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Abstract

Steel-timber composite structures have numerous advantages compared to steel only and timber only structures. One of the most 

important parts of a composite structure is the composite connection. Object of this research was a steel-CLT composite connection 

consisting of a steel profile, a cross-laminated timber (CLT) panel and a bolt with nut and washer. Aim of the research was to develop 

an efficient finite element (FE) model of a bolted steel-CLT composite connection and to validate it experimentally. The research 

process consisted of several steps: experimental testing of the considered connection using asymmetrical push-out test, numerical 

modelling and analysis of the connection using Finite Element Method (FEM), validation of the numerical model using experimental 

results, and parametric study of the proposed numerical model. For numerical analysis, an innovative method for timber modelling 

has been proposed. The comparison between the experimental and numerical research results demonstrated that the proposed 

numerical model was convenient for practical application in structure analyses. The parametric study showed that, in some cases, 

atypical failure modes of the connection occurred. Based on registered behavior, a recommendation is given to calculate the load 

capacity of the connection integrally, taking into account both the primary (Johansen’s) and the secondary (rope effect) part of the 

connection strength, instead partially, as proposed by EN standards.
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1 Introduction
In composite structures, the connections that enable com-
posite action is of ultimate importance. Connections for 
composite action of steel and timber material are very 
complex for numerical modelling because of the nonlinear 
material behavior of the consisting parts, and the contact 
phenomena that are unavoidably present during transfer of 
forces from one part to another.

A special issue represents the material model for tim-
ber that should be able to represent material nonlinearity 
and orthotropy. Timber can be modelled using continuum, 
discrete, and hybrid models. The continuum approach to 
timber modelling is the simplest one from the aspect of 
model geometry, because it uses volume elements. One of 
the approaches in continuum modelling of timber is appli-
cation of the so-called timber foundation model, where the 
bilinear elastoplastic material model is applied in the zones 

where such behavior is expected (around the bolthole) [1]. 
A more accurate, but also more complex model was devel-
oped by Sandhaas [2], who applied the continuum damage 
model with Tsai-Wu material yield condition. This model 
can be applied on all orthotropic fibrous materials, and it 
gave results that coincide very well with experiments, so it 
has large application in analyses of the dowel-type timber 
connections [3–5]. Akter et al. [6] apply Hill, Hoffman, and 
novel Quadratic multi-surface (QMS) failure criterion for 
defining yield conditions in triaxial anisotropic materials. 
Based on comparison with experimental results, they con-
clude that in modelling of the triaxial anisotropic materi-
als, the Hill criterion is insufficiently accurate, and that the 
novel QMS model is the most accurate. 2D and 3D model-
ling of timber beams was applied by Saad and Lengyel [7]. 
Their research is based on the analysis of an elastic and 
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plastic orthotropic material (biaxial anisotropic), and the 
conclusion is that Hill’s criterion can be applied for model-
ling of those materials. The same authors show that mate-
rial model can be successfully used for modelling of timber 
with discontinuities – knots [8]. The main disadvantage of 
the continuum models is the lack of material models that 
are ready to use in contemporary engineering software. 
Instead, the user is directed to define the behavior of tim-
ber using program subroutines created on its own, which 
involves thorough knowledge of fracture mechanics.

Avoiding of the continuum modelling, and simplifica-
tion of the modelling process has been attempted using 
discrete models, with good results. Discrete models basi-
cally imitate the cell structure of timber by lattice struc-
ture of finite elements, and certain macroscopic behavior 
is achieved by defining the parameters of the 1D elements 
that build the structure of the model. Orthotropic behavior 
of the material is achieved by element setting in the lat-
tice structure, which may be hexagonal [9] or quadric [10]. 
One of the 2D discrete models is applied for analysis of the 
dowel-type timber connections, and in which the influence 
of the timber is replaced by 2-node ROD elements [11]. 
However, if very precise results are needed, such models 
require very dense FE mesh, resulting with high number 
of FE and long duration of analysis.

Hybrid models are a combination of continuum and dis-
crete models, consisting of volume (3D), surface (2D) and 
line (1D) FE, and thus keeping their own advantages and 
disadvantages. Orthotropy is achieved here like in the dis-
crete models, by the appropriate orientation of elements, 
and material models are taken from the material librar-
ies embedded in various software. In the paper of Racher 
and Bocquet [12], a combination of elastoplastic line and 
surface elements is applied, where the line elements are 
oriented in direction parallel to the timber grain. In the 
research of Toussaint [13], volume and line elements are 
used, whereat for the volume elements the foam material 
model was applied, and for the line elements elastoplas-
tic-bilinear material model. Tavakoli-Gheynani [14] was 
applied a combination of volume and surface elements, 
with elastic-orthotropic material model for volume ele-
ments, and elastoplastic for surface elements.

