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ARTICLE INFO ABSTRACT

Keywords: The load-displacement behaviour of timber joints is nonlinear, yet simplistic assumptions are often made
Self-tapping screws in the design phase, leading to an idealized elastic-perfectly plastic representation of their response. This
Steel-to-timber joints highlights the need for more refined models to accurately describe their mechanical behaviour. An example

Asymmetric test set-up
Variability
Empirical-probabilistic model
Slip-modulus

Ductility

of modern timber joints is represented by steel-to-timber joints that employ laterally and axially loaded self-
tapping screws, common in large timber structures. In this paper, first, the impact of different parameters of
influence: the test set-up, the screw length, the friction, the torque, the load-to-screw axis angle, and moisture
cycling on the load-displacement of joints with screws under applied lateral-tension load, was studied. Then,
10 to 20 tests were performed for every load-to-screw axis angle, for a total of 60 tests, to describe the
shape and the variability of the load-displacement curve. Based on this experimental data, an empirical-
probabilistic model using the Richard-Abbott analytical expression for describing the load—displacement curve
was developed, and the model parameters were determined. A comparison of slip-modulus values at ultimate
limit state derived from the empirical-probabilistic model with values prescribed by Eurocode 5 suggested that
the current definition may be inadequate for steel-to-timber joints with screws. Beyond this contribution scope,
the empirical-probabilistic model constitutes an input for multi-fastener joint models, which can subsequently
be incorporated into the reliability analysis of timber structures.

1. Introduction in EC5. A simple reduction of the elastic slip-modulus is implemented
to take the non-linear behaviour into account at the ultimate limit
1.1. Joints with screws state (ULS). No information about the ductility of these joints is given,
which may be relevant, particularly for seismic or robustness purposes.

J oin-ts with self-tapping Screws do not count o.nly on the embedment Moreover, the entire load-displacement curve and its variability are
properties of the system screw-timber, but also, if placed and loaded at needed to perform reliability analysis.

an angle to the shear plane, on the withdrawal properties of the screws.
Consequently, these joints mechanical behaviour is characterized by
higher elastic slip-modulus and load-carrying capacity than only later- 1.2. Tests in literature
ally loaded fasteners. For this characteristic, joints with screws are used
in multiple applications: beam-to-column and beam-to-beam joints,
floor-to-floor, wall-to-wall, floor-to-wall, and beam-to-beam connec-
tions in CLT or hybrid structures [1-3]. Unfortunately, this remarkable
progress in construction technology is not adequately reflected in the
definition of design rules for timber joints in Eurocode 5 (EC5) [4],
which often involve an over-simplification of the joint mechanical
behaviour. So far, only the characteristic load-carrying capacity and the
mean slip-modulus at the serviceability limit state (SLS) are specified

Several past studies investigated the mechanical behaviour of joints
with screws. These studies focused on the axial tension behaviour [5-
14], others on the combined action of lateral and tension loading on
the screws, both on timber-to-timber and steel-to-timber joints [15-
19]. Another study investigated the impact of the interlayers (such as
insulation) on the mechanical behaviour of joints [20]. The test set-up
used include push-out and pull-out tests in symmetrically loaded timber
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joint configurations with joints on both sides. In the following, the test
series from the literature most relevant to this study are elaborated.
The study conducted in [5] showed that the arrangement of lamellae in
glulam and CLT affects the withdrawal capacity of self-tapping screws;
additionally, faster loading rates increased capacity, whereas higher
moisture levels reduced it. In [15], timber-to-timber joints were tested
with varying distances among the screws and load-to-screw axis angles
(45°, 60°, 75°, 90°). In some configurations, the screws were subjected
to the combined action of lateral and tension load, and in others to
the combined action of lateral and compression load. The load-to-screw
axis angle was varied, and it was found that it had a big impact on
the shape of the load-displacement curves. In particular, smaller angles
resulted in a larger elastic slip-modulus, higher load-carrying capacity,
and less ductility. In [16], steel-to-timber joints were tested, and the
load-to-screw axis angle, the number of screws in a row, the number of
rows, and the coefficient of friction were varied. At least 10 repetitions
for each configuration were tested. The focus was mainly on the effect
of the number of fasteners in a row. The aim was to quantify the
effective number of fasteners if the prescribed distances are adopted.
In [17], timber-to-timber joints with inclined and not inclined screws
were tested under tension load and a combination of lateral and tension
load. The impact of timber density on the load-displacement curves
and their variability was assessed for different load-to-screw axis angles
(45°, 60°, 90°). The joints with higher density were characterized
by larger elastic slip-modulus, load-carrying capacity and ductility.
In [21], tests on laterally loaded and a combination of lateral and
tension load on joints with screws were carried out with and without
the presence of a soundproof layer. The main outcome was that the
soundproof layer had a larger impact on elastic slip-modulus than on
the load-carrying capacity and that this was true in particular for joints
with inclined screws.

In these experimental campaigns, the first insights into the variabil-
ity of the load-deformation behaviour of screw joints can be found.
However, open questions remain regarding the impact of other influ-
ence parameters, such as friction, torque, washer, and moisture cycling.
Moreover, the mechanical behaviour of a screw tested in symmetric
configurations is affected by the presence of the other screw, which
results in the re-distribution of forces and allows for alternative load
paths. In this study asymmetric test set-up where single screws were
compared with symmetric test-set up. Using an asymmetric test set-
up allowed to isolate the relevant parameters of influence on the
load-deformation behaviour.

1.3. Models in literature

In EC5 the load-carrying capacity of a multi-fastener joint is de-
rived directly from the capacity of a single fastener. The load-carrying
capacity of a single fastener is calculated according to the European
Yield Model, which uses two key parameters obtained from single-
fastener tests: the embedment capacity and the bending yield moment
of a fastener. An empirically derived “effective number” factor is then
applied to the single fastener capacity to obtain the capacity of a group
of fasteners, accounting for spacing and uneven load sharing (originally
proposed by Jorissen [22]).

Recent research has extended beyond load-carrying capacity predic-
tions to capture the full load-displacement curves of multi-fastener and
single fastener joints. These approaches include: empirical, mechanical
and semi-analytical models.

The empirical models are based on regression over the observed
data. Regression uses analytical expressions such as polynomial, ratio-
nal, or exponential functions or analytical models such as Foschi or
Richard-Abbott, fitted directly to experimental curves [23,24]. While
functions do not possess a physical interpretation of the parameters,
analytical models can describe the load—displacement behaviour in the
function of physically meaningful parameters. A detailed summary of
different functions used to describe the load-deformation behaviour
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of joints is given in [23,24]. Functions and analytical models were,
for example, used in [21,23-26]. In [25], a multi-step approach for
the parametrization of the nonlinear load—displacement was applied to
describe the embedment behaviour of single fastener as a function of
load-to-grain angle. The authors showed the suitability of the three-
step approach through a regression analysis of the load—displacement
curve using a large experimental database of embedment tests. In [23]
a rational function was developed to describe the non-linear behaviour
of hold-downs with screws and then used as input for a pushover
analysis. In [26] the load-displacement behaviour of single, axially
screw positioned in the narrow face of CLT and failing in withdrawal
was investigated. An empirical probabilistic model was formulated
using analytical models [27].

