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IMPROVEMENT OF AN ANALYTICAL MODEL FOR DETERMINING THE LOAD-
CARRYING CAPACITY OF TIMBER-STEEL CONNECTIONS WITH DOWEL-TYPE
FASTENERS

Summary: The second generation of Eurocode 5 is in preparation and has not yet been adopted,
so the calculation of the load-carrying capacity of timber-steel connections is based solely on the
rules of the first generation. Currently, load-carrying capacity is determined using expressions for
thin or thick steel plates. For cases in between, linear interpolation is used. The thickness and
mechanical properties of the steel plate significantly influence the behaviour of the timber-steel
connection, which is why research in this field focuses on improving the expressions for the
connection capacity. The aim is to define the failure modes more precisely and determine the
connection capacity more accurately. This paper shows how Johansen’s expressions for timber-
timber connections can be adjusted for steel-timber connections by accounting for the previously
mentioned parameters.

Keywords: steel-timber connections, load-carrying capacity, Eurocode 5, steel plates, dowel-
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UNAPREDENJE ANALITICKOG MODELA ZA ODREDIVANJE NOSIVOSTI VEZA
TIPA DRVO-CELIK OSTVARENIH STAPASTIM SPOJNIM SREDSTVIMA

Rezime: Kako je druga generacija Evrokoda 5 u fazi pripreme i jo§ uvek nije usvojena, proracun
nosivosti veza tipa drvo-Celik zasniva se iskljucivo na pravilima prve generacije. Zasada, nosivost
veze se odreduje primenom razvijenih izraza za tanke i debele cCelicne ploce, dok se za
meduslucajeve koristi linearna interpolacija. S obzirom na to da debljina Celicne ploce i njena
mehanicka svojstva znacajno utiu na ponaSanje veze drvo-Celik, istrazivanja u ovoj oblasti
usmerena su na unapredenje izraza za nosivost veze. Cilj ovog rada je preciznije definisanje
mehanizama loma i pouzdanije odredivanje nosivosti veze. U radu je prikazano kako se
Johansenovi izrazi, prvobitno razvijeni za veze drvo-drvo, mogu prilagoditi vezama drvo-Celik
uvazavajuéi prethodno navedene parametre.

Kljuéne redi: veze drvo-Celik, nosivost veze, Evrokod 5, ¢eli¢ne ploce, Stapasta spojna sredstva
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1. INTRODUCTION

Over the past few decades, modern civil engineering has increasingly turned towards
sustainable solutions, with timber structures gaining significance due to their environmental
acceptability and low CO, emissions. This is accompanied by innovative materials such as glued
laminated timber (GLT) and cross-laminated timber (CLT), increasingly combined with steel or
concrete to achieve efficient engineering solutions. These materials are connected using
conventional or innovative fasteners, sometimes with reinforcements (Mili¢ [1]). Modern
fasteners are still under development, and their application in contemporary timber connections
remains limited, partly due to insufficiently developed models for calculating connection load-
carrying capacity. This limitation concerns the models for determining the input parameters used
in design of connection load-carrying capacity, which have not yet been developed to cover these
fasteners. Therefore, manufacturers issue their own European Technical Assessments to bridge
the gap relative to the currently valid standards for the design of timber structures. In addition,
modern timber screws with partial or full thread are increasingly used with hardwood,
representing a highly efficient strategy for achieving high-performance connections. The growing
availability of hardwood-based products on the European market enables their application in
contemporary timber structures of larger spans and loads. At the same time, it requires more
detailed research into connection behavior, on which the reliability of these systems directly
depends (Kuck and Sandhaas [2]). Reliable design of timber-steel connections is therefore a key
prerequisite for the safe and efficient application of contemporary timber structures.