Subject of this research is behavior of steel-CLT com-
posite connection, realized by single bolt acting as a shear 
connector. The main goal was to develop an innovative 
numerical model of the connection and to validate it by 
experiments. The proposed numerical model should include 
all phenomena that affect the mechanical behavior of such 

connection, and at the same time to be simple enough for 
practical application. The proposed model should serve as 
alteration or replacement for costly and demanding exper-
iments. The model will be subdued to a parametric study 
with varying of several parameters of the connection in 
order to reveal their influence on connection strength and 
stiffness. The varied parameters will include bolt grade, 
pretension force, and thickness of the steel profile web.

In this research, for timber modelling a hybrid model 
consisting of combination of line and surface FE has been 
proposed. It was verified by checking the mesh sensitiv-
ity, and validated experimentally, through defined load-
slip curves, obtained by push-out tests. The experimental 
part of the research considered different types of push-out 
tests, and the asymmetrical type has been selected as the 
most acceptable.

2 Experimental research
Examination of the mechanical characteristics of shear 
connectors may be done using the standard symmetri-
cal or asymmetrical push-out test. The symmetrical test 
(Fig. 1(a)) is more often applied for examination of dif-
ferent connection types because of its simplicity [15–20]. 
However, a significant drawback of this type of test is 
existing of two slipping planes between the parts that 
form a composite structure, so the number of connectors 
included in the test must be even.

Fig. 1 Types of push-out test: (a) symmetrical, (b) asymmetrical with 
lateral support of the movable part, (c) asymmetrical with lateral 

support of the immovable part
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Considerably lower number of tests of different connec-
tions has been conducted using asymmetrical (pure shear) 
push-out test. Its advantage is existence of only one slip-
ping plane. A drawback here is potential instability of the 
examined specimen resulting in overturning, because of 
the eccentricity of test load action. This requires introduc-
tion of lateral support, either for the movable [21–26], or for 
the immovable [27, 28] part of the specimen. Although in 
case of the symmetrical test friction between the immov-
able parts and the base support provides considerable sta-
bility during the test, occurrence of the lateral force in the 
slipping plane is not excluded, so in some research lateral 
supports nevertheless may be found [29]. 

In asymmetrical test, if the movable part of the spec-
imen is laterally supported, the lateral supports have 
form of rollers that enable vertical and prevent horizon-
tal movement of the specimen (Fig. 1(b)). In this case, 
load applied on the specimen generates additional pres-
sure in the slipping plane. This pressure produces a fric-
tion force that may increase the connection strength up 
to 10% [23]. The variant of the asymmetric push-out test 
with lateral support placed on the immovable part of the 
specimen is more favorable regarding stresses, because 
lateral force does not generate additional pressure in the 
slipping plane. Besides, this variant has simpler construc-
tion, because fixed supports are used instead of roller sup-
ports, (Fig. 1(c)). Considering the previous, in this research 
the variant with lateral support of the immovable part of 
the specimen has been applied. The specimen consisted 
of a CLT panel, a steel profile, and one connecting bolt 
(Fig. 2). The CLT panel was made according to the stan-
dard [30], using the botanical timber species Norway 
Spruce (lat. Picea Abies), with class C24 [31]. The CLT 
panel consisted of five layers 20 mm thick, joined by poly-
urethane glue, with total dimensions 300 × 300 × 100 mm. 
The average measured moisture in the panels was 9%, and 
mass density 460 kg/m3.

For the purpose of bolted connection, a hole with diam-
eter of Ø10 mm has been drilled in the middle of the CLT 
panel. The steel part of the structure consisted of a cold-
formed channel profile U80 × 40 × 4 mm, with grade S275. 
Appropriate hole Ø10 mm for bolt connection has been 
drilled in the steel profile, too, and on the top part of the 
profile a steel plate 10 mm thick has been welded, for uni-
form load applying. During the test, the movable part 
(steel profile) could slide down through a void provided in 
the base of the testing device.

As a shear connector, a bolt M10 × 120 with grade 8.8 
has been used. Joining operation was performed immedi-
ately before testing, without pretension. The thread part 
of the bolt was set out from the slipping plane, so the bolt 
shear occurred only over the gross cross section of the bolt 
shaft. The CLT panel was oriented such that the load direc-
tion was parallel to the grain in the first layer (the nearest 
to the steel profile). The complete setup of the experiment 
is presented in Fig. 2.