Mechanical models include 3D or 2D finite element models. In
3D solid finite element models, the interaction between the fastener
and the surrounding wood is modelled by surface-to-surface contacts
with a penalty formulation. 3D models for timber joints with screws
were developed, for example, in [28], where the model of timber-to-
timber joints and composite beams with screws was validated against
experimental results from the state-of-art. Material properties and co-
hesive interface damage contacts were properly calibrated to take into
account possible local effects. These models can reproduce complex
stress fields, but they are limited by the often occurring convergence
criteria due to local stress concentration [28,29]. In 2D finite element
models, the fastener is replaced by a spring that can be linear or non-
linear, whose load-displacement is derived from experimental results
or empirical models [23,25]. Another mechanical model is represented
by the beam-on-foundation model, which can be used to predict the
entire load—displacement curve of a single fastener joint. In this case,
the fastener is modelled by a beam element and the interaction with
the surrounding timber is modelled by linear or non-linear springs. The
springs can be placed parallel and perpendicular to grain or parallel and
perpendicular to the screw axis [20]. The beam-on-foundation model
was used, for example, in [20] to model steel-to-timber and timber-
to-timber joints a with single screw. Due to the interaction between
the axial and the lateral behaviour, the authors highlighted how these
models might not accurately predict the behaviour of joints with a
screw.

Semi-analytical joint models represent a compromise between ac-
curacy and computational time. These models are based on kinematic
and equilibrium considerations, assuming the timber member as rigid
and modelling the fastener behaviour with a nonlinear spring. The
output is the full load-displacement curve. This semi-analytical ap-
proach was successfully applied previously by [30], to obtain the
load-displacement curve of moment-resisting joints with dowels and
slotted-in plates.

So far, the majority of existing models lack the probabilistic descrip-
tion of the mechanical behaviour of inclined screws subjected to the
combined lateral and axial tension load. For this reason, an empirical
probabilistic model about inclined screws varying the load-to-screw
axis angle was developed in this study. This model can be later used
into multi-fastener semi-analytical or 2D finite element models that can
later on be incorporated into reliability assessment or detailed finite
element analysis of timber structures.

1.4. Outline of the paper

In order to develop the empirical-probabilistic model of steel-to-
timber joints with screws, first, an experimental campaign was con-
ducted varying the main parameters of influence, then the Richard-
Abbott analytical models were used to fit the data and derive the
regression parameters. Then, another bi-linear model was used to link
the regression parameters to the load-to-screw axis angles. The ex-
perimental test set-up, the measurement technique, and the testing
protocol are described in Section 2. The results of the experiments,
i.e. the impact of the main parameters (the type of test set-up, the screw
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Fig. 1. Schematic plans and prospects of the specimen with single self-tapping screw. Highlighted lamellae indicate those used for the density calculations.

length, the friction in the shear plane, the torque, the load-to-screw axis
angle, the moisture cycling conditioning, and the washer) on the non-
linear load-deformation behaviour of joints with screws is discussed in
Section 3. In Section 4, the developed empirical-probabilistic model
on joints with screws is described and the mean values, coefficients
of variation (CoVs) of the regression parameters and the correlation
coefficient among them are reported.

Finally, Section 5 presents a comparison between the developed
empirical-probabilistic model and the deterministic design parameters
currently specified in EC5 [4]. The main conclusions and recommenda-
tions for future work are summarized in Section 6.

2. Materials and methods
2.1. Materials

Steel-to-timber joints with screws were tested in twelve configura-
tions in asymmetric and symmetric test set-up (Fig. 1). Glulam beams,
made from GL30c class Norway Spruce, were designed to have a width
of 90 mm. However, measurements showed that the actual width was
89 mm. While the width was always constant, the height and length of
the specimens varied.

The beams followed the manufacturing standard EN14080 [31].
The glue was melamine glue (light glue joint). No systematic variation
across the lamella positions was observed regarding the densities of
the lamellae. All boards showed a nearly uniform density with a mean
value that ranged from 455 to 480 ]11%.

The dimensions of the timber specimens are given in Table 1.
The different lengths were selected to accommodate the screw with
different load-to-screw axis angles. To capture both in-class and in-
batch variability in the specimen density, the specimens were extracted
from ten different beams, selecting multiple locations along each beam
length.

The timber specimens were conditioned in a climate chamber for
several weeks at a temperature (T) of 20 °C and at a relative humidity
(RH) of 65%. The moisture content (MC) of the beams prior to testing

Table 1

Dimensions of the timber specimens.
Name of the timber specimen b [mm] h [mm] 1 [mm]
Bl 89 225 360
B2 89 225 320
B3 89 225 280
B4 89 225 220
B5 89 315 200
B6 89 180 250
B7 89 225 200
B8 89 315 450

was ~11.6%, measured with a moisture sensor meter BES Bollman
Combo 100.

To confirm the moisture meter readings, the oven-dry method was
performed on conditioned specimens according to EN 13183-1 [32].
Three blocks (50 mm X 89 mm x 50 mm) were dried at (105 + 3) °C
until constant mass. The moisture contents determined by the oven-dry
method agreed within (+2%) of the moisture meter readings. During
the manufacturing of the timber specimens, small slices of 50 mm
thickness were cut out of the beams after each specimen in order to
determine the (wet) density distribution across the lamellas.

The steel plates used were made of S355 grade. The thickness was
15 mm, with a length of 315 mm and a width of 89 mm. In the general
test series, the plain surface of the steel plates was used. In the test
series with different values of friction coefficient, a steel plate with a
rough surface was used to study the impact of the large value of the
coefficient of friction, while a Teflon sheet as an interlayer was used
to investigate the impact of a low value of friction coefficient. The
two types of steel plates, one with a milled hole and the one with an
elongated hole for the washer, are shown in Fig. 2(a).

The screws used in the tests are of type ASSYplus VG 4 FT from
the company WURTH, the corresponding ETA-11/0190 is [33]. The
selected lengths are 120 mm, 200 mm, and 400 mm. The geometrical
and material characteristics of the screws reported in the ETA are given
in Table 2. The geometrical characteristics (d, 1) were verified on a ran-
dom sample with a calliper (deviations <1%). The characteristic tensile
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Table 2

Geometrical and mechanical characteristics of the screws according to ETA-11/0190 [33] and results from the experimental testing.
d [mm] deore [mm] ! [mm] lesy [mm] M, [N m] Mo, [N m] Frensx [KN] Fiensmexp KNI iensexp NI
8 5.1 +0.3 120/200/400 97/177/377 23 25 22 26.3 23

()
left=97 mm
1--120 mm 0
Cmmme— H'
S
L lefr =177 mm |
} [ 1=200 mm !Oﬁ é
L "U: m’: 3’3
% .
| leff=377 mm [
L 1-400 mm |
[ |00
¢ ul
> & <
)

Fig. 2. (a) Steel plates with the milled hole and smooth surface (left), with the
elongated hole for the washer and blast-profiled surface (right). (b): The 3 lengths
of ASSYplus VG 4 FT screws and the washer.

resistance f,,,;, was also benchmarked against experimental results
from six 200 mm screws tested in accordance with ISO 6892 [34].
The characteristic value was then calculated following the statistical
procedure of Eurocode 0, Annex D [35]. The mean value fy,,;  .x, and
the characteristic values f,,,, ., S0 determined are also reported in
Table 2.

