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ARTICLE INFO ABSTRACT
Keywords: Timber connections with increased friction in the shear plane are studied, focusing on experimental and ana-
Friction

lytical approaches to enhance load-carrying capacity and stiffness. Conventional aluminium connectors, while
structurally adequate, pose environmental and fire-resistance limitations. As an alternative, densified veneer
wood (DVW) was introduced for system connectors, offering superior sustainability and fire performance.
The research explores surface modifications to improve frictional behaviour, thereby optimizing strength and
stiffness. Short-term push-out tests examined various surface treatments and screw configurations, revealing
that pronounced surface structuring significantly increases ultimate load capacity, while flat, uniform surfaces
better maintain stiffness. Long-term duration-of-load tests confirmed that frictional performance remains stable
over time, with creep factors for inclined screws significantly lower than those for other dowel-type fasteners.
An analytical model was developed to predict load-carrying capacity and stiffness, incorporating friction effects
and deformation perpendicular to the grain. The mechanical model proposed in the new generation of EC5
overestimates the stiffness when used for connections with connector plates and inclined screws, because it
neglects deformations perpendicular to the grain beneath the connector plate. In contrast, the herein presented
spring model incorporates compression behaviour perpendicular to the grain, thus, predicting load-carrying
capacity and stiffness accurately for a range of timber components, including CLT and GLT reinforced with
fully threaded screws. The results demonstrate that DVW connectors with appropriately modified surfaces
can achieve high ultimate loads and reliable long-term performance, thereby supporting their adoption in
sustainable timber construction.
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1. Introduction load-carrying capacity and stiffness of such connections. In traditional
configurations, inclined screws transfer loads primarily through axial
forces, generating compressive stresses perpendicular to the shear
plane. These stresses create frictional resistance, which contributes
to overall capacity. However, the magnitude of this contribution is
strongly dependant on the coefficient of friction (COF) in the shear
plane. To exploit this mechanism more effectively, the present work
investigates surface modification strategies to enhance frictional be-
haviour within the shear plane, thereby improving both strength and
stiffness.

The objective of this study was the development of analytical mod-
els capable of predicting key design parameters, specifically the char-
acteristic load-carrying capacity F,p, and the stiffness K. With

1.1. Motivation and scope of paper

The design and performance of timber connections play a vital role
in modern timber structures. Conventional joist-to-header connectors
are widely available in various geometries, with dovetail-type inter-
locking systems being among the most common. These connectors are
typically manufactured from aluminium, a material that, while offering
adequate mechanical performance, presents limitations in terms of
environmental impact and fire resistance. This study seeks to address
these shortcomings by rethinking the concept of system connectors
through the use of densified veneer wood (DVW) as an alternative

material. DVW offers a significantly improved carbon footprint [1] and

enhanced fire performance [2,3] compared to aluminium, aligning with

the growing demand for sustainable and resilient building solutions.
Beyond material substitution, this research aims to increase the
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such a model it is possible to integrate DVW-based connectors into
engineering practice, providing reliable design equations that account
for the combined effects of material properties, surface modifications,
and connection geometry.
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Table 1

Material properties of DVW and GL 24h (COV in parenthesis).
Material properties DVW GL 24 h

6 mm 10 mm 15 mm

Density p,, [kg/m3] 1363 (2%) 1376 (1%) 1381 (1%) 456 (5%)
Moisture content u [%] 7.1 (13%) 7.2 (16%) 6.7 (25%) 11.7% (7%)
Compression parallel to grain fc,O,edge [N/mm?] 97.2 (9%) 96.9 (3%) 80.5 (10%) 24.0° (12%)°
Compression perp. to grain fclgo)edge [N/mm?] 90.1 (4%) 88.9 (4%) 88.5 (4%) 2.5 (10%)°

MOE E,, g, [N/mm?]

20300 (8%)

19500 (9%) 17600 (8% ) 11500 (13%)¢

2 Determined herein.
b Characteristic strength acc. to EN 14080 [4].
¢ COV acc. to JCSS Probabilistic Model Code [5].

1.2. State of the art

In [6], it was shown that even a slight inclination of screws en-
ables additional force transfer through friction between the connected
components. As the inclination angle § (i.e. angle between the fastener
axis and the shear plane) decreases, the proportion of axial load in
the total load-carrying capacity increases, while the contribution from
lateral load diminishes. Due to the significant difference in stiffness
between axial and lateral loading, almost the entire load is carried by
axial forces, making the lateral component negligible.

Studies on steel-to-timber connections with inclined fully threaded
screws were presented in [7], where an analytical model including
friction was proposed for predicting total load-carrying capacity. A key
aspect of this work was the effective number of fasteners n  in a group
of axially loaded screws. The results suggest using n,; = 0.9 - n for the
ultimate limit state and n,; = n%3 for the serviceability limit state.

In [8], the influence of friction on the load-carrying capacity of con-
nections with dowel-type fasteners was investigated. Various surface
modifications were considered; however, the friction studied was not
in the shear plane between connected members but between timber
and the fastener itself. Building on this, [9] conducted general tests to
determine the friction coefficient of steel on wood. In [10], different
surface modification processes aimed at increasing friction in the shear
plane were examined, and friction coefficients were determined. The
main findings were that all modifications increased friction in the shear
plane and improved connection strength.

The stiffness of single-shear timber-to-timber connections has been
investigated in several studies, e.g., [11,12]. These models are based on
the lateral and axial slip modulus of screws and also consider friction in
the shear plane. More recent studies on the analytical determination of
the stiffness of steel-to-timber connections include [13-15]. All models
rely on input parameters derived from test data, such as [16] for the
axial stiffness of fully threaded screws. The main conclusion is that
these models can predict the stiffness of timber-to-timber connections;
however, they are limited to single-shear configurations and do not
account for the stiffness of system connector plates.

The use of densified veneer wood (DVW) for system connectors is
novel, although its application in timber structures dates back to at least
the 1980s. In [17-19], DVW was investigated for use as dowel-type
fasteners. In [2,3], the superior fire resistance of DVW compared to
timber was demonstrated. The main findings were that DVW exhibits
a lower charring rate than wood and lower heat transfer than steel,
supporting the motivation for this study.

2. Materials and methods
2.1. Materials

For all tests glulam GL 24h (spruce/fir) was used. The wood was
conditioned at 20 °C and 65% r.H. prior to the tests. The speci-
mens were all cut from larger pieces from different manufacturers
and batches. After the tests, the density and the moisture content
were determined for all specimens on small-scale probes cut from the

specimens close to the area of failure. The density of the wood varied
between 380-530 kg/m® with a mean density of 456 kg/m® and a
standard deviation of 25 kg/m3. The results suggest that the density
has no imminent influence on the failure mode. The moisture content
determined on all specimens was between 10-12%.

For the analytical model, mean values were used. The mean values
were derived from the characteristic values given in EN 14080 [4].
To derive the mean values, coefficients of variation given by the JCSS
Probabilistic Model Code, Part 3: Resistance Models [5] were used.