The testing procedure has been conducted according to 
the standard EN 26891 [32]. The standard procedure pre-
scribes loading of the specimen up to 40% of the estimated 
strength (Fest), keeping that load for 30 s. Next, the load 
is reduced to 10% of Fest, also keeping it for 30 s (Fig. 3, 
left diagram). Finally, the specimen is loaded up to the 
occurring of slipping in the connection measuring 15 mm 
(Fig. 3, right diagram). The load registered at this slipping 
value is declared as connection strength, Fmax. This pro-
cedure has been conducted in this research for five speci-
mens. Fig. 4 illustrates the experiment setup with instru-
mentation for load and slip measuring.

All the materials of the specimens (timber, steel profile, 
and the bolt) have been examined experimentally, and the 
input characteristics for the numerical model have been 

Fig. 2 Details of the push-out test specimen with supports  
(measures in mm)
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defined. Behavior of timber under embedment pressure 
perpendicular (Fig. 5(a)) and parallel to the grain (Fig. 5(b)) 
has been examined on CLT panel specimens, according 
to the appropriate standard [33]. Moisture content in the 
specimens was 9.5%, and mass density was 420 kg/m3. 

Examination of the timber resistance at washer imprinting 
into the CLT panel perpendicularly to the grain has been 
done on cube-shaped specimens with edge a = 100 mm, 
cut-out from the parts of the CLT panel undamaged after 
the push-out test (Fig. 5(c)).

Examination of the steel profile material and steel bolt 
material have been conducted using tension test on pre-
pared coupons (Fig. 6(a) and (b). Since the friction coef-
ficient between steel profile and the CLT also affects the 
connection strength, it had been determined by appropriate 
testing before the push-out test, employing elements used 
for push-out test specimens (Fig. 6(c)). Three samples have 
been examined with three weights each (7.2 kg, 11.1 kg, 
and 19.4 kg), so that 9 results have been obtained in total.

The approx. values of obtained pressures in the sliding 
plane were: 0.40 N/cm2, 0.60 N/cm2, and 1.1 N/cm2, respec-
tively. All results from testing of timber, steel, and friction 
coefficient are presented in Section 3, along with adoption 
of adequate material models for numerical analysis.

3 Numerical model
The considered connection between the steel profile and 
the CLT panel has been modelled in full concordance with 
the specimens from the push-out test. Since the specimens 
have one plane of symmetry, only half of the specimen has 
been modelled, thus reducing the complexity of the model 
and solution time. Modelling, analysis, and post process-
ing of the results has been done using the Finite element 
method and software Femap with NX Nastran [34]. Details 
of modelling are presented in the following text.

Fig. 3 Loading procedure for push-out test [32]

Fig. 4 Push-out specimen with measuring instrumentation

Fig. 5 (a), (b) Examination of timber under embedment pressure; 
(c) examination of the timber resistance at washer imprinting

Fig. 6 Specimens: (a) steel S275 for tensile test, (b) steel 8.8 for tensile 
test, (c) steel profile-CLT panel for friction test
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3.1 Modelling of the elements in the connection
The type of applied FE for a particular modelling com-
ponent of the connection depended on the shape, material 
model and the role of the component in the connection, 
see Table 1.

3.1.1 Modelling of the steel profile and the bolt
Modelling of the steel profile included only the web being 
in contact with the timber material, and its dimensions 
were ≠100 × 50 × 4 mm. Influence of the profile flange 
was replaced by rigid FE, using 2-node ROD FE (rigid 
rods 1, Fig. 7). Their stiffness was taken as EA = 109 N, 
and their length was l = 100 mm. The introduced rigid ele-
ments provide equal displacements of the connected nodes 
in X-direction, thus preventing steel web buckling.

The bolt shaft, head, and nut were modelled as a whole. 
The bolt shaft had dimensions Ø10 × 108 mm, the head 
and the nut Ø16 × 7 mm both, and the total length of the 
bolt was 122 mm. 

Material models for the steel profile and for the bolt 
have been adopted based on the results of experimental 
testing (Table 2, Fig. 8). Nonlinear behavior of the steel 
profile web was expected only in the zone around the bolt 
hole spreading approximately 3d (d - bolt diameter) [3]. 
Consequently, the FE for the steel web have been defined 
as nonlinear only in the zone around the bolt hole 25 mm 
wide and 50 mm high, using elastoplastic multilinear 
material model. The remained elements have been set as 
linear-elastic. All elements of the bolt have been modelled 
as nonlinear using elastoplastic multilinear model.