The steel plates were milled accordingly in order to accommodate
the seating of the screw heads for the load-to-screw axis angles 90°,
60°, 45°, and 30°. Washers according to ETA-11/0190 [33] were used
for the series with a load-to-screw axis angle of 45°. These washers were
inserted into elongated holes in the steel plates. The screws and washers
are shown in Fig. 2(b).

In all the configurations, the screws were inserted without pre-
drilling. The screws are positioned in the centre of the specimen width,
which corresponds to an edge distance of 5-d. The loaded edge distance
a;, is always equal to 12 - d. These values were within the limits
prescribed by EC5 [4], both for axially and laterally loaded screws. This
ensures that brittle failure is avoided even for larger displacements.

2.2. Test set-up

Two types of test set-ups were used in this study: symmetric and
asymmetric. In both cases, the steel plate(s) were loaded in tension
by the load cylinder while the timber specimen was clamped down
by two rods of 16 mm diameter to the based plate (Fig. 3). The load
was applied using a servo-hydraulic testing machine (MTS 327) with a
capacity of 250 kN. The tests were performed taking the EN 12512 [36]
as a reference, but performing the test always in a displacement-
controlled mode with a speed of 1 mm/min. The loading history is
composed of a first loading phase up to 40 % F,,, followed by an un-
loading phase down to 10% F,,, and finally a re-loading phase up to
the target displacement of failure (set to 15 mm) or to the displacement
at which the head tear-off of the screw occurred. A first estimation

of F,;, was based on the formulae in [19], using the mean values of

the properties in accordance with [37]. The estimated values were
adjusted based on the first experiments for every load-to-screw axis
angle. For the series with different load-to-screw axis angles and 10
to 20 repetitions, at the beginning of the test, a small value of tension
force (~0.15 kN) was applied to eliminate the initial slip of the curve
due to the oversize of the hole. One or two load cells for the symmetric
test set-up were incorporated within the testing machine to measure
and record the loads.

In the asymmetric test setup, a single steel plate was screwed to
one side of the timber specimen and loaded at a time. The load was
recorded by an additional electric load cell incorporated within the
testing machine, which had a capacity of 220 kN (Figs. 3(a) and 3(b)).
In the symmetric test set-up, two steel plates were screwed to the
opposing sides of the timber specimen and loaded simultaneously by
an additional steel traverse (Fig. 3(c)). The steel traverse was hinged
to prevent bending of the principal load cell in case of failure of one of
the joints. Two load cells with a capacity of 50 kN were placed at the
ends of the steel traverse and used to measure the loads on each steel
plate.

2.3. Recording of the measurements

The deformations were measured in two ways: digital image correla-
tion (DIC) was used in the test series with a few repetitions and various
parameters, whereas linear variable displacement transducers (LVDTs)
were applied in the test series with many repetitions. LVDTs were also
used for specimens subjected to moisture cycling and the joints with
rough steel plate surfaces.

The DIC with an ARAMIS-adjustable stereo camera system [38]
was used to quantify the deformations on the entire surface of the
front side of the specimens. The front side was painted in the area of
interest with black speckles on a white background to achieve a high
contrast. Images were taken with a frequency of 1/2 Hz. Each image
was assigned to a specific force value via an analog output signal of the
testing machine, which allowed to obtain a load-displacement curve for
each test. In this way, the movement of all the parts of the test set-up
(timber specimen, screw head, front and side surface of the steel plate)
could be tracked in all three dimensions. The analysis confirmed the
absence of any out-of-plane specimen movement and simultaneously,
it provided the data for complete load—-displacement curves by tracking
two reference points: one on the steel plate and one on the timber
member.

In the test series with more repetitions, the relative displacement
between the steel plate and the timber (parallel to the shear plane)
was measured using LVDTs places on each side of the joint. Two
additional LVDTs were placed at the top and bottom of the steel plate
to monitor the movements of the steel plate perpendicular to the shear
plane. The displacement was measured relative to the steel plate and
in correspondence with the position of the screws (approximately 12-d
from the top border of the timber specimen) with a frequency of 8 Hz.

2.4. Test series and parameters

The influence of the following parameters of influence on the load-
deformation curves of the joints has been studied in the different test
series: the test set-up, the screw length, the friction, the torque, the
load-to-screw axis angle, the moisture cycling and the washer. A small
number of repetitions (3) was considered sufficient in these series,
enough to obtain a representative average and see whether a factor
influenced the load-displacement curve.
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Fig. 3. The three test set-up used in the study. (a): Asymmetric test set-up and DIC system; (b): Asymmetric test set-up and LVDTs; (c): Symmetric test set-up and DIC system.

By contrast, to decide the number of repeated tests to determine
the variability for different load-to-screw axis angle of the baseline
configuration (200 mm screws, medium torque, smooth steel plate),
a Monte Carlo study was conducted. A lognormal distribution with
CoV = 30% was assumed, and 5000 runs per candidate sample were
performed. The output was that 20 tests are required for the EN
14358 [39] characteristic value (5%-fractile) to lie within +25% of
its true value at the 5% significance level. With only 10 tests, the
confidence interval increases to ~#35 %. Therefore, 20 tests were judged
enough to satisfy the confidence interval requirements according to EN
14358, while 10 tests still provide useful exploratory insight.

The label assigned to each specimen is explained in Fig. 5. An
overview of the varied parameters with the corresponding number of
repetitions is given in Table 3.

To determine which side of the timber specimen would be used
for the joint, the wet densities of the screw-bearing lamellae were
compared. Each lamella was weighed after conditioning it at T = 20 °C
and RH = 65%, and its external dimensions were measured and the
density was calculated. For example, in the five-lamella lay-up, only
the three lamellas where the screws was embedded were relevant. Their
mean density was calculated separately for the left (sx) and right (dx)
sides of the specimen. The lamellae used in the density calculation for
each load-to-screw axis angle are now also highlighted (grey pattern)
in Fig. 1. Whenever possible, the side was selected in such a way that
the average lamella density for each series remained comparable to
the others, thereby isolating the effect of the studied parameter. The
average value of density for each joint and series is illustrated in Fig.
4.