The connectors for the experimental test campaign were manufac-
tured using densified veneer wood (DVW). DVW is a glued laminated
product, consisting of veneers impregnated with thermosetting syn-
thetic resins, which are compressed in hydraulic presses under high
temperature and pressure. Beech wood is the preferred veneer, as it
is easy to impregnate, has high strength perpendicular to the veneers
and is available in sufficient quantities. Thin veneers with thicknesses
of 0.4-2.1 mm are predominantly used to allow for quick and even im-
pregnation of the wood structure with synthetic resin. After the veneers
have been assembled into packs, they are pressed at 100-250 bar and
a temperature of 135-165 °C until the resin hardens. This produces
panels with a bulk density of up to 1400 kg/m? [20,21].

The material properties of DVW were determined in tests with cross-
laminated veneers [22]. Three different board thicknesses d = 6 mm,
10 mm and 15 mm were analysed. An excerpt of the results is shown
in Table 1. The compressive strength and the modulus of elasticity in
the plane of the panel, both decrease with increasing panel thickness.
For connector plates with thickness greater 15 mm, the properties of
15 mm DVW were used and no further material tests were conducted.
Alternative DVW products with different layups and veneer thicknesses
were not included at this stage. These products, with increased material
properties, would prevent failure of the connector itself. Therefore, they
should be considered for future research.

To increase the friction in the shear plane, the surface of the connec-
tor plates was modified. In friction tests, coefficients of friction between
softwood and modified surface were determined. Hereby, parameters
such as fibre direction of the wood, contact pressure, and testing speed
were varied. Subsequently, static and kinetic friction coefficients were
evaluated. The different modification methods as well as the friction
tests are presented in detail in [23]. The relevant friction coefficients
for herein considered surfaces are given in Table 2 and exemplary
surfaces can be seen in Fig. 1.

2.2. Connection tests (short-term)

Test specimens and programme. Push-out tests were carried out to de-
termine the ultimate load-carrying capacity and the stiffness of connec-
tions with system connectors and inclined screws in insertion direction
F, of the connectors, see Fig. 2. The connectors were made of DVW with
modified surfaces. Each connection consisted of two connector plates,
see Fig. 3. The connector plates were not mechanically connected. The
load transfer between the two connector parts occurred via compressive
contact. Table 2 provides an overview of all test series described in
the following. The goal of series 1 was to determine whether inclined
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Fig. 1. Different modified surfaces: (a) milled pyramid pattern with milling depth of 1.5 mm. (b) embossed surface with imprint of pyramid pattern (penetration
depth of embossing punch of approx. 1 mm). (c) milled circular pattern (depth of grooves approx. 0.5 mm)

main beam

HF3

M.

Fig. 2. Load directions for beam-to-beam connections with system connectors (in accordance to [24]).

Table 2

Overview of the short-term push-out tests with relevant static and kinetic friction coefficients for different surfaces (mean values).

Series No. of tests Surface Coefficient of friction Screw type and number
Hstatic Hinetic
1 3 Untreated 0.23 0.19 5 x 100 5
3 Milled pyramids 1.0 mm 0.95 0.66 5 x 100 5
3 Milled pyramids 1.5 mm 1.07 0.56 5 x 100 5
3 Milled pyramids 2.0 mm 1.12 0.83 5 x 100 5
3 Milled circular pattern 0.89 0.64 5 x 100 5
3 Sanded 0.56 0.40 5 x 100 5
3 Sandblasted 0.49 0.41 5 x 100 5
3 Coated with EpoxyTape 0.1 mm 0.82 0.62 5 x 100 5
3 Coated with EpoxyTape 1.0 mm 0.74 0.50 5 x 100 5
2 5 Milled pyramids 1.0 mm (offset) 0.95 0.66 5 x 100 5
5 Milled pyramids 1.5 mm (offset) 1.07 0.56 5 x 100 5
3 5 Milled pyramids 0.5 mm 0.87 0.56 6 x 180 5
5 Milled circular pattern 0.89 0.64 6 x 180 5
4 5 Untreated 0.23 0.19 6 x 100 15
5 Embossed pyramid impression 0.79 0.52 6 x 100 15
5 Milled pyramids 0.5 mm 0.87 0.56 6 x 100 15
5 3 Embossed pyramid impression 0.79 0.52 6 x 200 15
6a’ 8 Milled pyramids 0.5 mm 0.87 0.56 6 X 200 10
6b*P 7 Milled pyramids 1.0 mm 0.95 0.66 6 x 200 12
7 5 Milled pyramids 1.0 mm 0.95 0.66 8 x 300 20

a Tests with prototype connectors.
> Analogous test series for long-term tests.

screws could generate sufficient contact pressure in the shear plane to
activate the friction, and if the friction coefficients determined in [10]
also occur in connections. Due to the wide range of surfaces tested and
the preliminary nature of the tests, only three tests were performed
on each surface. In subsequent test series 2 and 3, the position of the
screws in the connector plate and the length of the screws were varied,

and the number of tests was increased to five for each series to obtain
more reliable data. The connectors in series 1-3 with 5 screws had a
size of 110 x 58 mm?, with two different thicknesses, 15 and 25 mm.

In series 4, the number of screws was increased to study the be-
haviour of connectors with closely spaced screw groups. The objective
was to assess whether failure modes such as block shear failure needed
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series 7

Fig. 3. Different connectors examined in push-out tests.

to be considered in future design models. Again, the length of the
screws was varied in a further test series 5. The connectors with 15
screws were larger in size with 110 x 150 mm? and a thickness of
25 mm.

In series 6, prototype connectors were tested. The modified surface
was a milled pyramid pattern: 0.5 mm deep for prototype v1 (series 6a)
and 1.0 mm for prototype v2 (series 6b). Prototype v2 included four
additional assembly screws inserted perpendicular to the shear plane
to enhance fixation. Due to the occurrence of unexpected failure modes
during the tests, the number of tests was increased to eight and seven,
respectively.

In series 7, a heavy-duty prototype connector v3 was tested for loads
up to 500 kN. Here, 20 inclined screws per connector plate were used.
In series 6-7, the connector plates were connected with metric screws,
but load transfer still relied on contact pressure. The metric screws
ensure correct assembly and secure the connection against uplifting
forces F; (Fig. 2). Therefore, they have no influence on the load
capacity and stiffness in insertion direction F,.

Table 2 provides an overview of all push-out tests, including the
number of screws per connector plate and shear plane. Fig. 3 shows
the examined connectors and highlights the size differences.

With the prototype connectors only, further tests were carried out
to determine the load-carrying capacity F,, F;s and M, (load and grain
directions as shown in Fig. 2). The results of these tests are published
in [10].

Test setup and execution. Fig. 4 shows the test setup for the push-out
tests. The tests consisted of two outer members and one inner member.
To avoid premature failure of the timber during the tests, the grain
direction of the outer and inner members was parallel to one another.
The DVW connectors were modified on one side only, and fastened to
the outer and inner members with inclined screws at a 45° angle in all
tests. Series 1-2 used fully threaded HECO-TOPIX screws [25] with a
diameter of 5 mm. Series 3-7 used Wiirth ASSYplus VG 4 screws [26]
with diameters 6 and 8 mm.

The inner members of the test specimens were loaded using a
universal testing machine via a load cell and calotte, see Fig. 4. During
testing, both the machine load and the relative displacement between

the inner and outer members were recorded. Displacement was mea-
sured at the front and back of each connector. Series 1 used inductive
displacement transducers (measuring rate of 5 Hz), while series 2-7
used a digital image correlation (DIC) system with a measuring rate
of 1 Hz (LIMESS Messtechnik u. Software GmbH). Markers and LVDTs
were placed on the timber at mid-height of the connector plates, see
Fig. 4.