3.1.2 Modelling of the timber parts of the CLT panel
Load transfer from the CLT panel to the bolt has been mod-
elled with "timber rod" elements and "contact plate 1" ele-
ments, which formed the bolt hole. "Timber rod" elements 
were oriented in the direction of load acting (Z-direction), 
and their characteristics corresponded to the characteris-
tics of timber regarding embedment pressure. Since the 
analyzed CLT panel consisted of five crisscrossed layers, 
it has been modelled in such a way that three groups of 

Table 1 Modelling components, FE types, and appropriate 
material models

No. Modelling component/function FE type Material model

1 Bolt 8-node 
SOLID Multilinear plastic

2 Steel profile web 8-node 
SOLID

Multilinear plastic 
or linear elastic

3 Timber material around the 
bolt hole (parallel to the grain)

2-node 
ROD Multilinear plastic

4 Timber material around the bolt 
hole (perpendicular to the grain)

2-node 
ROD Multilinear plastic

5 Contact plate 1, 2, 3 (elements 
for contact forming)

4-node 
PLATE Linear elastic

6 Interaction between bolt, nut, 
washer and timber surface

2-node 
ROD Multilinear plastic

7 Auxiliary rigid rods 1, 2, 3 2-node 
ROD

Linear elastic 
(high stiffness)

Fig. 7 An exploded view of the connection model, and the assembled connection model (bottom right)

Table 2 Steel material data

Part Steel 
grade

Elasticity 
modulus 

[GPa]

Yield point 
[MPa]

Ultimate 
strength 
[MPa]

Steel profile S275 200 330 460

Bolt 8.8 200 760 850
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elements had timber characteristics with grain parallel to 
the load direction, and two groups had timber characteris-
tics with grain perpendicular to the load direction, in con-
cordance with the layer setting. Cross-section area of the 
"timber rod" elements corresponded to the area in contact 
with the bolt shaft.

Stress-strain curves of the timber material loaded par-
allelly and perpendicularly to the grain (Fig. 9) have been 
determined using embedment test pressure (Fig. 5(a), (b)). 
This test gave corresponding forces and displacements 
transformed into average contact stress and strain by 
relations:

� � F bd/ ( ) , (1)

� � c l/ , (2)

where:
σ is embedment pressure,
F is measured force value,
b is specimen thickness (b = 20 mm),
d is the bolt shaft diameter (d = 10 mm),
ε is strain of timber rod element,
c is measured displacement value,
l is adopted length of the timber rod element 
(l = 100 mm).

For application in the numerical model, behavior of 
timber has been approximated by bilinear law, and the 
corresponding data are presented in Table 3 and Fig. 9.

Contact between the bolt shaft and the "timber rod" 
elements has been realized via "contact plate 1" elements 
(Fig. 10). They represented cylindrical surfaces around 
the bolt shaft, covering 54° of the central angle of the bolt 
shaft, both on the upper and bottom side. That way, they 

covered 60% of the bolt shaft perimeter. The remained 
part of the bolt shaft was uncovered because of the steep 
angle of the contact elements related to the shaft surface, 
and thus being inefficient for contact transfer. In order to 
minimize influence of their stiffness on the behavior of 
the connection, their thickness has been set to 0.1 mm, 
and their modulus of elasticity to E = 0.001 GPa. Mesh 
density of the "contact plate 1" elements was dictated by 
the mutual distances of the "timber rod" elements they 
were attached for.

Fig. 8 Experimental stress-strain diagrams for steel material of the 
profile (S275) and the bolt (8.8)

Fig. 9 Diagrams of the embedment pressure: experimental data and 
bilinear material law

Table 3 Timber rods - material data

Grain 
orientation 

Elasticity 
modulus  
E [GPa]

Yield 
stress  

fy [MPa]

Tangent 
modulus 
Et [GPa]

Ratio 
Et/E

Parallel 2.37 18.93 0.0079 0.0033

Perpendicular 1.35 10.79 0.112 0.0830

Fig. 10 Bolt and bolt hole – modelling detail
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3.1.3 Modelling of the system nut-washer-CLT panel
Interaction between the bolt, nut, washer, and the CLT 
panel has been modelled with element "timber under nut", 
(2-node ROD FE). Length of this element was l = 100 mm, 
and the cross-section area was equal to the pressure area 
of the washer onto the CLT panel (A = 620 mm2). Based 
on experimental data regarding forces and displacements, 
the curves of the timber behavior at local pressure per-
pendicular to the grain have been determined (Fig. 11). 
Experimental values of forces and displacements have 
been transformed into average contact stress and strain by 
the procedure analogous to the Eq. (1) and Eq. (2). In the 
numerical model, this behavior has been approximated by 
multilinear law. Obtained characteristics of the "timber 
under nut" element are given in Table 4.