3. Results and discussion

The following presents the results of the experiments, and in par-
ticular, the influence of the investigated parameters of influence on
the load-displacement behaviour of the joints. In the initial DIC series,
applying a small compressive force resulted in an early slip due to the
hole clearance and the washer clearance. Fig. 7 shows one repetition
with a solid line and the other two with dashed lines. For joints that
exhibited initial slip due to clearance, the load—displacement curves
were realigned at 10% of the estimated load-carrying capacity, which
enhanced both visualization and interpretation of the data. Addition-
ally, the unloading-reloading phase has been omitted from the graph
for the same purpose.
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Fig. 4. Density distribution of each series.

3.1. Symmetric versus asymmetric test set-up

As a first parameter to evaluate, the symmetric and asymmetric test
set-ups were compared. The load-displacement curves of symmetric
and asymmetric are shown in Fig. 6 for the load-to-screw axis angle
of 45° and 90°.

For the asymmetric test set-up, the single curve follows the load-
displacement of the joint and captures the respective failure mode of
the screw, such as head tear-off (HTO) failure or withdrawal failure
(WITH). Two load-displacement curves for the symmetric test setup
can be determined, one for each joint. Depending on the failure modes
of the screws, only one of the two curves will capture the failure
(and the load-carrying capacity) of the respective joint, whereas the
other will turn into an unloading phase without reaching the load-
carrying capacity of the joint. In Table 4, key performance parameters
were calculated for symmetric and asymmetric tests, and values were
compared; these are the elastic slip-modulus K,_y4, the load-carrying
capacity F,,,, and the ultimate displacement (v,). K;y_49 Was as the
secant slip-modulus between two load levels (10% and 40% of the
load-carrying capacity F,,,,). v, is the maximum displacement recorded
before abrupt failure (or in the case of the failure due to the withdrawal
of the screws, the displacement in correspondence of the 30% drop after
reaching the load carrying-capacity) [36,40].

The relative difference, 4, between the asymmetric (ASY) and sym-
metric (SYM) setup is defined as:

Xpsy — X
A= ZASY SYM 1

Xasy
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el T F R
(angle)  (torque) (friction) (repetition)

| |

ASY 0 (No washer) 0 (No moisture cycling) 120 mm 30° 0 (15 Nm) 0 (Smooth surface)
SYM 1 (Washer) 1 (Wetting-Drying) 200 mm 45° 1 (=0 Nm) 1 (Teflon sheet)
2 (Drying-Wetting) 400 mm 60° 2 (22 Nm) 2 (Blast-profiled surface)

90°

Fig. 5. Description of the label.

Table 3

Summary of the specimens tested. In red, the parameters varied in each series.

Specimen Series Test Set-up w MC L [mm] a [°] T F R
B2 1 45
BS 5 SYM 1 0 200 %0 0o o0 3
TestSetup W MC L[mm] «[] T F R
a
BS 3 0 2
4 ASY 0 1 200 90 2 0 3
B2 5 2
Test Settup W MC L[mm] a[] T F R
B6 6 120
B2 7 ASY 1 0 200 45 0o o0 3
B8 8 400
Test Set-up W MC L [mm] a [°] T F R
Bl 9 30 10
B2 10 45 20
B3 11 ASY 0 0 200 60 0 0 10
B5 12 90 20
Test Set-up W MC L [mm] a [°] T F R
13 1
B5 14 ASY 0 0 200 90 5 0 3
Test Set-up w MC L [mm] a [°] T F R
B5 15 1
B7 16 ASY 0 0 200 45 0 2 3

2 One repetition out of three was omitted because the applied torque was uncertain.

Table 4
Key parameters for symmetric (SYM) and asymmetric (ASY) test set-up for the two
load-to-screw axis angles. 4 is the relative difference (Eq. (1)).

Parameter Angle [] SYM (mean + SD)  ASY (mean + SD) A [%]
45 9.2+ 1.7 9.5 + 2.0 4
Kipso kN/mm] g 1.55 + 0.3 2407 23
45 22.6 + 0.5 214 £ 13 6
Frx TkN] 9 12.4 + 0.6 11.4 0.7 9
o [mm] 45 3+0 3+03 0
" 90 12.8 + 0.5 10.21 + 1.4 26

where X,y is the mean value of the selected key parameter for the
asymmetric test set up (ASY) and Xgy,, is the mean value of the
selected key parameter for the asymmetric test set up (SYM). The asym-
metric test setup produced load-displacement curves comparable to the
symmetric reference in terms of key parameters. Relative differences
were 6% and 25% for the initial slip-modulus K,y_4,, 6% and 9% for
the load-carrying capacity F,,., and 7% and 26% for the ultimate
displacement v,. The summary of the evaluation is reported in Table 4.
The differences were judged to be within the variability associated with
the mechanical properties of timber. Hence, the asymmetric test setup
was considered suitable for determining the impact of the different
parameters on joint behaviour.

3.2. Screw length
The effect of screw length on the load-displacement behaviour

of joints with a load-to-screw axis angle of 45° is depicted in Fig.
7(a). The elastic slip-modulus was not sensitive to the screw length,

and the main differences regarded the load-carrying capacity and the
failure of the joints. For screws with a length of 120 mm, the load-
displacement curve exhibited an initial linear region followed by a
pronounced softening behaviour. The failure occurred only due to the
withdrawal of the screw. In contrast, screws with a length of 200 mm
displayed a similar load—displacement curve but demonstrate a higher
load-carrying capacity and brittle behaviour due to the occurrence of
the head tear-off failure. The load-carrying capacity increased as the
screw length was raised from 120 mm to 200 mm. Beyond that, it
remained constant because failure then occurred due to head tear-off,
indicating that the screw tensile capacity was reached.

3.3. Friction

In order to study the effect of friction on the shape of the load-
displacement curve, three variations of friction in the contact surface
were tested (Fig. 7(b)). A low value of friction was obtained by placing
a Teflon sheet as an interlayer between the steel plate and the timber
specimen, an average value of friction coefficient was obtained with
the smooth (untreated) steel plate surface, and the timber specimen,
and a high value of friction coefficient was obtained producing a
blast-profiled steel plate surface. The requested steel plate treatment
is classified as Sa 2%(Very Thorough Blast Cleaning) according to ISO
8503 [41].

The joints with Teflon sheet presented slightly less stiff behaviour in
the elastic stage and comparable load-carrying capacity as in the case of
the average friction coefficient. The series with the blast-profiled steel
surface showed stiffer behaviour and considerably higher load-carrying
capacities than those with the Teflon sheet and the smooth surface steel
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Fig. 6. (load-displacement joint)-displacement curves from the symmetric versus asymmetric test set-up. (a) load-to-screw axis angle 45° (withdrawal failure), (b) load-to-screw
axis angle 45° (head tear off failure), (c) load-to-screw axis angle 90° (head tear off failure).

plate. In both series the failure was due to both withdrawal failure and
head-tear-off of the screws.

