Regarding an applied load of 30 kN, 
more than 85 percent of the axial forces were transmitted 
within the first 160 mm of the screw thread.

Under a push-push load configuration (GLT270-
00-PUSH-C and GLT270-00-PUSH-S), the maximum of 

Fig. 6   Mean values of a the 
axial force FFBG along the 
screw axis for Θ = 0° and 90° 
and b bond forces ∆FFBG 
for an embedding length of 
l = 270 mm out of five tests each

Fig. 7   Compression stresses 
between the screw shaft and 
the support for a screw to grain 
angle of Θ = 90° and b Θ = 0° 
as well as c the equilibrium of 
forces of the half specimen

(a) (b) (c)
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bond forces shifts with increasing load from x = 40 mm to 
x = 90 mm if the screw axis is parallel to the grain. In both 
configurations, the load slip behaviour shows a nonlinear 
characteristic. Together with the shift of the maximum 
bond forces, initiating withdrawal respectively buckling 
failure was visualised in this study along the embedded 
screw.

The experimental results of different support conditions 
show significant differences in the force distribution of 
axially loaded screws. Outstanding bond force peaks over 
8 kN could be attributed to local compression stresses in 
the interface to the surrounding timber. Thus, the results 
will support the idea of a load distribution according to 
Ringhofer and Schickhofer (2014b).

However, these findings support the idea that different 
distributions of stresses such as shear and compressive 
stresses in the interface of the screw are possible. The 
knowledge of the distribution of stresses around the screw 
could help to improve the design of reinforcements in 
case of notches or holes in beams. Furthermore, the force 
distribution might be considered in the design of screws 
arranged in groups or for the spacings between the screw 
to optimize the load bearing capacity of connections. For 
upcoming experimental investigations, these findings of 
the force distribution should be recognized concerning the 
activated timber volume around the screws, especially for 
screw to grain angles of Θ = 0°.

3.3 � Influence of embedding length

The length of the timber specimen was varied between 90, 
180 and 360 mm with screw axis to grain angles of Θ = 0° 
and 90° to study the influence of the embedding length. The 
corresponding slenderness was between l/d = 7.5 and 30. 
Figure 9 shows the results for the load levels of Fax = 9 kN 
(dark grey) and Fax ≈ 30 kN (grey) applied.

The maximum pull-out force for the specimen GLT90-
00 was Fax = 14.5 kN, resulting in withdrawal failure of 
the screw (Fig. 9a). Under the failure load, the maximum 
bond force was ΔFFBG ≈ 3.5 kN along the screw axis. The 
distribution of bond forces for a screw axis to grain angle 
(GLT90-90) was similar for both load levels (Fig. 9b). Under 
a pull-out force of 30 kN, the maximum bond force was 
ΔFFBG ≈ 8 kN.

Figures 9c, d show the force distribution for an embed-
ding length of l = 180 mm. Specimen GLT180-00 with a 
screw axis to grain angle of Θ = 0°showed higher bond 
forces at the end of the embedded part of the screw. The 
bond force for screws perpendicular to the grain is almost 
constant along the screw axis for Fax = 9 kN. The bond 
forces increase up to ΔFFBG = 4kN without significant 
peaks.

If the embedding length of the screw is l = 360 mm, 
bond forces exhibit two peaks, one at the beginning for 
x = 20–40 mm and the other close to the end of the screw. 
This does not seem to depend on the screw axis to grain 
angle.

Fig. 8   Bond forces under differ-
ent support conditions accord-
ing to Fig. 1 for load levels of 
Fax = 9 kN (dark grey) and Fax ≈ 
30 kN (grey)
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The experimental results demonstrate that the force distri-
bution depends on the embedding length of a fully threaded 
screw. In some cases, more than one maximum of bond 
forces could be identified along the screw length. Thus, 
secondary effects caused by the test set-up seem to have 
an influence on the load distribution of self-tapping screws.

3.4 � Influence of the screw axis to grain angle

It has already been well documented that the screw axis to 
grain angle of Θ = 0° and 90° leads to different positions 
of local maximums of the bond forces. Additional tests 
were carried out to cover the range between 0° and 90°. 
For a load of Fax = 30 kN and a screw axis to grain angle of 
Θ = 30°, most of the axial forces were transferred between 
140 mm < x < 260 mm. This is comparable to a screw axis 
to grain angle of Θ = 0°. For a screw axis to grain angle 
of Θ = 45° and 60°, the bond forces occur mainly between 
0 mm < x < 160 mm. This behaviour was already discovered 
for Θ = 90°.

If the screw with lef = 270 mm is inclined in between 
Θ = 30°, 45° and 60°, only one local maximum of bond 
force is obvious for x/l ≈ 0.5 for both load levels of Fax = 9 
kN and 30 kN (Fig. 10). The maximum bond force ΔFFBG 
increases to 4 kN for the specimen GLT270-45 and to 6 kN 
for specimens GLT270-30 and GLT270-60.