One end of the "timber under nut" element was pin sup-
ported, and the other one was connected to the group of 
"rigid rod 2" elements. They connected "timber under nut" 
element with the "contact plate 2". The "contact plate 2" 
could move in X-direction only, and it made contact with 
the nut. Such disposition of elements enabled that the nut 
could move in X- and Z-direction, depending on the fail-
ure mode of the connection.

Before applying the work load, an initial moving of 
the "timber rod" element has been done, and it simulated 
tightening of the nut in order to anneal the gap between 
the connection parts. Gaps in the connection existed in 

the model between the bolt head and the steel profile web, 
between the web and the "contact plate 3", and between 
the nut and the "contact plate 2". All three gaps have been 
set to 0.1 mm, and their annealing was accomplished by 
initial moving of the "timber under nut" element in neg-
ative X-direction for a value u = 3 × 0.1 = 0.3 mm. Such 
modelling approach also enabled pretensioning of the bolt 
by initial moving of the "timber under nut" element for 
a value greater than 0.3 mm.

3.2 Modelling of contacts
For the detailed description of the behavior of the ana-
lyzed connection, the following "surface-to-surface" con-
tacts have been modelled:

• between the bolt shaft (target) and the bolt hole in 
the CLT panel (contact plate 1, source),

• between the bolt shaft (target) and the bolt hole in 
the steel profile (source),

• between the steel profile web (source) and the CLT 
panel (contact plate 3, target),

• between the bolt head (source) and the steel profile 
web (target),

• between the nut (source) and the contact plate 2 (target).

Coulomb's friction has been included in all contacts, with 
a value μ = 0.35 for contact between the steel profile and 
the CLT panel (determined experimentally), and μ = 0.20 
for the remained contacts, according to [35, 36].

3.3 Loading, boundary conditions, and analysis 
procedure
After the annealing of the gap described in Section 3.1.3, 
the connection was loaded applying the displacement 
w = 16 mm in negative Z-direction. Applying was done via 
the system of "rigid rod 3" elements (Fig. 7), which enabled 
equal displacements of all nodes of the bottom base of the 
steel web in Z-direction. Boundary conditions applied on 
the proposed connection model are presented in Fig. 12. 
All boundary conditions have been defined on nodes.

Models have been analyzed using the nonlinear analy-
sis SOL601 (Advanced Nonlinear Analysis). Loads have 
been applied in 200 increments, with increment size 0.01. 
Fig. 13 presents the diagram of the load factors during the 
course of analysis.

3.4 Verification and validation of the FE model
Mesh sensitivity has been checked using coarse, medium, 
and fine FE mesh. Thereat, size of the FE elements of the 

Table 4 Timber rods - material data

Line segment 
(Fig. 11)

Stress at segment 
starting point [MPa]

Elasticity/tangent 
modulus E [GPa]

Ratio 
Et/E

OA 0.00 1.23 -

AB 4.92 0.464 0.377

BC 6.77 0.270 0.220

CD 11.37 0.158 0.128

Fig. 11 Stress-strain curves for "timber under nut" element
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bolt was 2.5, 2.0, and 1.67 mm, respectively, and size of 
the FE elements of the steel profile web was 1.33, 1.0, and 
0.8 mm (Fig. 14).

Diagrams in Fig. 15 represent experimental results 
(5 tests and mean values) and numerical results for three 
different mesh densities (coarse, medium and fine). It has 
to be remarked that the experimental analysis diagrams 
were shifted for clarity.

It can be seen from the diagrams that the results for 
three FE meshes coincide mutually, showing that the FE 
model was successfully verified. The numerical results 
agree well with the mean experimental results, serving as 
good validation of the FE model (Fig. 16). Based on the 
model verification, the medium mesh has been adopted for 
further analysis because it gave satisfying results and did 
not require high computer resources.

Table 5 presents comparative values of the connec-
tion characteristics obtained by experimental and numer-
ical analysis. Thereat, strength represents the force in the 
connection registered at slip value of 15 mm, slip mod-
ulus represents the stiffness of the connection between 
10% and 40% of strength, determined according to stan-
dard [32], and tangent slip modulus represents the stiffness 

of the connection at slip value of 15 mm. Obtained value of 
the slip modulus is significant because it directly defines 
the stiffness of the composite connection.