With Eq. (2) from [15] the shear capacity of joint F, with a
screw can be calculated. « is the load-to-screw axis angle, F,, is the
axially capacity of the screws, determined as the minimum between the
withdrawal capacity and the tensile capacity of the screw, y is the steel-
to-timber friction coefficient, F,, is the lateral capacity of the screw.
Using the Eq. (2) from [15] and assuming that zero friction (4 = 0)
applies to the series with the Teflon sheet, led to the average value of
friction coefficients of 0.16 and 0.54 for the cases with natural smooth
surface and with rough surface of the steel plates, respectively.

F,=F, -(cosa—u-sina)+ F,, - (sina+ p - cos a)

@

3.4. Torque

Three torque levels of, 60% (15 N m), and 90% (22 N m) of M,,, ,
were tested, and the effects on the load-displacement curves are shown
in Fig. 7(c). A torque wrench was used to ensure the appropriate pre-
tensioning moment. Generally, in steel-to-timber joints, a tight joint fit
is intended. Increasing the torque during insertion of the screws means
increasing the pre-stressing force to which the screw is subjected. The
torque and pre-stressing should be sufficient to prevent slip in the joint.
However, the torque should not exceed 2/3 of the torsional resistance
of the screw, according to ETA-11/0190 [33].

When the force perpendicular to the sliding plane increased for
higher torque levels, the joint behaved stiffer at the beginning of
the load-displacement curve, resulting in a rigid region without joint
deformation. This rigid region was more pronounced when torque was
applied to tighten the steel plate to the timber, being more evident in
the case with a torque equal to 22 N m. Not all the joints with 15 N m
of torque showed the rigid region, indicating that this phenomenon is
affected by variability.

Moreover, the joints without torque and approximately zero clamp-
ing force showed no initial rigid region and a more flat post-yielding
behaviour, followed by a hardening behaviour. The latter corresponds
to the rope effect, present in the case of other torque values, which
appears at a larger displacement compared to the other joints with
larger torque. As observed by splitting the specimen, in the case of zero
torque, the bending of the screws was more pronounced than in the
other cases. In contrast, for the other joints subjected to the torque of
15 N m and 22 N m, the screw remained straighter compared to the
screw without prestressing, due to the prestressing force.

3.5. Load-to-screw axis angle

The effect of the load-to-screw axis angle on the load-displacement
behaviour is illustrated in Fig. 7(d). Joints with load-to-screw axis

Table 5

Total number of the tests for each load-to-screw axis angle and the number of tests
that failed due to the withdrawal of the screw (WITH) and due to the head-tear off of
the screw (HTO).

a [°] No. test WITH HTO
30 10 4 6
45 20 2 18
60 10 0 10
90 20 0 20

angle of 90° showed less stiff behaviour at the beginning of the load—
displacement curve but more ductile behaviour, being the curve char-
acterized by a pronounced hardening trait in the plastic region. Failure
consisted in the development of two plastic hinges before the head
tear-off failure of the screw. For a load-to-screw axis angle of 60°,
the load-displacement curves exhibited a stiffer initial response, higher
load-carrying capacity, and considerably reduced ductility. In contrast,
joints with a 45° load-to-screw axis angle showed a similar overall
curve shape but with an even stiffer initial response and further re-
duced ductility. In the tests with this angle, failure occurred either by
head tear-off or withdrawal of the screw. When withdrawal was the
failure mode, the curve displayed a marked softening after reaching
the load-carrying capacity. For joints with a 30° load-to-screw axis
angle, the curve was similar to that of the 45° case, though it was
marginally stiffer and exhibited slightly lesser ductility. In Table 5, the
failure modes occurring for each test configuration are reported. The
withdrawal failure occurred in the 40% of the tests for a load-to-screw
axis angle of 30°, while it occurred only one time for a load-to-screw
axis angle of 45°. For the load-to-screw axis angle of 60° and 90°, the
failure only occurred by head tear-off failure.

3.6. Moisture cycling

A combination of the effect of friction and the torque level causes
the initial rigid region in the load-displacement curves of joints with
screws inclined at 90°. Six specimens, each loaded with 22 N m
of torque, underwent moisture cycling to investigate the effects of
moisture-induced swelling and shrinkage on the initial rigid region of
the load-displacement curve. The climate extremes (temperature 7°
and relative humidity RH %) were selected to reflect the limits of
service class 2 moisture conditions.

All specimens were first conditioned at 20 °C and 65% RH until
moisture-content changes fell below 0.10% over two consecutive days
(initial MC ~12%).

The six specimens (each torqued to 22 N m) were then split into
two groups of three:

First serie (Wetting — Drying):

+ Wetting cycle: 20 °C, 95% RH until equilibrium (~18% MC).
* Drying cycle: 20 °C, 40% RH until equilibrium (~8% MC).
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Fig. 7. Effect of the different parameters of influence on the load-displacement curve. (a) the effect of the screw length, (b) the effect of the friction, (c) the effect of the torque,
(d) the effect of the load-to-screw axis angle, (e) the effect of the moisture cycling, (f) the effect of the washer.

* Re-conditioning: 20 °C, 65% RH until return to initial MC (~12% o ]
MC). Stepl: Parametrization of the load-displacement curve

Second series (Drying — Wetting):

* Drying cycle: 20 °C, 40% RH until equilibrium (~8% MC). [StepZ: Assignment of the probabilistic distribution}

+ Wetting cycle: 20 °C, 95% RH until equilibrium (x18% MC).

* Re-conditioning: 20 °C, 65% RH until return to initial MC (~12%
MCQ).

{Step& Multivariate distribution}

Each conditioning phase lasted roughly three months; specimen
masses were recorded before conditioning and every two days there-
after. A phase was deemed complete when the mass change over 48 h
was less than 0.10%. The equilibrium MC was quantified by reference {Step4: Generation of syntetic data}
blocks (dimensions 45 x 89 x 50 mm) of known oven-dry mass.

The results are illustrated in Fig. 7(e). In the first series, the steel
plates were loose at the end of the cycle, while in the second series,
the clamping of the screws still exercised some grip on the steel plate. {Step& Parametrization over the load-to-screw axis angle}
This suggested that performing the wetting cycle before the drying one
resulted in more residual deformations due to swelling/drying than
the opposite case. In the case of the joints subjected to the wetting-
drying cycle, the initial region disappeared or decreased if compared
to the non-conditioned specimen. The second set of joints, in terms of
load—-displacement curves, led on average to slightly lower ductility and
load-carrying capacity. A small initial region was still present in one of
the load—displacement curves.

Fig. 8. Flowchart. Derivation of the empirical-probabilistic model in the 5 steps.