The test procedure followed EN 26891 [27] with unloading loop.
For each connector, the maximum load F, ., and stiffness K ser test
were determined. The measured stiffness included deformation across
both shear planes. The stiffness was evaluated in the linear-elastic range
between 10 and 40% of the maximum load of each specimen.

2.3. Connection tests (long-term)

Test specimens and program. To investigate the behaviour of the connec-
tions with modified surfaces over time, long-term tests were performed.
The fabrication of the test specimens followed the same procedure as
for the short-term tests. Herein, only the tests with connector proto-
type v2 are presented and discussed. The test programme comprised
duration-of-load (DoL) tests followed by the determination of the resid-
ual load-carrying capacity. Three specimens with two connections each
were tested in two different climatic conditions: service class 1 (indoors
and heated) and service class 2 (covered but open structure).

Test setup and execution. The experimental setup was based on the
configuration used for the short-term tests and can be seen in Fig. 5. The
constant load was applied via large compression springs in combination
with threaded rods. The rods featured a metric thread M20 and strength
class 10.9. Both inner members were loaded simultaneously and as
uniformly as possible, using steel profiles and large washers. This
arrangement enabled two push-out tests with four connectors to be
conducted within a single system. Each compression spring provided
a maximum force of 50 kN. The target load level was approximately
30% of the mean load-carrying capacity determined in the short-term
tests. From a conservative perspective, the load level of approximately
30% corresponds to the upper limit of typical service loads. The test
specimens were loaded with a universal testing machine up to 100 kN.
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Fig. 4. Test setup for short-term push-out tests.
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Fig. 5. Loading of specimen (a) and test setup of long-term tests (b+c).

The nuts of the threaded rods were then tightened, keeping the springs
compressed at 50 kN.

The relative displacement between the outer and inner member was
measured with a digital depth gauge in constant intervals. Subsequent
to the reduction of the spring load to approximately 95% of the target
load, the test specimens were returned to the laboratory to be reloaded.
After ~570 days, the specimens were unloaded. The spring loads at
that time were no less than 93% of the target load. The tests to de-
termine the residual load-carrying capacity were performed analogous
to Section 2.2.

Evaluation of creep factors. With the measured relative displacement,
creep factors ky; were evaluated separately for both service classes.
For the initial displacement to determine the creep factors, the displace-
ment after 10 min was taken, in accordance with [28].

The creep factor is typically evaluated for a service period of
50 years. Therefore, the experimental test data was extrapolated, using
two different models. A logarithmic model from [28] was adopted
because it was specifically developed for timber-to-timber connections,
see Eq. (1). Additionally, an exponential model from [29] was selected
for its proven performance on timber in general, see Eq. (2).

kgt =a-log(1+b-1) @

kg ) = a- (1= V1) @
where t time in days
a input parameter determined from test results
b input parameter determined from test results

The input parameters a and b were determined with test data of
570 days for service class 1. For service class 2 test data of 330 days
were used to determine the parameters, due to a better fit of the models.

To derive creep factors for application in EC5, the values reported
in [28] were adjusted to ensure comparability. The modification is
based on the condition that the predicted ultimate deformation must
correspond to the experimentally measured ultimate deformation. To
compare the creep factors for connections with inclined screws to other
connections, the results were transformed using the same approach.
The complete derivation is presented in [28]. The resulting creep factor
is defined as follows:

K2,ser,m0del

(1 kger () — 1 3

kg =
ef EC5
K2,ser,10min
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Fig. 6. Force diagram illustrating the acting forces in a connection with
inclined screws.

where kdeECs proposed creep factor for EC5
kges(t) predicted creep factor based on model
K3 ser,model stiffness of connection based on model
K5 ser, 10min stiffness of connection after 10 min

The expected stiffness Kj germodet Was calculated with the herein
presented spring model according to Eq. (30). The stiffness after 10 min
K3 ser,10min Was determined with the load of the respective load level
and the measured displacement after 10 min.

2.4. Analytical model

An analytical model is introduced for both the load-carrying ca-
pacity and the stiffness of a connection with system connectors and
inclined screws. To validate both models, the results are compared to
the results of the tests with system connectors made of densified veneer
wood (as presented in Section 2.2) as well as to results with aluminium
connectors performed at the Research Centre of Steel, Timber and
Masonry over the course of the last decade (source: unpublished test
reports). The hereby used aluminium was of grade EN AW-6082 T6
(i.e. E = 70000 MPa [30]), and the screws were inclined by 45°.

2.4.1. Load-carrying capacity

Fig. 6 shows a connection with screws arranged at an inclination
angle § relative to the connector plane or shear plane. For equilibrium
reasons, the horizontal component siné - F,, of the axial screw force
induces a compressive force perpendicular to the shear plane. This
compressive force generates friction within the shear plane, commonly
referred to as the rope effect.

For the design of screwed connections, the following failure modes
should be considered, where the first three main failure modes govern:
(1) Withdrawal failure, i.e. loss of the bond between the screw thread
and the wood upon reaching the withdrawal capacity. (2) Tensile
failure of the screw, i.e. rupture of the screw when its tensile capacity
is exceeded. (3) Head pull-through failure, i.e. failure of the wood
adjacent to the screw head when the head pull-though capacity is
reached, causing the screw to be pulled through the wood on the head
side. (4) Buckling failure of the screw. (5) Block shear failure along
the circumference for groups of axially loaded screws. (6) Compressive
failure of the timber beneath the connector plate upon reaching the
compressive strength of the timber. (7) Failure of the connector itself
upon reaching the strength properties of the connector material.

Failure modes (3), (4) and (5) are not included in the analytical
model. Since the system connectors are made of steel, aluminium or
densified veneer wood in this case, head pull-through is not critical
because screw rupture occurs first. Buckling can be disregarded since
the screws are subjected to tensile loading. Block shear failure did not
occur during the tests with the DVW connectors and is, therefore, not
regarded in the design model.

Engineering Structures 365 (2026) 123247

~

Fig. 7. Loaded area of the header A g,y beneath the connector plate.

The total load-carrying capacity for connections with connectors
and inclined screws is governed by the minimum value from Eq. (4),
where line 1 and 2 represent withdrawal and tensile failure, line 3 cov-
ers compressive failure perpendicular to the grain, and line 4 regards
failure of the connector.

Nep - Fox g+ (4 - sIn 6 + cos &)
Neg * Fiensr * (1 - $iN 6 + €08 8)

F,g = min 1 (C))
’ Acoou * feoon  Keoom - (M + tans )
F, 2,con
where  ng effective number of fasteners

Faxr withdrawal capacity of a screw, in kN

Fiensg  tensile capacity of a screw, in kN

u coefficient of friction

1) inclination angle of the screw with respect to the shear
plane

Acoon  effective area under the connector plate at the header,
in mm?

feoo ~ compressive strength perpendicular to the grain of the

header, in N/mm?
keoom  coefficient for compression perpendicular to the grain
F) con load capacity of connector, in kN

The loaded area of the header A gy includes 30 mm on each side
in fibre direction, see Fig. 7. The capacities in Eq. (4) can either all be
experimentally determined mean values or all be characteristic values,
depending on the designer’s needs.