Fig. 12 Loading and boundary conditions (TX, TY, TZ – restrained displacements)

Fig. 13 Load factor diagrams

Fig. 14 Mesh density; (a) coarse, (b) medium, (c) fine

Fig. 15 Results of the numerical analysis for different FE mesh 
densities and results of the experimental analysis

Table 5 Comparison of the experimental and numerical results

Analysis 
method

Connection 
strength [kN]

Slip modulus 
[kN/mm]

Tangent slip 
modulus [kN/mm]

Experiment 17.6 3.69 0.426

FEM  
(medium mesh) 17.7 3.87 0.471

Δ (%) 0.1 (+1 %) 0.18 (+5 %) 0.045 (+11 %)
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4 Parametric study
In order to investigate influence of different parameters 
of the connection on its behavior, a parametric study has 
been conducted, using the developed numerical model. 

Thereat, the following parameters have been varied:
• bolt grade,
• bolt pretension force,
• thickness of the steel profile web.

Results of the parametric study are presented in the fol-
lowing text, and appropriate conclusions have been drawn.

4.1 Influence of bolt strength
For this study, five different grades of steel have been 
employed for bolt material, and their characteristics are 
presented in Fig. 17. The stress-strain curves for steel 
grade 4.6, 8.8, and 12.9 have been adopted according to 
literature data [5, 37]. The bolt with grade 8.8 has been 
also examined experimentally, and since its stress-strain 
curve differed from those taken from literature, it was 
taken as a separate case.

Table 6 presents values of the connection strength, slip 
modulus, and tangent slip modulus. The case for the bolt 
grade 8.8 with tested characteristics was adopted as refer-
ence, and the deviations of output values of all other cases 
are given in brackets.

Analysis results regarding the connection strength 
and tangent slip modulus were as expected, meaning 
that application of bolts with higher strength gave higher 

connection strength. On the other hand, the stiffness mod-
ulus decreased with the increase of the bolt grade. Reason 
for this was the applied calculation method, taken from 
the standard [32]. Application of the bolt with grade 8.8, 
whether for the nominal or for the tested input data, exhib-
ited mutually very close values of the connection charac-
teristics (Fig. 18).

Different bolt strengths produced failure modes with 
two, one or none plastic hinges. In this study, particular 
interest draws the case with bolt grade 4.6 and two plas-
tic hinges (Fig. 19(a)). According to Eurocode 5 [38], the 
case with ratio of the steel plate thickness and bolt diameter 
t/d ≤ 0.5 implies that failure modes without plastic hinges 
(Fig. 19(c)) or with one plastic hinge (Fig. 19(b)) are only 
possible. Reason for this is the opinion that thin steel plate 
cannot generate fixing moment needed for occurrence of 
the plastic hinge in the slipping plane, near the bolt head. 
This moment arises in two ways. The first one is fixing 
of the bolt shaft into the steel plate. For generating of the 

Fig. 16 Model validation – failure mode; (a) experiment; (b) numerical 
analysis (bolt von Mises stresses and deformation)

Fig. 17 Stress-strain curves for different grades of bolt material

Fig. 18 Load-slip curves for different grades of bolt material

Table 6 Influence of bolt strength on connection characteristics

Bolt grade Connection 
strength [kN]

Slip modulus 
[kN/mm]

Tangent slip 
modulus [kN/mm]

4.6 (nominal) 12.2 (-31 %) 5.05 (+30 %) 0.420 (-11 %)

8.8 (nominal) 17.3 (-2 %) 3.91 (+1 %) 0.453 (-4 %)

8.8 (tested, 
reference) 17.7 3.87 0.471
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moment, it is necessary for the plate to be thick enough 
(t/d ≥ 1.0), which Eurocode prescribes, too. The second 
way of moment generating arises as the consequence of 
introducing of an axial force into the bolt due to its with-
drawal resistance. The inclination of the bolt head affects 
that the axial force is introduced via the bottom edge of the 
bolt head, and not through its whole perimeter. Therefore, 
a moment equal to the product of the bolt axial force and the 
head radius arises. That moment exists in all cases where 
the withdrawal resistance exists (Fig. 19(a)–(c)). In case of 
a bolt with grade 4.6 (Fig. 19(a)), that moment has enough 
intensity to generate a plastic hinge, while in other cases its 
intensity is not enough to generate a plastic hinge.

4.2 Influence of bolt pretensioning
Pretension of the bolt can be introduced into the connec-
tion model by moving the support of the "timber under 
nut" element for a value greater than the total gap value of 
0.3 mm in the connection (Section 3.1.3). In this research, 
three different bolt pretension forces, that is, three different 

support displacements have been applied: 1.0, 2.0, and 
3.0 mm. All these displacements were added to the initial 
value of 0.3 mm. Dependences load vs. slip and bolt axial 
force vs. slip are presented in Fig. 20 and Fig. 21, respec-
tively, for different values of the pretension.