4. Analysis

An empirical-probabilistic model was established, which allows for
accurate and reliable characterization of steel-to-timber joints with
screws. By modelling the load—displacement curve, other characteristics

3.7. Washer of the curve can be modelled, such as initial slip, initial stiffening, or
post-peak softening behaviour. Only the tests with many repetitions
The joints with and without a washer were compared in the case of and different load-to-screw axis angle, where the LVDTs were em-
a load-to-screw axis angle of 45° (Fig. 7(f)). The two types of joints ployed as a measurement technique, were used to construct the model.
did not differ regarding elastic slip-modulus, load-carrying capacity, Some of the results presented in this paper were partially reported
ductility, and failure mode. The difference regards the initial region in a previous scientific paper, specifically the determination of the
of the load-displacement curve at a low load level (before reaching empirical-probabilistic modelling and the description of the test data
10% of the load-carrying capacity). In fact, in the case of the washer, with different load-to-screw axis angles [42].
the hole in the steel is larger than in the case of the milled hole. The parametrization of the load-displacement curves follows a
Consequently, the displacement had to increase more before the parts five-step approach, similar to what has been described in [25]. In
of the joints would get in contact with each other. Stepl, a parametrized analytical expression f is used to fit each
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Fig. 9. (a) typical load—displacement curves for different load-to-grain angles, (b) approximation of the initial rigid region by a linear trait.

load-displacement data.

Va = f(ml,a7m2,a’m3,w ’mi,tx (3)

The m parameters of the model are in function of the parameter of
influence (in this case, the load-to-screw axis angle). Then in Step2 a
probabilistic distribution is assigned to each of the parameters, based
on empirical fit and theoretical consideration.

m; ~ Dist(parameters) “4)

In Step3, the dependencies among the m parameters are taken into
account. If the correlation between variables is considered, the parame-
ters should be sampled together from a joint probability distribution of
the correlated parameters. In order to obtain the correlated values, the
correlation matrix can be factorized using the Cholesky decomposition:

c=LL" (5)

where C is the correlation matrix, and L is the Cholesky matrix (up-
per or lower triangular). Then the correlated random variables are
given by:

LX=Y (6)

In Step4, synthetic data are generated, providing 1,2,...,g new
load—displacement curves. The number of the sampled curves g is
chosen in a way to be statistically representative of the variation of
the dataset.

Y1 =S (Mg g My g M31 g5 -oe s M1 4)
Yo = f(myg e, My g M3p g5 -ee s Min g) Q)
Vg = FUNY gasMy gqs My g oo s

ig.a

In Step5, a new analytical model was applied to each of these
m coefficients to give a regression between the coefficients and the
load-to-screw axis («).

m; = f(by,by,....b,) (3

This allows the interpolation of the values of the parameters and their
variability also in correspondence with different load-to-screw axis
angles. In the end, the load-displacement curves, in function of the
load-to-screw axis angle and the related variability, can be expressed by
a matrix of m-n coefficients. The summary of all the steps are illustrated
in the flowchart in Fig. 8.

4.1. Parametrization of the load—displacement curve (Stepl)
To fit the load-displacement curves of the joints the Richard Ab-

bott model is selected since it is able to also represent the intrinsic
variability of the data.

The Richard-Abbott model is a function of four parameters (Eq. (9)):
K;, represents the initial inclination of the curve, K, is the inclination
in the plastic region, i.e. after the peak (or yield point) of the curve, and
the shape parameter a, controls the shape of the transition between the
elastic and the plastic region.

(K, — Kp) ‘v

F() = +K, -v (©)]

P

a+ ((K’"Fﬂ .U)al)ﬁ

For every test curve, the parameters K,,, F,, K, and a; were ob-

tained by non-linear least-squares fitting of Eq. (9) to the measured
load-slip data, as follows:

n

. 2
min 2 [Fexp,i - Fmodel(”i; Kin’ Ft’ Kp’ a) )] (10)

Kin. Fr. Kp.ay 4=

where {Femi}:':1 and F,,,,, are the vector of force measurements and

of the analytical force, respectively. The optimization was carried out
with the fmincon algorithm of MATLAB using the default convergence
criteria.

The range of the load-displacement curve for the regression was
chosen up to a 30% load drop from the load-carrying capacity for the
curve corresponding to joints with screws arranged at an angle and
characterized by a withdrawal failure. However, the fit of the curve
appeared to be satisfactory even after the endpoint of the displacement
regression range (Fig. 9(a)).

The entire load—displacement curve up to load-carrying capacity has
been used for the tests with screws perpendicular to the grain and
up to the load drop for tests with inclined screws but characterized
by head-tear-off failure. For curves with shorter softening branches,
the parameter K, defined as the asymptote of the derivative of the
Richard-Abbott equation for very large displacement values, is difficult
to characterize and does not possess a physical interpretation. Nonethe-
less, K|, can still be computed via non-linear regression (as shown by the
dashed line in Fig. 9(a)). Moreover, an additional regression parameter
must be introduced: the displacement at failure v,, at which point the
regression curve is truncated. For the load-displacement curve of joints
with screws inclined at 90°, ad additional parameter x,, ;, was used to
shift the curve horizontally and represent the initial rigid region (Fig.
9(b)).

4.2. Assignment of probabilistic distribution (Step2)

In Step2, a probability distribution was assigned to each regres-
sion parameter. This is necessary for the model to accurately predict
the behaviour of the joints and the related variability. The distribu-
tion was chosen based on different criteria: empirical fit, theoretical
consideration, and practical considerations.
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Table 6
Overview of the parameters and their CoV for different load-to-screw angles.
a Failure K, F, K, a, v,
[°] [kN/mm] [kN] [kN/mm] [-] [mm]
HTO 35.1 (0.06)* —4.10 (0.14)* 8.10 (0.53)? 2.53 (0.07)
30 WITH 18.35 (0.21) 32.87 (0.05) —4.15 (0.12) 10.25 (0.15) 3.90 (0.08)
HTO 38.25 (0.24) —4.90 (0.56) 5 (0.31)° 2.97 (0.13)
45 WITH 16.24 (014) 26.32¢ -1.31¢ 6.33¢ 6.35¢
60 HTO 8.84 (0.10) 39.80 (0.25) —-3.64 (0.37) 4.19 (0.29) 4.47 (0.10)
90 HTO 1.63 (0.32) 2.75 (0.75) 0.76 (0.20) 7.26 (0.58) 13.85 (0.16)

The values of v, for the withdrawal failure of the screws (WITH) refer to the regression interval used to fit the Richard-Abbott model.
Xgir, has a significant value only for steel-to-timber joints with screws arranged at 90°: —0.19 (0.68). It can be approximated to zero for all

the other cases.
2 One outlier.
b Three outliers.