In Europe, the design of timber-steel connections is currently based on EN 1995-1-1:2004 [3]
(first generation of Eurocode 5 — EC5-1), whose methodology relies on the European Yield Model
(EYM). The load-carrying capacity calculation of timber-steel connections is based on the
Johansen expressions developed for timber-timber connections. These were subsequently adapted
for timber-steel connections by considering the rotation of the fastener (diameter d) within the
steel plate (thickness t), characteristic of external steel plates. This implies a classification of steel
plates into "thin" (allowing free rotation of the fastener, where t/d<0.5) and "thick" (preventing
rotation of the fastener, where t/d>1), based on which the corresponding Johansen expressions
for determining connection load-carrying capacity are selected. For intermediate steel plate
thicknesses, the load-carrying capacity is determined by linear interpolation.

Previous research has shown that certain deviations exist between predicted and experimental
load-carrying capacities and failure modes. This has led researchers to improve the existing
expressions given in EC5-1 or to develop new models based on the European Yield Model
methodology (Ai-Phien et al. [4], Zhao et al. [5], Riepe et al. [6], Yang et al. [7]). In the proposed
models, the influence of plate thickness on connection load-carrying capacity is treated through
simplified limiting cases, classifying the plate as thin or thick depending on the t/d ratio, that is,
allowing or preventing rotation of the fastener within the plate (without or with a plastic hinge in
the fastener), while the load-carrying capacity of the plate itself is neglected. Only two studies
explicitly consider the influence of plate thickness on connection load-carrying capacity through
the degree of restraint of the fastener within the plate (Vella et al. [8], Feng et al. [9]). However,
both studies are limited to connections with cold-formed steel profiles of very small plate
thicknesses (1.2 and 2.4 mm) and bolts with a diameter of 5.5 mm. By introducing a fastener
restraint coefficient ¢, defined as the ratio of the steel plate bending resistance M.y to the fastener
yield moment My, the modified EYM models show better agreement with experimental results
for connection load-carrying capacity and failure mode than the EC5-1 expressions.

Since the final version of the second generation of Eurocode 5 is expected by the end 0of 2027,
the available draft prEN 1995-1-1:2023 [10] (EC5-2) introduces significant novelties in the
calculation of timber-steel connections. It extends the existing expressions and failure
mechanisms developed for timber-timber connections to timber-steel connections. The new
methodology directly accounts for the influence of the steel plate on connection load-carrying



capacity, modifying the existing expressions for timber-timber connections through a corrected
existing coefficient B (=fio/fi1). The influence of plate thickness tn> is reflected through the
embedment strength fi in the steel plate, whose value varies depending on the tn,/d ratio. Thanks
to this modification, it is no longer necessary to separately consider thin and thick plates,
eliminating the strict boundary between them. Instead, a continuous transition between different
failure modes is achieved, representing a significant advantage over the existing expressions from
EC5-1. A major advantage of the revised load-carrying capacity expressions is their independence
from material type. By applying the appropriate embedment strength for the connection elements,
the calculation covers combinations of all materials, with the possibility of direct verification of
embedment strength through failure mechanisms a and b (see expressions in Chapter 2).

However, studies confirming the novelties introduced in the new generation of Eurocode 5
(ECS5-2) are lacking, and certain inconsistencies and inaccuracies introduced by the proposed
expressions have been identified ([11], [9]). Their uncritical application can lead to results that
significantly deviate from the actual connection behavior. Therefore, a more detailed analysis and
modification of the proposed expressions for timber-timber connection load-carrying capacity is
needed, in order to enable their adequate application to timber-steel connections, ensure a more
reliable estimation of connection load-carrying capacity, and more precisely define failure
mechanisms for a wider range of steel plate thicknesses. Precise prediction of load-carrying
capacity and failure mechanisms is essential to ensure ductile connection behavior and prevent
brittle failures, such as timber splitting or local failures of steel plates. In this paper, an improved
analytical model is proposed, based on the EC5-2 methodology, which explicitly considers the
influence of plate thickness for a wide range of t/d ratio values, taking into account the mechanical
properties of both the plate and the fastener, whereby only the Johansen component of connection
load-carrying capacity is considered, without the contribution of the rope effect. In the absence
of experimental tests, validation of the proposed model was carried out through numerical
simulations of timber-steel connections, covering a wide range of plate thicknesses and different
mechanical characteristics of materials (fastener, plate, and timber).