3.5 � Impact of material and density

The final test series was performed to investigate the influ-
ence of higher and graduated density on the force distri-
bution. Regarding specimen LVLB270-00, the screw was 
driven parallel to the grain into LVL-B. A major share of 
bond forces develops within the first 60 mm for a load level 
of Fax = 9 kN (Fig. 11a). The increase in load applied to Fax 
≈ 30 kN results in a levelling of bond forces, with one peak 
close to the screw head. Specimen LVLB270-90 showed a 
similar behaviour with few higher bond forces within the 
first 60 mm (Fig. 11b).

Test specimen LVLB90-GLT180-90 is a combination of 
90 mm LVL-B and 180 mm GLT which had been glued 
together (see Fig. 3b). Thus, the embedding length was 
l = 270 mm in total and the screw axis to grain angle was 
Θ = 90°. Due to the higher density of LVL-B compared to 
GLT, more than 60 percent of the axial forces were trans-
mitted within the LVL-B in the first 90 mm (Fig. 11c). Only 
minor bond forces were determined in the interface of the 
screw and the GLT part.

The results confirm that the density has a significant 
impact on the force distribution of self-tapping screws. On 
the one hand, the more homogeneous LVL-B shows a more 
constant bonding behaviour. On the other hand, the higher 
density and stiffness result in higher bond forces within the 

Fig. 9   Bond forces under dif-
ferent embedding length for an 
applied load of Fax = 9 kN (dark 
grey), Fax = 14.5 kN (light grey) 
and Fax ≈ 30 kN (grey)
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first 60 mm. In particular, the MOE perpendicular to the 
grain of LVL-B is more than double of GL24h. Thus, com-
pression stresses to the supports could have more influence 
compared to the specimens made of GL 24 h. The higher 
density also leads to a concentration of bond forces within 
the LVL-B part of a composite body.

4 � Mechanical model

4.1 � Volkersen’s shear‑lag theory

Pörtner (2006) used a set of differential equations to qualify 
interface shear stresses in the bond line between glued-in 
rods and the surrounding wood. This mechanical approach 
was originally proposed by Volkersen (1953). Subsequently, 
the equation was adopted by Ringhofer and Schickhofer 
(2014a) for the verification of experimental tests on the 
bond behaviour of self-tapping screws. They defined the 
axial force Nax along the screw as

where Fax is the load applied on the screw head and x the 
position along the embedding length lef. G is the shear mod-
ulus and t the thickness of the shear stressed layer. The core 
diameter of the screw is defined by dc and the axial rigidity 
is (EA)st for the steel. The rigidity (EA)w of the surround-
ing wood was defined depending on the screw axis to grain 
angle. This model is valid for pull–push/compression speci-
mens only and does not take into account any bilinear sof-
tening behaviour, which was considered by Pörtner (2006).

Ringhofer and Schickhofer (2014a) verified the test 
results for self-tapping screws with a diameter of d = 12 mm 
with geometrical model parameters, as shown in Fig. 12. 
Two different assumptions for the effective timber volume 
were made. A first approach was the definition of an ellipti-
cal area Aw,1 with the radius bw,1 and aw,1 for a screw axis to 
grain angle of Θ = 90° and a circular area with aw,1 = bw,1 for 

(3)

Nax = Fax ⋅
sinh(� ⋅ x)

sinh(� ⋅ lef )
, with � =

G

t
⋅ � ⋅ dc ⋅

(

1

(EA)st
+

1

(EA)w

)

,

Θ = 0°. As a second approach, the entire cross-section with 
Aw,2 for both screw axis to grain orientations was considered 
as an effective volume (see Fig. 12). The authors defined the 
shear stressed area Ash to be circular for Θ = 0° and Θ = 90° 
with t = 14.5 mm, respectively, t = 22.0 mm. For a screw 
axis to grain angle of Θ = 90° the shear modulus GTR and 
the elastic modulus E90 and for Θ = 0° the shear modulus 
GLT, respectively, GLR and the elastic modulus E0 will be 
decisive.

4.2 � Experimental validation of the model

Volkersen’s mechanical model was validated against the 
experimental results of the test series GLT270-00 and 
GLT270-90 with five tests each. The shear-stressed area 
Ash was chosen with the radius t = 14.5  mm for Θ = 0° 
and t = 22.0 mm for Θ = 90°, according to the assumption 
of Ringhofer and Schickhofer (2014a). Geometrical and 
mechanical parameters are summarized in Table 2. The 
shear modulus GLT was set to 650 N/mm2 for parallel shear, 
according to EN 14080 (2013). If the screw to grain angle is 
Θ = 90°, the shear plane in the radial-tangential plane GRT is 
estimated at 40 N/mm2. Regarding the verification, the area 
Aw,1 was assumed to be circular with aw,1 = bw,1 = 36 mm for 
both test series because of the round opening in the support 
plate around the screw axis with the diameter d = 72 mm. 
The modulus of elasticity in the direction of the screw axis 
was Ew = 11,500 N/mm2 for Θ = 0° and Ew = 300 N/mm2 for 
Θ = 90°, according to EN 14080 (2013). The core diameter 
of the screw was dc = 7.1 mm and its modulus of elasticity 
was chosen according to ETA-11/0190 (2018a).