Withdrawal capacity. To determine the short term mean withdrawal
strength of fully threaded screws, Eq. (5) from [31] is used. The
equation is based on over 700 tests and can be applied to self-drilling
wood screws from all manufacturers, provided that their geometric
properties are similar to those of the screws tested. To determine the
characteristic withdrawal strength of fully threaded screws, Eq. (6)
from the respective ETA is used [25,26].
0.6 - \/E [efo.o <08

Fy g = )
aenm 1.2 - cos? a + sin® a

k 'f,k'd'lf P 0.8
Fax,Rk=%ﬂe~<p—k> ©)
a
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Table 3
Tensile and withdrawal strength of used screws.
Screw 5 x 100 6 x 100 6 x 200 8 x 300
Number of tests 12 12 15 5
Freperm in kN 8.96 15.1 14.2 24.1
Fineri in kKN 7.90 12,5 12.5 22.0
fux in N/mm? 11.8 11.5 11.5 11.0
where d thread diameter, in mm
Lo withdrawal length, in mm
fux  characteristic withdrawal parameter, in N/mm?
Koy 1.0 for a = 45°
ky 1.0 for glued laminated timber
P mean density, in kg/m?
Pi characteristic density, in kg/m3
Pa associated density, in kg/m?
a angle between the fastener axis and the shear plane (as

per ETA, equivalent to 6 as per new EC5)

Tensile capacity. The tensile capacity of screws is dependant on the
geometry and material of the screws. Mean values were determined
experimentally within this study, and characteristic values are taken
from the respective ETA (see Table 3).

Friction coefficient. In [23] friction coefficients for different surface
modifications were determined. The evaluation showed that the mean
kinetic friction coefficient p;, should be used to determine the load-
carrying capacity of a connection in ultimate limit state. For the tests
with the DVW connectors and modified surfaces the friction coeffi-
cients from [23] were taken, for the aluminium connectors, a friction
coefficient of 4 = 0.25 according to Eurocode 5 (EC5) was assumed.

2.4.2. Stiffness - mechanical model with friction

In [11], a model was presented and investigated for the calculation
of the stiffness of inclined screws loaded laterally (i.e. parallel to the
shear plane). The resulting stiffness K, can be calculated from the
stiffness of the screw in lateral (K,) and axial direction (K,y). This
model has been adopted in the new generation EC5 [32], see Eq. (7),
with the only changes that K. will be renamed to Kg;g.

Ky ser = K, sind(siné — p cos 8) + Ky c0s 5(cos 6 + i sin 6) (@]

where K, lateral slip modulus
K,x  axial slip modulus
u coefficient of friction
5 angle between the fastener axis and the shear plane

Lateral slip modulus. In [11,12] it is suggested to use the stiffness K,
of screws in lateral direction as specified in Table 7.1 of the current
generation EC5 [33]. Eq. (8) gives the stiffness per fastener and shear
plane.

K =" ®)

where d thread diameter, in mm
p  mean density, in kg/m3

The new generation EC5 [32] defines the lateral slip modulus
dependant on the number of fasteners, see Eq. (9). The slip modulus
of a connection depends on the number of fasteners in a row and the
stiffness does not increase in proportion to the number of fasteners.
Eq. (9) gives the stiffness of a connection.

9o

Ksisy = Z min{ng;;6} -m- Kgg )
i=1
where gy number of fasteners in a row parallel to grain
ngo number of fasteners in a row perpendicular to grain
m number of shear planes per fastener

Ksisvi slip modulus of a single fastener per shear plane
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The mean lateral slip modulus Kg;g,; per fastener and shear plane
is calculated according to Eq. (10) (from Table 11.12 in [32]).

11
Ky =60-d,'7 - (Znean ) (10)
where d; inner thread diameter, in mm

Pmean  Mean density, in kg/m?3

In both, the current and new EC5, the values of mean lateral slip
modulus should be doubled, for steel-to-timber connections, where the
fastener is sufficiently clamped in the steel.

Axial slip modulus. The axial slip modulus can be seen as two springs
placed in series, each with the stiffness Ky o ;> see Eq. (11). This was
proposed in [34] and adopted in [11].

1

Kax = ﬁ (11)
+

K. K,

ser,ax, | ser,ax,2

where K

ser,ax.i axial slip modulus of the threaded part

For the axial stiffness of the threaded part of the screw, in [12] it
is suggested to use either Eq. (12) from [35] or Eq. (13), which can be
found in various ETAs [25,26]. However, Eq. (12) should no longer be
used for determining the axial stiffness, as it results in too low values.
Therefore, in [16], different test methods for the determination of the
axial stiffness were used and analysed. Based on the test results, a test
method was finally identified and a model was developed, see Eq. (14).

Koerax =234+ (pd)"% - 102 12)

Kser,ax =25-d- lef (13)

Kser,ax =043 d0'4 . lef0'4 . /70'3 14
where p mean density, in kg/m?3
d thread diameter, in mm

log withdrawal length, in mm

The new generation of EC5 [32] adopts the double spring model for
the axial slip modulus. For connections with dowel-type fasteners the
mean axial slip modulus Kgg,, per connected member should be be
taken according to Eq. (15).

1

KSLS,aX =n-— (15)
J
Z 1
o Ksisaxi
where n total number of fasteners

j total number of serially acting displacement shares
Ksis,ax; mean slip modulus of displacement share i

The mean withdrawal slip modulus Kgs,,; for the part of the
fastener acting in withdrawal with the withdrawal length /,, limited
to 20d is calculated according to Eq. (16) (from Table 11.13 in [32]).

KSLS,W =2-4%. lwo'6 . pmeano'g (16)
where d diameter of the fastener, in mm
. withdrawal length, in mm
Prmean mean density, in kg/m?

For the non-threaded part of the screw, the new EC5 suggests to use
Ks1s5» but does not further define Kg; g . Here, a spring constant of the
part of the screw not acting in withdrawal is defined, as in Eq. (17).

EA
Ksiss = = a7
lS
where EA tensile rigidity of screw
s screw length not acting in withdrawal

~
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Fig. 8. Spring model for stiffness of connection.

Friction coefficient. In [23] it is concluded that the mean static fric-
tion coefficient uy, should be used to determine the stiffness of a
connection in serviceability limit state. Again, the friction coefficients
from [23] were taken for the tests with the DVW connectors and mod-
ified surfaces, and for the aluminium connectors u = 0.25 according to
EC5 was assumed.

2.4.3. Stiffness - spring model without friction

This paper presents an alternative, more accurate design approach
to the model in the new generation of EC5 [32]: a new spring-system
model for determining the stiffness of connections with system con-
nectors and inclined screws. Fig. 8 shows the herein presented spring
model. When the connection is loaded (force F, parallel to the shear
plane), the inclined screws react in tension to the external load. The
stiffness of the screws is regarded by (1) a series connection of a spring
covering the threaded part of the screw in the timber with the length #,,,
and a spring covering the top part of the screw in the connector plate
with the length #,. The axial load in the inclined screws leads to a load
perpendicular to the shear plane, which is covered by (2) a compression
spring perpendicular to the grain. It is assumed that this compression
spring acts up to the level of the screw tips, with a length siné - 7.
Furthermore, it is assumed that the compression load perpendicular to
the grain beneath the connector plate decreases linearly up to the level
of the screw tips. Finally, the connector itself is loaded in compression
parallel to the shear plane, covered by (3) a compression spring in axial
direction of the connector plate. It is assumed that the load distribution
in the connector plates reduces at each row of screws resulting in a
stepped distribution. This stepped distribution is further simplified with
a linear decrease over the height of the connector 4., i.e. the distance
to the centre of the most distant loaded fastener.