¢ Only the mean value is provided since only two tests failed due to the withdrawal of the screw.
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Fig. 10. Q-Q Plots for some parameters of the model for each of the load-to-screw axis angle.
Table 7
Correlation matrix of the regression parameter in function of the load-to-screw axis angle.
a 30° 45° 60° 90°
F, K, a; Uy F, K, a; vy F, K, a; Uy F, K, a; Uy Xshift

K, 0.72 -0.72 -0.85 -0.77 0.42 -0.49 -0.43 -0.71 -0.25 0.26 0.14 -0.79 0.10 0.28 -0.19 —0.50 0.18
F, 1 -1.00 —0.60 —0.47 1 -0.99 -0.81 -0.15 1 -0.95 -0.93 0.60 1 —-0.75 —0.40 0.10 —-0.12
K, 1 0.60 0.47 1 0.8 0.19 1 0.86 -0.48 1 0.40 —-0.34 0.08
a 1 0.46 1 -0.07 1 —0.51 1 0.02 0.13
v, 1 1 1 1 0.55
Xshift 1

A lognormal distribution looked suitable to represent the variability
associated with K;,, F;, a;, and v,. The values of these parameters
are always expected to be positive; thus, a lognormal distribution was
selected. A normal distribution is assigned to the parameter K|, since it
can assume both positive and negative values. In fact, when the screws
are loaded both laterally and axially, K, reflects the softening be-
haviour (indicated by a negative mean value), whereas when the screws
are only laterally loaded, it reflects hardening behaviour (indicated by
a positive mean value). The log-normalized and the normalized data for
the parameter K,,, K,, and v, for all the values of load-to-screw axis
angles are plotted in Fig. 10 respectively. An offset was applied to each
dataset to visualize multiple Q-Q plots within a single figure without
overlapping. The distribution characteristics (the mean value and CoV)
for each value of load-to-screw axis angle are summarized in Table 6.

4.3. Calculation of the correlation matrix (Step3)

Given the variability of the parameters, it is necessary to con-
sider the correlations among them to generate the corresponding load-
displacement curves. This can be done using the Pearson coefficient,
and the (shortened) correlation matrices are given for selected cases in
Table 7. From the determined regression parameters and the correla-
tion among them, load-displacement curves using the Richard-Abbott
model can be generated.

10

4.4. Generation of synthetic load—displacement data (Step4)

Once the probabilistic distributions are assigned for every parame-
ter of the Richard-Abbott model, a synthetic curve can be randomly
generated from the multivariate distribution. Due to the correlation
among the parameters, the load—displacement curve corresponding to
the i-fractile of the curve envelope does not match the curve gener-
ated by using the i-fractile values of each parameter. For example,
Fig. 11 shows the envelope defined by the 5th-fractile, 95th-fractile
load—displacement curves, together with the mean curve.

4.5. Parametrization over the load-to-screw axis angle (Step5)

The relation between the parameters and the load-to-screw axis
angle was modelled in Step5, comparing one analytical model (Hankin-
son model), a bi-linear function and a design formula. The Hankinson
model [43] was originally developed to link the wood grain orientation
to the compressive strength of wood Eq. (11). Py and Py, are the
parameters at the principal material directions, i.e., at the boundaries
of the regression curve. Most of the previous investigations focused
on the modification of the Hankinson approach or bi-linear relation-
ships [26,30] for modelling the behaviour of parameters over the load-
to-grain angle for axially loaded screws and the embedment behaviour
of dowels.
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Fig. 11. Generated load-displacement for load-to-screw axis angles of 90°, 60°, and
45°.

Table 8
Parameters of the bi-linear model.
K;,* [kN] F, [kN] K, [kN/mm] v, [mm] a, [-]
Preania 14.37 38.00 —4.32 3.33 5.79
P, —24.36 -67.19 9.69 20.12 3.33

mean,2,a

2 The mean values of the parameter K,, were better approximated by Eq. (13). The
fitted values are: Kg g, =23.29 [kN/mm] and Kg,; ¢, =2.19 [kN/mm].

The Hankinson model does not exhibit a plateau. Consequently, to
capture the nearly constant behaviour of parameters—such as F,, K,
and v,—between 30° and 60°, the Hankinson model was compared
with a bilinear function with an anchor point at 60°. This bilinear
approach is characterized only by two regression parameters and ef-
fectively represents the sharp drop that often occurs between 60° and

PO.mean : P904,mean

P [ 1D
,mean Po,mean - (sin a)2 + Pg(),mean - (cos a)2

P — Pmean,l,(l if0°<a< 60°, (12)
a,mean Pmean,2,(l ca  if a > 60°.

For the parameter K;,, the design formula (Eq. (13)) for the slip-
modulus for inclined-arranged screws is also compared (see Table 8).

Ksrs = Kspsax-sina-(sina+pu-cosa)+Kgp g, cosa-(cos —u-sina) (13)

where Kg; s, and Kg; g, are the slip-modulus of axially loaded and
laterally loaded screws according to the new generation of EC5 [44].

The models were compared for all the regression parameters in Fig.
12. The Hankinson formula overfitted the data for the mean values
of the parameter K;,, F, and K,, as can be noted by the wavy shape
between the values of 30° and 60°. The bi-linear model captured the
pseudo-plateau of the median between 30° and 60°, followed by a
descending trait for all the mean values of the parameters F,, K, and
v,. The analytical formula best captured the trend, following the data
most accurately for the mean values of K;,,.

5. Discussion
5.1. Comparison with standards

The following chapter compares the results derived from the
empirical-probabilistic model to the current generation of EC5. Em-
ploying an empirical probabilistic model rather than using raw ex-
perimental data means capturing a full distribution behaviour of the
data.

11
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Table 9
Values of u for different values of w at different load levels.
0.7 Fp 0.8 F,,. 0.9 F, 1 Fpuy
=1 1.05 1.2 1.35 1.5
y=2 1.10 1.44 1.82 2.25
v =3 1.15 1.73 2.46 3.38

Therefore, the 1000 synthetic curves are compared with the defi-
nition for slip-modulus at ULS and the relative and absolute definition
of ductility. The calculation of the load-carrying capacity was excluded
since this aspect is widely investigated in the literature [15,21].

5.2. Slip-modulus

At ULS, the slip-modulus is reduced to two-thirds of Kg; g, so that
Kyrs = % - Kgrg. Both Kg; ¢ and Ky ¢ are empirically derived, in
particular, the formula of K, ¢ is based on the observations of [45]
on nailed joints. In [45] the slip modulus at 0.5 mm and 1.0 mm
joint deformation are compared based on load-deformation curves on
nailed joints derived in [46]. For comparison with this definition, the
ratio between the two secant stiffness (Ky_; mm/Ko-0.5 mm) as specified
by [45]. The related variability were calculated and are shown in Fig.
13(a).