Figures 13a, b compare the axial forces along the screw 
axis for a load level of Fax = 29.5 kN, as calculated with 
the mechanical model regarding the experimental results. 
A good accordance between the forces calculated and the 
test results is detected for test series GLT270-90. Both force 
distributions show a slightly concave shape. While the devel-
opment of axial forces changes from a slightly concave to 
a slightly convex shape for test series GLT270-00 in the 

Fig. 10   Bond forces for differ-
ent screw axis to grain angles 
for an applied load of Fax = 9 
kN (dark grey) and Fax ≈ 30 kN 
(grey)
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tests, the calculation results provide an even more concave 
development.

The bond forces calculated along the screw axis are com-
pared to the test results in Fig. 13c, d. The mechanical model 
shows a maximum at the beginning of the embedding length 
of the screw for both situations. The decrease in bond forces 
as derived from test results is generally not constant along 
the screw axis. If the screw axis is parallel to the grain, the 
maximum bond force of ΔF ≈ 6 kN decreases rapidly within 
the first 100 mm of the embedding length. When the screw 
axis is oriented perpendicular to the grain, the bond force 
shows a more or less linear distribution along the embedding 
length. The maximum bond force is then ΔF ≈ 4 kN.

However, the two local maximums in the distribution of 
the bond forces resulting from compression stresses could 
not be represented by the mechanical model, assuming lin-
ear-elastic bond behaviour under shear stresses. According 
to the investigations of Pörtner (2006), the consideration 
of nonlinear softening should help to improve the model 
towards the description of a first local maximum.

5 � Conclusion and outlook

The development and application of a measurement screw 
equipped with fibre optic sensors was presented. The screw 
enables the determination of axial forces along the screw 

Fig. 11   Bond forces of the 
specimens made of beech lami-
nated veneer timber for a screw 
axis parallel to the grain and b 
perpendicular to the grain and c 
a combination with GLT for an 
applied load of Fax = 9 kN (dark 
grey) and Fax ≈ 30 kN (grey)

Fig. 12   Specifications of the 
geometrical parameters used for 
the mechanical model according 
to Ringhofer and Schickhofer 
(2014a)
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axis. The sensor with 19 FBG load cells makes it possible to 
measure the force distribution along 360 mm of the threaded 
screw part.

A sensitivity analysis showed the influence of the load 
level and screw axis to grain angle on the development of 
axial forces along the screw.

Furthermore, the support conditions of the test set-up 
and the material properties affect the interaction of the 
wood and the screw. Local peaks in the bond force were 
detected for different support conditions. The peaks can be 
explained by additional compression stresses in the interface 
between the screw and the timber. The position of the local 
peaks for a couple of pull–push test configurations might 
be explained by the load distribution angle depending on 
the screw to grain angle and the stiffness properties of the 
timber materials.

A comparison of results according to Volkersen’s shear-
lag theory, assuming linear-elastic bond behaviour, showed 
good accordance for an embedding length l = 270 mm if the 
screw to grain angle is 90°. No such accordance between 
the model and the test results could be reached for a screw 
to the grain orientation of 0°. The model could be improved 
in the future considering nonlinear withdrawal deformation 
behaviour, as has already been performed for glued-in rods 
by Pörtner (2006).

Further investigations with the new measurement screw 
will focus on the load distribution of reinforcements made 

Table 2   Material parameters and geometrical quantities

Parameter Unit Test series
GLT270-00 GLT270-90

lef mm 270 270
Θ ° 0 90
t mm 14.5 22.0
GLT/GRT N/mm2 650 40
aw,1 mm 36 36
bw,1 mm 36 36
Aw,1 mm 4 071 4 071
Ew N/mm2 11 500 300
dc mm 7.1 7.1
Ast mm2 39.6 39.6
Est N/mm2 210 000 210 000

Fig. 13   Comparison of the 
mechanical model with the 
results of test series GLT270-
00 and GLT270-90 a, b axial 
forces along the screw axis, c, d 
bond forces along the embed-
ding length between the FBGs
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of self-tapping screws, for example, for beams with holes 
or notches. The effective embedding length will be deter-
mined experimentally from the force distribution inside 
the screw. Furthermore, the measuring system will be 
used to study the interaction of screws and the surround-
ing timber under changing environmental conditions. A 
first experimental study showed different axial load dis-
tribution inside the screw depending on the timber geom-
etry and the type of loading.
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