2. REVIEW OF EXISTING EXPRESSIONS FOR CONNECTION LOAD-
CARRYING CAPACITY

In the following, the methodological approach of existing models (within the first and second
generations of Eurocode 5 (EC5-1 [3] and EC5-2 [10]), will be presented in detail, with a focus
on how the influence of plate thickness is treated in the calculation of connection load-carrying
capacity. Attention is given to the expressions for calculating the load-carrying capacity of
timber-steel connections with external steel plates in single-shear connections, since the
expressions for double-shear and multiple-shear connections are based on them. The pre-factors
(1.05 and 1.15) preceding the ductile failure modes (with plastic hinges in the fastener) are
omitted from the presented expressions. They compensate for differences in the partial safety
factors ym for timber and steel and for the influence of moisture and load duration (modification
factor kmod) and are applied when determining the design value of connection load-carrying
capacity. The influence of the "rope" effect is also deliberately omitted, so that only the Johansen
component of connection load-carrying capacity is considered. According to Eurocode 5, the
"rope" effect is added to the Johansen component using simplified rules that in many cases do not
agree with experimental research, and it significantly increases the load-carrying capacity and
changes the connection failure mode. This portion of the load-carrying capacity has been omitted
here to avoid the influence of these secondary effects.

2.1. FIRST GENERATION OF EUROCODE 5 (EN 1995-1-1:2004)

According to the currently valid Eurocode 5 (EC5-1), the influence of the steel plate on
connection load-carrying capacity is treated by classifying it according to the t/d ratio and



accordingly applying the corresponding Johansen expressions (expressions (1) and (2)), which
are defined depending on the connection failure mode (Figure 1). The connection load-carrying
capacity is determined by taking the calculated minimum value obtained from the presented
expressions, based on which the failure mode of the connection that will occur is estimated (that
is, which expression gave the minimum value). If the t/d ratio falls between the prescribed limits
(0.5 and 1), linear interpolation of the calculated load-carrying capacities for these two limiting
cases is performed. This implicitly considers that for a t/d<0.5 ratio, free rotation of the fastener
within the plate is achieved, while for t/d>1 ratios, rotation is prevented, implying complete
restraint of the fastener within the plate (that is, the occurrence of a plastic hinge in the fastener).
In these models, only the influence of timber (t; and fn;) and the fastener (d and Myrk) is
considered, while the mechanical characteristics of the plate and its load-carrying capacity are
neglected. Such an approach is a rough approximation of the real behavior of timber-steel
connections: the boundary conditions are strictly defined without clear theoretical grounding
regarding the degree of restraint or the influence of the mechanical characteristics of the plate and
the fastener, while intermediate cases are described by a simple linear function between the
limiting cases. This calculation approach does not allow precise prediction of mixed failure
modes (between the limiting cases), neither does it account for the influence of local plate
behavior (bearing and tilting) on connection load-carrying capacity, which results in significant
deviations from experimentally obtained results.
Thin steel plates in single-shear connections (t/d<0.5):
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where:

Fy rk is the characteristic load-carrying capacity per shear plane per fastener;

fh1 is the characteristic embedment strength in the timber member;

t; is the smaller of the thickness of the timber side member or the penetration depth;
d is the fastener diameter;

M, rk is the characteristic fastener yield moment.
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Figure 1: Failure modes for timber-steel connections according to EC5-1

2.2. SECOND GENERATION OF EUROCODE 5 (prEN 1995-1-1:2023)

With this significant contribution of the second generation of Eurocode 5 (EC5-2), the basic
expressions developed for timber-timber connections have been generalized (expression (3),
Figure 2) and extended to other materials, including steel in timber-steel connections,
emphasizing the importance of the ratio of embedment strengths in both connection elements.
Through the adopted modification of the existing coefficient B (expression (4)), the influence of