Table 7 presents values of the characteristic output 
values of the connection as a function of bolt pretension. 
The parametric case without pretension was adopted as 
reference, and the deviations of output values of all other 
cases are given in brackets.

Fig. 19 Failure modes for different bolt grades; deformation and von 
Mises stress contours: a) 4.6, b) 8.8, c) 12.9

Fig. 21 Bolt axial force-slip diagram depending on the bolt-pretension

Fig. 20 Load-slip diagram of the connection depending on the bolt-
pretension

Table 7 Influence of bolt strength on connection characteristics

Support displacement 
u [mm]

0.0
(ref.) 1.0 2.0 3.0

Bolt pretensioning 
force [kN] 0.1 8.8 12.1 14.9

Max. connection force 
(no slip) [kN] 0.0 3.4 4.6 5.6

Bolt axial force 
(ultimate) [kN] 12.8 14.7 

(+15 %)
16.0 

(+25 %)
17.6 

(+38 %)

Connection strength 
[kN] 17.7 18.4 

(+4 %)
18.9 

(+7 %)
19.7 

(+11 %)

Slip modulus [kN/mm] 3.87 7.23 
(+87 %)

9.52 
(+146 %)

15.32 
(+296 %)

Tangent slip modulus 
[kN/mm] 0.471 0.392 

(-17 %)
0.391 

(-17 %)
0.398 

(-15 %)
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The results show that, with increase of the bolt pre-
tensioning, strength and stiffness of the connection also 
increased, as expected. The bolt pretensioning force gen-
erated an initial axial force in the bolt shaft, and conse-
quently, a friction force in the slipping plane occurred. 
This friction prevented slipping in the connection until 
the work load surpassed the intensity of the friction force. 
This caused major increase of the connection stiffness, but 
minor increase the connection strength.

4.3 Influence of the steel profile web thickness
Ratio between the steel profile web thickness and the bolt 
diameter (t/d) is an important factor, because it affects the 
failure mode of the connection. In this research, only the 
thickness of the steel profile web has been varied, while 
the bolt diameter has been kept constant. According to 
Eurocode 5 [38], the connection between the profile web 
and the bolt is considered as pinned if t/d ≤ 0.5, and as fixed 
if t/d ≥ 1.0. Between these values, it is considered as semi-
rigid. In the experimental part of this research, this ratio was 
t/d = 0.4, so it can be assumed that the connection was pinned. 
In the numerical model, three different thicknesses of the steel 
profile have been analyzed, and the load-slip and the bolt 
axial force-slip diagrams are presented in Figs. 22 and 23.

Table 8 presents values of the characteristic output 
values of the connection as a function of the steel profile 
web thickness. The case with steel profile web thickness 
t = 4 mm was adopted as reference, and the deviations of 
output values of all other cases are given in brackets.

It has been expected that higher thickness of the steel 
profile web would give higher connection strength, but 
that was not the case in this research. The explanation lies 
in the phenomenon known as rope effect [39]. Namely, 
if the connection of the bolt and the steel profile is pinned, 
rotation of the bolt head generates higher axial force in the 
bolt than in case of thicker steel profile (Fig. 24), leading 
to higher connection strength.

Fig. 23 Behavior of the connection as a function of the steel profile web 
thickness: bolt axial force-slip diagram

Fig. 22 Behavior of the connection as a function of the steel profile web 
thickness: load-slip curves

Table 8 Influence of the steel profile web thickness on connection 
characteristics

Steel web thickness [mm] 4 (reference) 8 12

Connection strength [kN] 17.7 16.4  
(-7 %)

15.8  
(-9 %)

Bolt axial force (ultimate) [kN] 12.8 11.1 
(-13 %)

10.3  
(-20 %)

Slip modulus [kN/mm] 3.87 4.77 
(+23 %)

4.79  
(+24 %)

Tangent slip modulus [kN/mm] 0.471 0.465  
(-1 %)

0.474  
(+1 %)

Fig. 24 Rotation of the bolt head for different steel web thicknesses; (a) t = 4 mm, (b) t = 8 mm, (c) t = 12 mm
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As seen from the previous text and from the Fig. 24, rope 
effect may greatly affect the behavior of the connection. 
In order to confirm its influence, analyses with excluded 
rope effect have been conducted. For that purpose, the 
elements "timber under nut", "rigid rods 2" and "contact 
plate 2" have been omitted, and the friction between the 
bolt shaft and the bolt hole ("contact plate 1") was annealed. 
Results of this analysis are presented in Fig. 25, Fig. 26, 
and in Table 9. The case with steel profile web thickness 
t = 4 mm was adopted as reference, and the deviations of 
output values of all other cases are given in brackets.