The stiffness of the connection in the main loading direction F, can
be determined using the principles of virtual work. The deflection of
the connection follows Eq. (18).

i N i N
w=Yy NN L _ g NN (18)
n=1 EAi n=1 Kax,i
where N; load in member i in specific load case
N; load in member i in virtual load case
EA; axial rigidity of member i
I length of member i
K axial stiffness of member i

ax,i

To apply the principles of virtual work, the spring loads in both load
cases are calculated.
£

N, = —— 19
17 Coss a9
F, siné
Ny= ——— 20
2 cos o 20
N3 =F, 21
N, = L (22)

— _ 1 siné
cos &

(23)

Ny=1 (24)

When inserting Egs. (19)-(24) in Eq. (18), the displacement of the
connection per shear plane can be determined.

F F, sin®s F
w= L+ L (25)
Ky1-cos26  Kyn-cos28  Kyz
1 sin’ 1
w=F,- + + — (26)
2 < Ky1 €088 Kyp-cos?8 Ky )

The stiffness K. of the connection can be calculated with Eq. (27).

F. 1
Koy = = = — 27)
w 1 " sin” & 1
Kyp-cos?8  Kyp-cos?8  Kys
Axial stiffness of screw. The axial stiffness of the screw K,, | = K o«

is calculated according to Eq. (11), considering the slip modulus of the
threaded part (Egs. (13), (14) or (16)) and the slip modulus of the part
in the connector plate (Eq. (17)).

Stiffness of timber in compression perpendicular to grain. The stiffness in
compression K, ; of the wood beneath the connector plate is calculated
according to Eq. (28). For the compression stress, a linear declining
behaviour is assumed along the perpendicular withdrawal length up
to the level of the screw tips. It is assumed that the compressed area
beneath each screw has a size of a, - ay, i.e. q, is the distance between
screws parallel to the grain and g, is the distance between screws
perpendicular to the grain.

2 Eg-a;-a

K2 = Koo = (28)

siné - 1,

where Eg, Modulus of elasticity perpendicular to the grain, in N/mm?
a; distance between screws parallel to the grain, in mm
a,  distance between screws perpendicular to the grain, in mm
Ly withdrawal length of inclined screw, in mm

For the modulus of elasticity perpendicular to the grain of glulam
GL 24h a mean value of Ey, = 300 MPa was chosen. For some tests with
the DVW connectors, CLT was used instead of glulam. Here, the stiffness
of the compression spring was calculated with an MOE of 11600 MPa,
but only the area of the cross layers beneath the connector plate was
taken into account. And finally, for the tests with DVW connectors and
reinforced glulam beams, an equivalent MOE of 1000 MPa was used
for the reinforced area, following test results in [35].

Stiffness of connector in compression. The stiffness in compression of
the connector itself is calculated with Eq. (29). It is assumed, that the
load distribution in the connector plates reduces at each row of screws
resulting in a stepped distribution. This stepped distribution is further
simplified with a linear decrease over the height of the connector
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towards the lower/upper end of the connector plate. The height A,
is the distance to the centre of the most distant loaded fastener. The
stiffness is calculated per connector plate and shear plane.
2 (EA)
Kax,3 = Keon = —= (29)
he
where A, area of connector subjected to compression, in mm?
he distance to the centre of the most distant loaded fastener,
in mm

Regarding the number of fasteners, a last adjustment has to be
made. The axial stiffness of the inclined screws as well as the stiffness
of the wood perpendicular to the grain is calculated per fastener. The
compression stiffness of the connector plates, however, is calculated per
shear plane. Therefore, the number of fasteners has to be considered
only for K, ; and K, ,, resulting in the total stiffness of the connection

per shear plane as of Eq. (30).
1
Koo = (30)
ey 1 1 sin’s 1

nee K net Ko - cos? & Keon

. 2
ser,ax * COS 6

3. Results and discussion
3.1. Connection tests

3.1.1. Short-term tests

Tests with 5 screws. The results of ultimate load and stiffness, along
with their respective standard deviations, are given in Table 4. The
corresponding load-displacement curves for all tests in series 1 can
be seen in Fig. 9. Failure occurred either by withdrawal or rupture of
the screws, i.e. failure modes (1) or (2), according to Section 2.4.1.
In general the load-carrying capacity could be increased because of
higher friction in the shear plane and, therefore, an additional load part
parallel to the shear plane. This behaviour was especially pronounced
with surfaces with protruding features, such as the milled pyramid
pattern, see Fig. 1(a). This can be explained by the good interlocking
of these surfaces with the softwood, see Fig. 12(a). The stiffness of the
connections with these protruding surfaces, however, did not increase,
and in some cases even decrease. For one, the deviation of the test
results of the stiffness has to be considered, which was higher than
for the ultimate loads. But also, due to the protruding features, the
surfaces were further pressed into the softwood during the loading,
leading to deformation perpendicular to the shear plane and, thus,
lower stiffness values. The highest stiffness values were determined
with surfaces with rather “flat” and even surfaces, such as untreated or
embossed surfaces, see Fig. 1(b). Here, the even surface structures led to
a tight fit of the surfaces and no additional deformation perpendicular
to the shear plane. An increase in load-carrying capacity of tests with
modified surfaces of 25-50% compared to tests with untreated surfaces
was determined.

Tests with 15 screws. Based on the results, three surface conditions
were tested: untreated DVW (reference), an embossed surface with
a negative pyramid imprint, and a milled pyramid pattern (0.5 mm
height). The results of ultimate load and stiffness are given in Table
4 (with their respective standard deviations). The corresponding load—
displacement curves for all tests in series 4 can be seen in Fig. 10.
Failure occurred by withdrawal of the screws, i.e. failure mode (1)
according to Section 2.4.1. All surfaces exhibit initial linear behaviour;
however, tests with untreated DVW flatten after 50% of ultimate load,
whereas tests with modified surfaces maintain stiffness until 70-80%.
The same observations as before are made for the different surfaces.
Evaluation after the tests revealed no group effect in the form of block
shear failure. This is also evident in the results, which show an almost
linear increase in load-carrying capacity from tests with five screws
to those with 15 screws. Also, the screw arrangement distributed the
contact pressure evenly, see Fig. 12(a). Series 4 confirmed previous
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Fig. 9. Load-displacement curves for series 1. Comparison of untreated (black)
to modified surfaces (teal).
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Fig. 10. Load-displacement curves for series 4. Comparison of untreated
(black) to modified surfaces (teal).

findings: protruding features of the surface increased load capacity
by up to 30%, while uniform surfaces improved stiffness by up to
30%. Failure occurred by screw withdrawal. For the first time, large
deformations perpendicular to the shear plane were observed during
the tests, see Fig. 12(b). Based on these tests, the failure of the wood
perpendicular to the grain beneath the connector plate was included in
the analytical model.