the steel plate (through tn; and fip) is taken into account in the connection load-carrying capacity
and depends on the ty/d ratio. As stated, owing to this modification, the strict boundary between
thin and thick plates is eliminated, and they no longer need to be considered separately; instead,
a continuous transition between different failure modes is achieved. Although this introduced
modification appears to take into account, to some extent, the degree of restraint of the fastener
within the plate through the tn,/d ratio and the correction of fi, (i.e., B), it nevertheless remains
strictly tied to the newly adopted limits (dependent on the ti,/d ratio) prescribed for determining
the coefficient kpi, which reduces the embedment strength of the steel plate fio. These limits are
the same ones that were previously used to classify plates as thin and thick, i.e., k,=0.5 for the
case tn/d<0.5, k,=1 for the case tw/d>1, while for intermediate values of the tn/d ratio, the
coefficient ky is determined by linear interpolation. There is an error in the notation of the
coefficient kp in the draft EC5-2 (prEN 1995-1-1:2023), where instead of ty»/d the notation d/tn,
currently appears (see [11]). An explanation for the adoption of this coefficient was given by
Bruhl in [11], where it is stated that comparing the equations according to EC5-1 and EC5-2
indicates that for plates with a ty»/d ratio smaller than 1, significant increases in load-carrying
capacity occur (see Figure 7a in [11]). A significant influence on these increases in connection
load-carrying capacity results from the formation of a plastic hinge in the plate for tn,/d ratios
considerably smaller than 1 (see Figure 6 in [11]), i.e., that for smaller ti,/d ratios, a higher tensile
strength value of the steel plate fux is required compared to larger ty»/d ratios in order for a plastic
hinge to form in the fastener within the steel plate. It is also stated in [11] that no experimental
test results exist for a detailed assessment of this effect, and in order to account for the effect of
partial restraint, the coefficient kp, has been introduced, by which the embedment strength of steel
fho is reduced by 50% for ti/d ratios smaller than 0.5. Through this procedure, for ty»/d<0.5 ratios,
the connection load-carrying capacity is fictitiously reduced, thereby compensating for the
previously mentioned significant increases in load-carrying capacity, as well as the effects of the
gap between the fastener and the hole, and local plastic deformation of the plate in the vicinity of
the fastener, which are not covered by the primary Johansen component of load-carrying capacity.
In the only study addressing this issue, Feng et al. [9] compared the load-carrying capacities
calculated according to EC5-2 with the experimental results and found that the calculated values
significantly underestimate the test data. They therefore proposed a correction of the expression
for k for ratios tny/d<1 and further suggested that the Johansen expressions could be corrected to
account for the degree of restraint through the coefficient ¢, following Vella et al. [8]. Although,
as a rule, the embedment strength of steel fi,» should be determined according to prEN 1993-1-
8:2023 [12] (EC3-1.8), the draft EC5-2 recommends a value of 600 MPa for all types of steel.
According to this, EC5-2 distances itself from the high fy,, values that can be determined according
to EC3-1.8 (fix=3-fuk, where fu is the tensile strength of the plate) and prescribes considerably
lower values, on the order of 1.5-fy to 2-fi, corresponding to the case where deformations due
to bearing of the steel must be limited (according to EC3-1.8).
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where:
Fp is the characteristic load-carrying capacity per shear plane per fastener;
fh1 k 1s the characteristic embedment strength in member 1 (timber);
fiok 1s the characteristic embedment strength in member 2 (steel plate);
kp1 is the factor accounting for fastener clamping in the steel plate (for outer steel plates:
kpi=0,5 for tno/d<0,5, kp=1 for tno/d>1, with interpolation for intermediate ratios tn»/d);
tn1 is the thickness of member 1 (timber);
tn2 is the thickness of member 2 (steel plate);
B is the ratio of embedment strengths fho i/fhi k.
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Figure 2: Failure modes for timber-steel connections according to ECS5-2

3. IMPROVED ANALYTICAL MODEL FOR TIMBER-STEEL CONNECTIONS

A question arises as to whether the approach introduced by EC5-2 as a modification is on the
safe side, and whether, through this fictitious modification of the coefficient B (#const.), which
is otherwise responsible for accounting for the different properties of timber (different timber
species or the influence of the angle of force relative to the grain direction), its fundamental role
within the Johansen expressions for connection load-carrying capacity has been compromised.
Starting from the model proposed by Vella et al. in [8], which has proven to be a reliable solution,
improved expressions for calculating the load-carrying capacity of timber-steel connections have
been derived (expression (6)). Since the model is based on the moment capacity of thin plates
M., a correction of the plate moment capacity was carried out in order to cover a wider range of
steel plate thicknesses applied in timber-steel connections.