The initial rigid region that characterizes the joints with screws at
90° was excluded from the analysis. In addition to the values of the
boxplot, the 5 %— and 95 %—-fractiles are given and marked with a
cross. The variability of the ratio Ky_; mm/Ko-05 mm decreases with
increasing load-to-screw axis angles. The mean value ranges from 0.9
to 1, showing that the classic definition of K ;¢ is not suited for
these types of joints. This happens since both K,_; »m and Ky_g5 mm
are secant at load levels in the elastic range of the load—displacement
curve. A comparison is made with the ratio Ky_,,,./Ki9_40- Kio_40 iS
the stiffness in the elastic range; for this reason, in the case of the joints
with screws at 90°, the stiffness is a secant through 10 %— and 40 %—
of the yielding point. The mean of the ratio is, in this case, close to
the prescribed ratio of 2/3 between the load-to-screw axis angle of 30°
and 60°. However, in particular for the load-to-screw axis angle of 90°,
the variance of the ratio is much larger. The ratio Ky_,,/Kyean10-40
presents similar results to K_,,,./Kjo-49 but a lower variance for the
case of the load-to-screw axis angle of 90°.

Ky 1 s linearizes the load—-displacement curves of joints, considering
the diminishing value of the slip-modulus for increasing load level.
However, this factor does not consider the different joint typologies
and the utilization ratio of each joint. In Eurocode 3 (EC3) [47], the
rotational stiffness of steel joints is defined in the function of utilization
ratio. The slip-modulus at ULS is defined as KsLs there u is defined as
the following: !

1
H=1 155,V
FRra

u is a factor that describes the decay of the slip-modulus K;,_4, with
increasing load level. In EC3 the factor is written in function of the
acting moment on the joint and the bending resistance of the joint.
Herein, it is written in function of the acting The load—displacement
curves were realigned Fg, and the design value of the load-carrying
capacity of the joint Fg,. In EC3 y is defined for each type of steel
joints (welded, bolted). The bigger the factor is, the less rapidly the
stiffness decreases with increasing load level. Some example of the u
factor are reported in Table 9. For the case y = 1, and when the load
reaches the load-carrying capacity of the joint, the approach of EC3
corresponds to the reduction of 2/3 currently proposed by EC5.

In Fig. 13(b), the evolution of the stiffness ratio with increasing
load levels is illustrated. For joints with screws positioned at 90°,
the evolution of the secant stiffness in the plastic region (above load

if Fpy <2/3- Fpy

14
if Fpy >2/3- Fpy as
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Fig. 12. Boxplot plots of Richard-Abbott regression parameter and fitting over the load-to-screw axis angle.
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Fig. 13. (a): Stiffness ratios over the load-to-screw axis angle, (b): Evolution of the ratio in function of the load level in the joint.

levels larger than 2/3 of the design value of the load-carrying capacity)
exhibits greater variability, with the ratio of 2/3 representing the
average mean value across all load levels. For the joints with inclined
screws, the ratio between Kjy_40/K9_max changes with the load level,
ranging from 0 to 0.6. Consequently, it is challenging to establish a
constant, load-independent ratio in this case.

5.3. Ductility

For each load-to-screw axis angle, both relative and absolute ductil-
ity were calculated using the following definitions:

D, =v,-v, (15)
v

D rel = = (16)
Uy

where v, is the displacement at the yielding point of the curve, v,

is the ultimate displacement, i.e. the displacement at failure. In this
paper, v, and v, are computed based on indications contained in EN
12512 [36,48]. According to EN 12512 [36], the yielding point is
found as the intersection between the initial stiffness K;q,_4, and the
tangential stiffness to the graph with an inclination equal to é - Kig—_40-
The intersection point is then projected onto the curve. The ultimate

12

displacement v, was taken as displacement at 80% of the load-carrying
capacity, or as 30 mm, whichever occurs first.

Both the relative and absolute ductility are affected by variability,
as shown by the (CoVs) in Fig. 14, for all the load-to-screw axis angles.
Notably, the most significant differences occur between joints with
screws that are laterally and axially loaded and those with screws that
are laterally loaded only—the latter exhibiting a higher mean value of
ductility.

6. Conclusions

The mechanical behaviour of steel-to-timber joints is characterized
by complex load—displacement behaviour. In particular, the shape of
the load-deformation curve and its variability are strongly influenced
by the load-to-screw axis angle. However, the variability of the data
in function of the load—-displacement curve is scarcely investigated in
the literature. An experimental investigation was conducted on steel-
to-timber joints with laterally and laterally-axially loaded screws. First,
an insight into the main parameters influencing the load—displacement
curve was given. Then, 10 or 20 repetitions per configuration were
performed, revealing how the variability of the data was affected by
the load-to-screw axis angle. An empirical-probabilistic model was
developed following 5 steps: regression of the curve based on the
Richard-Abbott model, assignment of the probabilistic distribution,
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calculated only for head-tear-off failure.

calculation of the correlation coefficients, and regression over the load-
to-screw axis angle based on the bi-linear model. The main outcomes
of the study are the following:

Asymmetric test set-up can be a valid alternative to test joints
with a single screw to isolate the fastener behaviour;
Load-displacement curves of joints with screws frequently ex-
hibit pronounced non-linearities due to factors such as varying
fiction levels, torque, load-to-screw axis angle, and the pres-
ence of a washer, making the load-displacement curve exhibit
complex shape. This highlighted the necessity of accounting the
nonlinearities in the description of their mechanical behaviour;
The Richard-Abbott model can be used to parametrize the load-
displacement curve of joints with screws, representing the com-
plexities, non-linearities and the variability of the load-
displacement curve;

Given the physical-based and analytical dependencies among the
regression parameters of the Richard-Abbott model, the correla-
tion coefficients must be considered to represent the variability
of the load-displacement curves realistically;

The bi-linear formula can represent the trend of the coefficient
over the load-to-screw axis angle, but more data between the
load-to-screw axis angle of 60° and 90° are needed to verify this
trend;

The ratio gjiz is affected by the load level at which the joint
is utilized for joints with screws with a load-to-screw axis angle
between 30° and 60° and it is affected by large variability for the
joints with screws with a load-to-screw axis angle of 90°;

The current deterministic definitions of K, ¢ can be questioned
for steel-to-timber joints with inclined and perpendicular screws,
given the variability of load-displacement curves.

Data-based definitions are recommended to represent the me-
chanical behaviour of joints in finite element analysis or relia-
bility studies.

The findings exposed herein should be interpreted in light of several
limitations concerning the extent of the experimental programme and,
consequently, the empirical-probabilistic modelling:

+ All the experimental tests were performed on joints containing
a single screw. Therefore the impact of the number of screws on
the load—displacement curve cannot be captured in the empirical-
probabilistic model;

» The empirical-probabilistic model was developed varying only
the load-to-screw axis angle. Other influential parameter: the

Construction and Building Materials 489 (2025) 141970

diameter, the screw length, the testing loading rate and long-term
effect were not varied. Therefore, the predictive capabilities of
the model outside these testing conditions and with screws with
different geometrical characteristic was not demonstrated.

These limitations do not undermine the qualitative insights into
single fastener behaviour but constrain generalization. Future work
should include multi-screw configurations, explore a wider range of
screw diameters, and expand the test matrix to build a more robust
empirical probabilistic model.

Moreover, a reliability-based analysis of structures is needed to
clarify which definition of K, ¢ is suitable for steel-to-timber joints
with laterally and axially loaded screws.
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