Tests with prototype connectors. The tests with the prototype connec-
tors confirmed the feasibility of DVW connectors as an alternative to
conventional system connectors. The ultimate load and stiffness results
are given in Table 5 with their respective standard deviations. Failure
occurred mainly by rupture of the screws for the tests with connector
vl (failure mode (2) according to Section 2.4.1). The total load of
the prototype connectors could be increased from vl to v2. With the
higher loads in the tests of connector v2, again, failure of the wood
perpendicular to the grain became decisive (failure mode (6) according
to Section 2.4.1), leading to additional tests with reinforcement screws
placed beneath the connector plates, and tests with CLT. 5-ply CLT
was used with two cross layers perpendicular to the shear plane acting
as natural reinforcement. Both adaptations of the specimens excluded
failure perpendicular to the grain, enabling the connectors to reach
their full capacity. The load-displacement curves for all tests with
prototype connectors can be seen in Fig. 11, showing the differences
between prototype v1 (gold) and v2 (teal), as well as the differences
in the specimens’ reinforcements in the tests with prototype v2. Where
applicable, one example from each series is shown in dark colour, while
the rest are shown in a light colour.
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Table 4
Ultimate loads and stiffness values from the tests of series 1 and 4 (mean values).
Surface Series 1 Series 4
FZ,les‘ Kz,ser.ms: Fz.ms: Kz‘ser.[esl
in kN in kN/mm in kN in kN/mm
Untreated 40.5 + 0.8 16.7 + 0.9 119 + 3 33.5 £ 2.7
Embossed - - 140 + 3 42.6 + 9.0
Milled pyramids 0.5 mm - - 153 + 4 34.0 + 3.5
Milled pyramids 1.0 mm 52.9 + 4.0 15.6 + 0.8 - -
Milled pyramids 1.5 mm 53.4 + 1.3 12.2 + 0.7 - -
Milled pyramids 2.0 mm 52.8 + 2.1 11.0 + 1.0 - -
Milled circular pattern 49.9 + 0.2 147 + 1.4 - -
Sanded 50.3 + 1.6 16.3 + 3.0 - -
Sandblasted 50.6 + 1.7 17.9 + 2.5 - -
Coated with EpoxyTape 0.1 mm 57.8 + 1.2 13.6 + 0.7 - -
Coated with EpoxyTape 1.0 mm 52.3 + 2.4 11.4 + 0.7 - -
600 T T T T T T
500F 1
vl - GLT
- 400F 1 | v2 - GLT (failure perp to grain)
éé — — —v2 - GLT reinforced
5 300r 1 |[—=-— v2-CLT
§ ---------- v3 - GLT (failure perp to grain)
200 1 — — —v3 - GLT reinforced
————— v3-CLT
100 / 4
0 ’;. e . L | L L .
0 2.5 5 7.5 10 125 15 175 20

Displacement in mm

Fig. 11. Load-displacement curves for series 6 and 7. Comparison of prototype v1 (gold), prototype v2 (teal) and prototype v3 (black).

Table 5

Ultimate loads and stiffness values from the tests of series 6 and 7 (mean values).

Series Prototype Timber Surface Number of tests F et K> er gest
in kN in kN/mm
6 vl GLT Milled pyramids 0.5 mm 8 151 + 5 25.0 + 4.0
v2 GLT® Milled pyramids 1.0 mm 2 156 + 2 30.3 + 3.3
v2 GLT® Milled pyramids 1.0 mm 2 173 £ 9 333 24
v2 CLT Milled pyramids 1.0 mm 2 186 + 9 63.5 + 8.7
7 v3 GLT® Milled pyramids 1.0 mm 1 443 82.0
v3 GLT® Milled pyramids 1.0 mm 3 496 + 4 80.9 + 4.3
v3 CLT Milled pyramids 1.0 mm 1 503 105

2 Compressive failure perpendicular to the grain of the softwood members.

b Softwood members reinforced with fully threaded screws.

In the first test with prototype v3, failure due to compression
perpendicular to the grain occurred. Subsequent tests reinforced the
softwood with fully threaded screws (8 x 160 mm), countersunk to
allow the pyramid pattern to press into the wood, see Fig. 12(c). Failure
then occurred mainly by compression failure of the connector plate
parallel to the grain, and one test reached the screw’s tensile capacity.
As before, a last test was performed with CLT, resulting in the same
ultimate load, but leading to higher stiffness. As previously, 5-ply CLT
was used with two cross layers perpendicular to the shear plane acting
as natural reinforcement. The load-displacement curves for all tests in
series 7 are also given in Fig. 11 (black). Again, one exemplary test is
plotted in dark colours, while the other tests of the series are plotted
in light colours. The CLT specimen stands out due to its significantly
increased stiffness:

It should be noted that some of the presented test series are based
on a limited number of specimens. The main reasons are stated in
Section 2.2. As a result, the statistical robustness of these subsets is
limited, and the observed trends should be interpreted with appropriate
caution.

10

3.1.2. Long-term tests

Residual load-carrying capacity. After unloading, the specimens were
cut in half along the cut line shown in Fig. 5(a) and the residual load-
carrying capacity was determined. The results are given in Table 6 and
load-displacement curves are shown in Fig. 13.

Service class 1. A mean ultimate load of about 84% of the short-
term tests was reached. The reduced capacity likely stems from limited
sample size, and time-dependant timber property reduction [36]. Also,
the screws may have reached their deflection limits before their load
capacity was reached. This explanation is consistent with findings
of tests on combined bending and axial loads in [37]. The load—
displacement curves start softer and flatten earlier, with tensile failure
of the inclined screws at slightly larger displacements (all compared to
the short-term tests). The initial slip of the connections may result from
timber shrinkage and elastic recovery of the screws after unloading
of the springs. Despite this, stiffness between 10-40% of ultimate
load was about 7% higher than in the short-term tests. The increased
stiffness can be attributed to the constant loading over time, which
pressed the pyramid pattern firmly into the softwood. Unlike with
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Table 6
Results of residual load-carrying capacities in different climatic conditions compared to short-term tests.
Short-term? (n = 2) SC1(=3) SC2(n=3)
Fa st Wmax K ser test u Fo pest Wimax K ser test u Fo st Wmax K ser test u
[kN] [mm] [kN/mm] [%] [kN] [mm] [kN/mm] [%] [kN] [mm] [kN/mm] [%]
MEAN 173 9.48 33.3 11.3 145 111 35.7 11.0 154 11.8 36.4 15.2
SD 8.5 1.46 2.4 0.5 4.1 1.22 3.0 0.2 0.7 0.38 4.6 0.5
cov 5% 15% 7% 4% 3% 11% 8% 2% 0% 3% 13% 3%

a Tests without compressive failure perpendicular to the grain of the softwood members.

(b)

Fig. 12. Imprint of modified surface in softwood, showing good interlocking (a). Failure of wood perpendicular to the grain beneath the connector plate (b).

Countersunk reinforcement screws beneath the connector plates (c).
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Fig. 13. Load-displacement curves of residual load for connectors in SC 1
(gold) and connectors in SC 2 (teal).

the short-term tests, no deformations perpendicular to grain occurred,
allowing full interlocking and higher stiffness. The results show that
sufficient contact pressure can be created in the shear plane even after
an extended time under constant load. This was also confirmed by a
close inspection of the friction area after the tests, where a good surface
interlocking was visible.