If, in the existing expressions for timber-timber connections according to EC5-2 (expression
(3)), the degree of restraint of the fastener within the plate is taken into account through the
coefficient =Mgp/Myx (<1.0), and considering the modification of only two types of ductile
connection failure (failure modes (f) and (d)) into which this effect can be incorporated, a set of
four expressions (expression (6)) is obtained, covering all connection failure modes. In the
absence of a more precise definition of the moment capacity of the steel plate, Mg, can be
determined using expression (7). This approach is based on the approximation of a rectangular
stress distribution fi, across the plate thickness tn,, where the embedment strength of the steel
plate is determined according to EC3-1.8 [10] as fi,rp=Fpra/(d th2)=km 0 fyx. In deriving
expression (7), the yield strength fyx was adopted instead of the tensile strength f,x of the plate,
in order to account for the gradual plastification of the plate (resulting from bearing and tilting)
and the non-uniform stress distribution in thicker plates, which influences the degree of restraint
of the fastener within the plate through the coefficient . In the limiting case when Mg,—0 (when
¢—0), the failure mechanisms are modified directly through the coefficient ¢ as follows: failure



mechanism (f) transitions into failure mechanism (e) (f—e, where this failure mode in expression
(6) is now referred to as failure mode (f-e)), while failure mechanism (d) transitions into failure
mechanism (c) (d—c, where this failure mode in expression (6) is now referred to as failure mode
(d-c)), while failure mechanisms (a) and (b) remain identical to those defined in the EC5-2 draft
(Figure 3). Furthermore, since the embedment strength of the steel plate is defined as
fho=km o' fux (according to EC3-1.8), and depends solely on the mechanical properties of the
plate (fux) and the fastener (fupx), the ratio f=fi,x/fhix remains constant. By implementing the
moment capacity of the plate Mg, and a constant value of the coefficient B, the need for
establishing strict boundaries between thin and thick plates is eliminated. The degree of restraint
of the fastener within the plate (quantified by the coefficient ¢) becomes directly dependent on
the mechanical and geometric characteristics of the connection, such that a continuous transition
between different failure mechanisms is established through the modified expressions. By
implementing the coefficient ¢, a considerably more precise description of connection behavior
is achieved, since it directly defines the conditions for the formation of a plastic hinge in the
fastener within the plate, thereby eliminating the approximations present in previous models, and
the plastic deformation of the fastener within the steel plate becomes exactly defined, which
contributes to the reliability of the load-carrying capacity calculation. It should also be
emphasized that this approach makes it possible to describe transitional failure mechanisms
between those strictly defined by Johansen theory. In this way, a reliable estimation of the degree
of plastification of the fastener within the steel plate is achieved, leading to a more precise
prediction of the failure mechanism itself.

frak thd (@)
Jrzktha " d (b)
Fux = min f’”" ha’ [\/23(1+5)+%‘W sl w@-o ©)
w’m.\/z.My,k'(1+(p)'fh,1,k'd f—-e
.d-t2
Mspl — aydity, . fy,k (7)
where:

Fim is the load-carrying capacity per shear plane per fastener (improved expression);

¢ is the ratio of plate capacity moment to yield moment, Mg,/Myx (< 1,0);

M;;1 is the plastic moment of the steel plate;

fy x is yield strength of steel plate;

fhox 1s the embedment strength of member 2 (steel plate, fix=km-ob" fux=01fux acc. to EC3-
1.8 [12], where kn is 1 (for steel grades up to S460) or 0,9 (steel grades equal to or higher than
S460), and a,=min(ei/do;3 fubx/fux;3), where fipx ultimate tensile strength of fastener and fix
ultimate tensile strength of steel plate).
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Figure 3: Failure modes of improved analytical model for timber-steel connections



4. NUMERICAL SIMULATION OF EXPERIMENTAL TESTING OF TIMBER-
STEEL CONNECTIONS

For the purpose of validating the improved analytical expressions, numerical models were
developed using the FEMAP with NX NASTRAN software package. These models represent
modified numerical models originally presented in the doctoral dissertation by Mili¢ ([1], [13]).
For the purposes of this study, two groups of numerical models were analyzed.

The first group of models was developed to validate the adopted material models, which was
performed using the results of bolt bending tests. A complete overview of these numerical models
is provided in paper [1]. For the improved analytical solution, the numerical My-a relationship
was determined (Fig. 4a), from which it is possible to determine the characteristic yield moment
value of the fastener My [14]. According to the numerical My-a relationship, the maximum yield
moments are Myu.6)max=73510 Nmm and My12.9)max=226155 Nmm, respectively. The yield
moment, required for the design calculations according to EC5-2, is determined for the angle
a=a;-(2.78- pr/f)***+0p, as defined by the EN 409 [15]. Beyond the diameter-dependent rotation
angle, the determination of the yield moment in accordance with EN 409 explicitly incorporates
both characteristic timber density p and fastener tensile strength fi, ensuring a more accurate
representation of the connection's yield behavior [2]. Following this procedure, the yield moments
M, for bolt grade 4.6 are obtained as My.6,18=09463 and Myu.6p30=72208 Nmm, while for
grade 12.9, it is My(12,9,c18)=222768 and My(lzlgp3o)=224668 Nmm.

The second group of models represents a continuation of the research, analyzing a timber-to-
steel-plate connection made using an M10 bolt. A multi-parametric numerical analysis was
conducted to encompass all relevant failure modes. By varying the geometric and material
characteristics, the following components were included: Timber classes: C18 and D30; Bolt
grades: 4.6 and 12.9; Steel plate grades: S235 and S355; Steel plate thicknesses: 4 mm, 8§ mm,
and 12 mm. To enable a comparison between the numerical results and analytical solutions, the
mechanical properties of all materials were adopted as nominal values. The improvement of the
analytical expression is performed only for the part of the equation that accounts for the Johansen
embedding strength, meaning that the rope effect was not analyzed in the numerical model.

To simulate the embedment behavior of timber under the pressure of the bolt shank parallel
to the grain, equivalent line elements of the 2-node ROD type (two nodes with three degrees of
freedom each) were modeled. The material model for timber was adopted according to the
proposal by Gikonyo et al. [14] (Figure 4b), where the non-linear behavior is defined as a function
of the curve shape parameter a and the density p. The curve shape parameter was adopted
according to the recommendation (a=3), while the timber density was adopted according to the
normative values: pn=380 kg/m? (timber class C18), and p,=640 kg/m? (timber class D30).

For modeling the bolt and the steel plate, an elastoplastic constitutive model was used, with
the onset of yielding according to the von Mises criterion and multilinear behavior in the plastic
range, as shown in Figure 4c. The bolt and the steel plate were modeled using 8-node SOLID
finite elements (FE). The bolt head and shank were modeled as a single body, where the bolt
shank has a diameter of 10 mm, and the head has a diameter of 16 mm and a length of 7 mm. The
FE mesh size was set such that the bolt shank diameter (d = 10 mm) is divided into 6 parts, giving
a mesh size of 1.67 mm. The FE mesh size of the steel plate was adopted such that the plate is
divided through its thickness into 4, 8, and 12 segments, depending on the plate thickness (4, 8,
and 12 mm). Since the bolt shank was modeled using volumetric elements and the timber using
line elements, the contact between them was established by introducing intermediate surface
elements of the 4-node PLATE type. These elements form the boundary of the hole surface — the
contact shell. The connection between the surface elements of the contact shell and the line
elements is realized through shared nodes. The contact shell elements form a cylindrical surface
that surrounds the bolt shank, located at a distance of 0.10 mm from it. Since the contact shell
serves as an intermediary between the line and volumetric elements, its influence on the
mechanical behavior of the connection was minimized by applying a linear elastic material