Service class 2. The tests in SC 2 achieved a mean load of about 90%
of the short-term tests. Again, the reduction in load-carrying capacity
might rather be attributed to reduced mechanical properties of the
timber, than to a loss of friction over time. The load-displacement
curves show a stiff initial behaviour but still flatten earlier, with tensile
failure of the inclined screws at slightly larger displacements. This is
confirmed by the evaluation of the stiffness, which was 10% higher
than in the short-term tests. Possible explanations for the reduced
ultimate loads and increased stiffness mirror the findings from the tests
in SC 1. Overall, the results in SC 2 exceed the results in SC 1 in both
load and stiffness, likely due to swelling of the wood, thus, improving
the interlock of the pyramid pattern and the softwood, eliminating
initial slip. The failure modes remained consistent with the short-term
tests. The evaluation of the results show that the modified surface
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Table 7
Different models for creep and their input parameters for different climatic
conditions.

Model a b R? Climate

Logarithmic model 0.300 0.118 0.85 SC1
0.400 0.039 0.99 SC 2

Exponential model 0.725 0.059 0.81 SC1
2.130 0.014 0.99 SC 2

and the contact with the softwood was not affected by the changing
environmental conditions and the constant load.

Creep factor. The creep factor ky; was evaluated separately for both
service classes with the relative displacement. The resulting creep
factors over time for the test period are plotted in Fig. 14.

As the exponential model tends towards a horizontal asymptote, and
the logarithmic model predicts a continued deformation, it is difficult
to make a reliable long-term prediction from the limited data set.
Therefore, the results should be interpreted with caution, and the pre-
dicted creep factors should serve as lower and upper bounds. Also, the
recorded data includes creep contributions from both the timber and
the DVW, which may influence the results. Dedicated measurements
of both materials would allow for a more accurate assessment of the
creep contributions. Both models are described with two unknown
parameters, a and b. These parameters were calibrated for the time t
expressed in days and are given in Table 7.

For both service classes the connections show typical behaviour
with an initial sudden increase in deformation and then a gradual
increase over time, see Fig. 14. No direct correlation was observed
between the environmental conditions and the deformation, i.e. the
deformation did not exhibit a sudden increase or decrease in response
to changes in relative humidity or temperature. Jumps in the curves
likely stem from measurement inaccuracies with the depth gauge setup.
No smoothing, filtering or outlier treatment was applied before fitting
the creep models. The displacement after 10 min was consistent with
the short-term results. The dashed and dotted lines in Fig. 14 represent
the two models, and show a good fit to the test data. The results show
that both models reproduce the available test data with comparable
accuracy.
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Table 8
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Creep factors for different load durations for single-shear connections with inclined screws and modified surfaces.
Due to the limited dataset, the values should be interpreted as preliminary.

Load duration Time Creep factor kyegcs
screws SC 1° screws SC 2° nails SC 1° TCC SC 1°¢
Permanent 50 years 1.1 1.4 4.3 21
Long term 10 years 1.0 1.0 3.2 1.9
Medium term 6 months 0.6 0.3 1.1 0.7
a Tested herein.
b Results from [28].
¢ Results from [38].
T T T T T Table 9
06k | Characteristic ratios F, s/ F, i for different friction coefficients u.
Series n Hecs Hitat Hyin
0.5F 1 Aluminium 156 1.12 - -
DVW 180 - 0.92 1.13
04 1
3
-~
0.3F 1

Logarithmic model

0.2 Exponential model | ]
—SC1
0.1 1
—SC2
O 1 1 1 1 1
0 100 200 300 400 500 600

Time in days

Fig. 14. Creep factor kg4 for 570 days in service class 1 (black) and 330 days
in service class 2 (teal).

The modified creep factors kgerpcs according to Eq. (3) are given
in Table 8 for different load durations. The results are compared to
values from literature for timber-to-timber connections with nails [28]
and timber-concrete composites (TCC) with dowel-type fasteners [38].
The creep factors estimated for connections with inclined screws are
approximately 50% lower than those for connections using nails or
other dowel-type fasteners. A direct comparison of the values is some-
what misleading, as connections with axially loaded fasteners are being
compared to connections with laterally loaded fasteners. So the results
seem reasonable as the axial stiffness of dowel-type fasteners exceeds
the lateral stiffness and thus the deformation of the two different
connection types differ.

The influence of the modified surface and the increased friction in
the shear plane can be seen for the medium term load duration. In
SC 1 the pronounced structure of the modified surface is still being
pressed into the softwood member, leading to greater deformation and
a greater creep factor. Whereas in SC 2, a swelling of the softwood
member accelerates the complete interlocking of the modified surface,
which results in smaller deformation and thus a smaller creep factor.
As no tests with untreated surfaces were performed, it is currently not
possible to discuss the contribution of increased friction in the shear
plane separately. In general, further research needs to be conducted
on the long-term behaviour of connections with inclined screws, as the
herein presented data set is limited.

3.2. Analytical model

3.2.1. Load-carrying capacity
The load-carrying capacity of each connection was calculated with
Eq. (4) from Section 2.4, with the effective number of fasteners accord-

ing to Eq. (31) from the respective ETA.
Ny = max{n®°;0.9 - n} (31)

The ultimate loads from the tests are first compared to the average
load-carrying capacities, see teal markers in Fig. 15. For the tests with

12

aluminium connectors, u = 0.25 was used, see Fig. 15(a). For the
tests with the DVW connectors, y was used according to the results
of the friction tests with the modified surfaces, as given in Table 2.
Here, it was further distinguished between the static and the kinetic
friction coefficient, see Fig. 15(b). Additionally, characteristic values
were derived from the test results for each series and compared to the
characteristic load-carrying capacities according to the model, see grey
markers in Fig. 15.

In a second step, it was determined whether the model is suf-
ficiently conservative for the application. For a conservative assess-
ment of the load-carrying capacity, the characteristic ratio Fy sest/ Fy rk
should be greater than 1.0. The 5th-percentile was determined accord-
ing to EN 14358 [39], assuming a log-normal distribution. The evalua-
tion determines a ratio of 1.12 for the aluminium connectors and a ratio
of 0.92-1.13 for the DVW connectors, depending on the coefficient of
friction. The static coefficient leads to a non-conservative prediction,
whereas the kinetic coefficient provides a conservative characteristic
assessment.

Table 9 shows all characteristic ratios for the load-carrying capac-
ity. The evaluation shows that the model predicts the load-carrying
capacity of aluminium connectors quite well when a friction coefficient
of ppcs = 0.25 is used. For DVW connectors with modified surfaces
and increased friction in the shear plane, the model predicts the load-
carrying capacity accurately when the kinetic friction coefficient is
used, whereas for the static coefficient of friction the characteristic ratio
is smaller than 1.0. This supports the conclusion in [23] to use the
kinetic friction coefficient for design in ultimate limit state.