model, with modulus of elasticity of E = 0.001 GPa and a thickness of 0.1 mm. The contact
definition consists of a contact pair (target surface and contact surface) and the specific interaction
behavior between them. Due to symmetry, only one half of the connection was analyzed. The
model loading was applied as a prescribed nodal displacement, with an adopted value of 16 mm.
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Figure 4: (a) Adopted embedment stress-displacement curves for timber classes C18 and D30
(b) Relationship between the bolt yield moment M, and rotation angle a for bolt grade 4.6 and
12.9 and (c) Adopted stress-strain curves for used steel and bolt grades (right)

5. RESULTS

For validating the improved model for calculating the load-carrying capacity of timber-steel
connections and for comparison with the numerical results and approach to EC5-2 (Table 1),
mean values of the material mechanical properties given in Chapter 4 were used. While
characteristic values are used in design to ensure safety, mean values enable a consistent
comparison when analytical modeling is compared with the numerical simulations used to
determine connection load-carrying capacity at the prescribed displacement of 15 mm [14].

Table 1: Load-carrying capacities of timber-steel connections determined through numerical
simulations (Fyum), according to EC5-2 (Fpy) and IM (Fiu k)

Fynum [KN] Fpx [KN Fivx [KN

Sim. number | 4mm | 8mm | 12mm 4mm Smm 12mm 4mm Smm | 12mm

6.05 7.85 8.57 7.24 8.64 8.64
4.6/5235/C18 7.82 8.86 8.84 [e] [e] [f] [f-e] [f] [f]

[e] [f] [f] -22.6% | -11.4% -3.1% -7.4% -2.5% -2.3%

912 | 11.60 | 1349 | 1149 | 13.77 | 13.77

4.6/5235/D30 1%;])1 1&?4 13['ﬂ74 [e] le] [f] [f-e] [f] [f]
-17.2% | -14.9% -1.8% +4.3% +1.0% +0.2%

6.05 | 7.85 8.57 751 | 8.67 | 8.67

4.6/S355/C18 ?f'i? 8['f9]2 8['f8]7 le] le] [f] [f-e] [f] [f]
-28.6% | -12.0% -3.4% -11.4% -2.8% -2.3%

912 | 11.60 | 13.49 | 12.39 | 13.90 | 13.90

4.6/5355/D30 1[%68]4 1%65 13[5‘4 [e] le] [f] [f-e] [f] [f]
-29.0% | -15.0% +0.4% -3.5% +1.8% +3.4%

10.62 | 11.65 | 1323 | 11.61 | 12.89 | 14.33

12.9/5235/C18 1([)5];8 1[(31;2]‘ 1?&?5 [e] le] [c] [fe] | [d<] | [d]
-2.4% -16.4% -17.1% +6.7% -7.5% -10.1%

16.06 | 17.44 | 2055 | 1823 | 21.06 | 24.30

12.9/5235/D30 1&?1 2%;]‘3 25[57 le] le] le] [fe] | [fe] [f]
+2.9% -22.2% -19.0% +16.8% -6.1% -4.2%

10.62 | 11.65 | 1323 | 11.80 | 1327 | 14.37

12.958355/c18 | 1151 [ 1459 1552l le] Ic] [fe] | [d<] | [d]

[e] | [d-c] [d] 7% | 201% | -148% | +2.6% | 9.0% | -7.4%

16.06 | 17.44 | 2055 | 1891 | 22.99 | 24.52
12.9/5355/D30 1&?9 2[%5]8 25['53 [e] [e] [e] [fe] | [fe] [f]
-4.9% -27.0% -19.5% +12.0% -3.7% -4.0%




Based on the numerical simulations, Table 1 presents the connection load-carrying capacities
Fynum determined for all the listed combinations of input parameters. In addition to the load-
carrying capacities determined through numerical simulations, Table 1 also provides the
calculated values of connection load-carrying capacities obtained using the analytical expressions
according to EC5-2 (Fpx) and the improved expressions - IM (Fiux). The table indicates the
failure modes in square brackets, as well as the deviations of the analytical models (Fpx and Fim k)
relative to the numerical values.