3.2.2. Stiffness

The comparison of test results to model results can be seen in Fig.
16. First, the mechanical model according to the new generation of
EC5 [32] was evaluated. The stiffness per shear plane and connector
plate was calculated according to Eq. (7), with both the lateral and axial
slip modulus determined according to the equations in the new gener-
ation EC5 (gold markers). In comparison, the same Eq. (7) was used to
determine the total stiffness per shear plane and connector plate, but
it was differentiated between the lateral slip modulus according to the
current EC5 in combination with the axial slip modulus according to
ETA [25,26] (black markers) or the axial slip modulus according to [16]
(teal markers). The results show that with all three combinations of
lateral and axial slip modulus, the stiffness of the connection under
loading parallel to the shear plane is overestimated. Mean ratios of
Kiest / Kimodel Tange from 0.3-0.7, thus, being significantly smaller than
1.0.

One possible explanation for this is that the model neglects de-
formation perpendicular to the shear plane. That this deformation
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Fig. 16. Evaluation of mechanical model: comparison of K with K, . for (a) aluminium connectors and (b) DVW connectors (determined with Eq. (7) and
ngs = n%°). Each marker represents a stiffness per connector plate and shear plane.

occurs during testing was shown in [23] especially for connectors
with modified surfaces where displacement parallel to the shear plane
led to further impression of the modified surface into the softwood,
see also Fig. 12(b). Therefore, the spring model was developed, see
Section 2.4.3. Here, compression springs beneath each screw allow
for deformation perpendicular to the shear plane and thus an ana-
lytical reduction of the stiffness. However, the influence of friction is
neglected.

The evaluation of the spring model shows an adequate fit to the test
results, considering the generally high scatter when determining the
stiffness, which was also documented in [13,15]. For both connector
types, i.e. aluminium connector plates without modification and DVW
connector plates with modified surfaces, the results align with the
identity line (K5t = Kmodel)> Se€ Fig. 17. Also, it is shown that the
differences in the various design equations for the lateral and axial
slip modulus are no longer as pronounced as before. This confirms
that deformations perpendicular to the grain contribute significantly to
the total stiffness and, therefore, have to be considered analytically.
Furthermore, the conclusion in [23] that increased friction in the

13

Table 10
Mean ratio K test/ Ksermoder fOr different design equations of K,

ser,ax *

Series n ETA Blass & Steige (2018) FprEN 1995-1-1:2025-04
Aluminium 154 1.89 1.58 1.78
DVW 172 2.03 1.49 1.75

shear plane does not increase the stiffness to the same extent than the
load-carrying capacity is confirmed.

To assess the goodness of the model, the ratio Kger test/ Kser,model
should be close to 1.0. The values range between 1.58-1.89 for the
aluminium connectors, depending on the design equation for the axial
slip modulus. For the DVW connectors, the values range between
1.49-2.03, again, depending on the axial slip modulus. All ratios are
given in Table 10.

It can be seen that the compressive stiffness perpendicular to grain
has a major impact on the stiffness of the connection. The spring
model significantly reduces the scatter of the results, especially for
the aluminium connectors. A closer look at the compressive stiffness
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Fig. 17. Evaluation of spring model: comparison of K with K4, for (a) aluminium connectors and (b) DVW connectors (determined with Eq. (30) and
nes = n). Each marker represents a stiffness per connector plate and shear plane.
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Fig. 18. Influence of (a) the stiffness Ky, and of (b) the stiffness K, on the connection stiffness K mogel-

perpendicular to grain reveals that the assumption of the length of the
spring has a major influence on the results, i.e. the assumption that the
compressive forces perpendicular to grain decreases up to the level of
the screw tips.

If this length is reduced, the spring constant increases by the recip-
rocal of the reduction. This has a significant influence on the stiffness
of the connection, see Fig. 18(a). For example, reducing the effective
length of the compressive strength perpendicular to grain to 0.9 - 7,
(equivalent to an increase in the stiffness in compression perpendicular
to grain by a factor of 1.1) already leads to an increase in connection
stiffness of up to 10% (both aluminium and DVW). Halving the effective
length, i.e. doubling the compressive stiffness, results in an increase in
connection stiffness of 15-40% (also aluminium and DVW). However,
there are also outliers in both connector groups with increases of
between 55-75%.

The evaluation of the data suggests that the assumption of the spring
length of the compression spring perpendicular to grain up to the level
of the screws’ tips (in combination with small distances between the
screws, a; and a,) is conservative. It seems that the compressive stresses
perpendicular to grain beneath the connector plates subside earlier.

If the compressive strength of the connectors is analysed to the
same extent and the assumption of the effective length of the connector
spring is checked, a different picture shows, see Fig. 18(b). If only 90%
of the effective height of the connector plate is taken into account
(corresponding to an increase in connector stiffness in compression
by a factor of a 1.1), the connection stiffness increases by only 5%
(aluminium) and 2% (DVW). By halving the effective length (doubling
the connector stiffness), the overall stiffness increases by up to 20% for
aluminium connectors up to a height of 400 mm and by up to 30% for
connectors with a nominal height of 600 mm.
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For DVW connectors, the increase in overall stiffness is up to 10%
for all connector heights. This shows that the assumption of a stepped
load distribution and the simplification with a linear decline is suffi-
ciently accurate and that a more dedicated consideration of the spring
length would only minimally change the model results.

4. Conclusions

Load-carrying capacity. The experimental test campaign showed that
increasing friction in the shear plane through surface modification can
significantly increase the total load-carrying capacity of connections
with inclined screws; a more pronounced surface structuring leads to a
higher friction coefficient and consequently to a higher ultimate load.

Although the residual load after a longer period of constant loading
decreased slightly, this reduction is attributed to the degradation of
material properties (i.e. duration of load) rather than to a loss of
friction. Moreover, the deformation analysis revealed that the creep
factors for inclined screws are only a fraction of those for other dowel-
type fasteners in shear. Due to the limited data available, it is not
yet possible to determine the optimal surface structure for long-term
performance.

The analytical model predicts the load-carrying capacity reliably;
when modified surfaces are considered, the kinetic coefficient of fric-
tion should be used. These findings enable engineers to bring densified
veneer wood connectors with modified surfaces from research to prac-
tice as a sustainable alternative to aluminium connectors, combining
improved mechanical performance with enhanced fire resistance and
environmental benefits.
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Stiffness. The tests demonstrated that increasing friction in the shear
plane through surface modification yields only a marginal increase in
connection stiffness. Here, further impression of the modified surface
into the softwood counter acted the ability to increase the stiffness.
Therefore, it can be concluded that flat and evenly structured modified
surfaces are most effective for increasing stiffness, as confirmed by the
tests.

Long-term tests indicated that maintaining a constant load over time
further improves stiffness because the modified surface becomes fully
interlocked with the softwood. Moreover, the results show that climate-
induced swelling and shrinkage do not adversely affect stiffness for
connections that combine modified surfaces with inclined screws.

The analytical assessment revealed that the mechanical model
adopted in the new generation EC5 [32] is unsuitable for predicting
the stiffness of connections with inclined screws and system connectors,
because it neglects deformations perpendicular to the grain beneath
the connector plate, leading to substantial over-estimation of stiffness
values. In contrast, the spring model introduced herein accurately
accounts for compression deformation perpendicular to the grain,
providing more reliable stiffness predictions for various timber com-
ponents, including cross-laminated timber and glued-laminated timber
reinforced with fully threaded screws. For practical design, engineers
should prioritize surface modifications for strength rather than stiffness
and apply the proposed spring model for more accurate serviceability
assessments.
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