In Figure 5, to enable comparison of the numerical load-carrying capacities Fy num and to better
understand the behavior of the analytical expressions depending on the t/d ratio, a comparison is
presented of the load-carrying capacity predictions according to the analytical expressions of
EC5-2 (Fpy) and the improved expressions (Fiv k), together with predictions according to EC5-1
(Fvrk). For the purpose of comparing the estimated failure modes obtained through the analytical
expressions according to EC5-2 and IM, Figure 6 shows the failure modes obtained through the
numerical simulations.
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Figure 5: Comparison of the analytical expressions according to EC5-1 (Fyry), EC5-2 (Fpy),
IM (Fiy i) and the numerical values F\,num



Bolt grade 4.6 Bolt grade 12.9
8mm 8mm

S§355/D30  S$355/C18 S235/D30 S235/C18

Figure 6: Failure modes of the investigated connections and stress distribution in the plate and
fastener from numerical simulations

6. DISCUSSION AND CONCLUSION

Based on the presented results, it can be concluded that the proposed IM expressions, in terms
of load-carrying capacity prediction and the achieved failure mode, show very good agreement
with the numerical simulations, which are considered to represent the realistic behavior of timber-
steel connections that would be obtained through experimental testing. It can be observed that the
maximum deviations of the IM expressions relative to the numerical values are approximately
+10%, with the exception of connection model 12.9/S235/D30 (+16.8%), while the values
according to EC5-2 underestimate the numerical values in most cases by approximately 10 to
30%. While the IM expressions follow the behavioral trend in terms of failure mode prediction
and consequently connection load-carrying capacity for all t/d ratios, as can be seen in Figure 5,
the expressions according to EC5-2, due to the introduced modification for t/d ratios below 1,
yield significantly reduced load-carrying capacity values and different failure modes in certain
cases. In the case where a bolt of grade 12.9 is applied, this trend is particularly pronounced when
using EC5-2, and it can be observed that the formation of a plastic hinge in the fastener shifts to
t/d ratios as high as 1.6. It should be emphasized that the expressions according to EC5-1 also
provide good predictions in terms of both load-carrying capacity and failure mode, specifically
for t/d ratios greater than 0.5. Furthermore, it can be observed that the trend (load-carrying
capacity versus t/d) of the IM expressions is quite close to the expressions according to EC5-1 in
the case of a grade 12.9 bolt, whereas for a grade 4.6 bolt this trend differs considerably for t/d
ratios below 1. This indicates that the boundaries between thin and thick plates are defined very
strictly in EC5-1, and the degree of restraint of the fastener in the plate is not taken into account
when considering possible failure modes, which consequently means that the connection load-
carrying capacity cannot be estimated more accurately. Considering the stress state and the
formation of a plastic hinge in the fastener, both within the timber and at the interface with the
steel plate (Figure 6), as well as the value of the coefficient ¢ in the IM expressions, it can be
concluded that the behavior of the fastener within the connection can be very well captured
through the coefficient ¢. This conclusion is of particular significance, as it serves to draw
designers' attention to the connection behavior, that is, to ensure a ductile failure mode during



design and to avoid brittle failures. The observations noted above, based on the presented results,
indicate that the introduction of coefficient ¢ yields a more realistic stress state within the
connection, namely the formation of a plastic hinge in the fastener at the contact with the plate,
and that the proposed IM expressions have performed very well in comparison to the modification
introduced by EC5-2. Since the IM expressions, in the absence of a better-defined moment
capacity of the steel plate, are based on the introduced approximation using a uniform stress
distribution in the plate, further research directions should focus on its more accurate
determination. Additionally, for further validation of the IM expressions, experimental
investigations need to be conducted in order to fully assess their limitations and applicability.
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