Diagram in Fig. 25 presents load-slip dependence in the 
models without rope effect, which means that here only the 
primary (Johansen's) strength existed. In the case where 
t = 4 mm (t/d = 0.4, Fig. 26(a)), the bolt was not fixed into 
the profile web, so a relatively large rotation of the bolt 
head occurred, and there was one plastic hinge inside 
the CLT panel. In cases where thickness of the profile 
web was d = 8 mm (t/d = 0.8, Fig. 26(b)), and d = 12 mm 
(t/d = 1.2, Fig. 26(c)), the connection strength was approxi-
mately equal, which meant that fixing was already present 
when d = 8 mm. Significant difference between the cases 
t/d = 0.8 and t/d = 1.2 was reflected only in their slip mod-
uli. It has been noted that in case where t/d = 0.8 it was 
necessary for the bolt head to perform larger rotation to 
achieve fixing. Eurocode 5 is conservative in this issue, 
because it states that in this case the connection of the bolt 
and the steel profile acts as semi-rigid.

5 Discussion
Specificity in the modelling process in this research was 
that in the proposed model ROD FE have been used for 
timber modelling, and PLATE FE with negligible stiffness 
as auxiliary elements for modelling the contact between 
the bolt and the timber.

The model is additionally simplified using symme-
try, and thus modelling only half of the complete model. 
Regarding the input data for the timber material, only 
examination of timber on embedment pressure and on 
local pressure of the washer onto timber is needed.

Verification of the developed FE model had been con-
ducted applying three mesh densities, with almost total 
agreement. Validation of the model has been conducted 
by experimental analysis. Experimental research was 
done using the asymmetrical (pure shear) push-out test 
with lateral supporting of the immovable part of the spec-
imen. It was proved that this type of testing is reliable and 
rational. Namely, it requires half of the material needed 

Fig. 25 Load-slip diagram without rope effect

Fig. 26 Failure modes without rope effect: (a) t = 4 mm, (b) t = 8 mm, 
(c) t = 12 mm 

Table 9 Influence of the steel profile web thickness on connection 
characteristics

Steel web thickness [mm] 4 (reference) 8 12

Connection strength [kN] 8.4
10.4  

(+24 %)
10.5  

(+25 %)

Slip modulus [kN/mm] 2.84
3.35  

(+18 %)
3.82  

(+35 %)

Tangent slip modulus [kN/mm] 0.115
0.134  

(+17 %)
0.127  

(+10 %)
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for specimen production, lower load level, and less mea-
suring instruments (two LVDT instead of four in sym-
metrical push-out test). The drawback of the asymmetri-
cal test compared to the symmetrical is occurrence of the 
normal stress in the slipping plane. In the experimental 
testing within this research, this was prevented by reduc-
ing the load eccentricity to minimum. Using comparative 
analysis of the numerical and experimental results, it has 
been determined that the deviations regarding connec-
tion strength and stiffness are minimal. The failure modes 
were the same for both analyses, so all these facts con-
firmed the validity of the proposed model.

The proposed model has been used for parametric anal-
ysis, in order to examine the connection behavior in case 
of varying several parameters: bolt grade, bolt pretension 
force, and steel web thickness.

Variation of the bolt grade has different effects. Increase 
of the bolt grade increases the connection strength and the 
tangent slip modulus, while the slip modulus decreases.

The connection with the bolt grade 4.6 exhibits certain 
anomaly. According to EC 5, in case of thin steel profile 
web (t/d ≤ 0.5) the connection between the bolt head and 
the web is considered as pinned. In this research, the steel 
web fulfilled the condition for a thin one (t/d = 0.4), but the 
numerical results showed that the connection acted as fixed.

Bolt pretensioning increases the axial force in the bolt, 
and consequently increases the strength of the connection 
to the certain degree, but far more its stiffness.

Varying of the thickness of the steel profile web also 
shows irregularities in behavior. The EC 5 implies that 
connection strength is higher or remains constant if the 
steel profile web is increased. However, in this research, 
higher thickness of the steel profile web increased the con-
nection stiffness significantly, but due to the less promi-
nent rope effect, the connection strength decreased.

Further improvements in the methodology of calcula-
tion of this type of connection would imply generating of a 
reliable database which contents the characteristics of the 
timber material that are necessary for application of the 
proposed FE model, thereby the demanding experimental 
tests would be avoided.

6 Conclusions
In the paper has been proposed an innovative numerical 
model of bolted composite connection between steel pro-
file and 5-layer CLT panel. The innovativity is reflected 
in the introduction of a new approach for hybrid model-
ling of the CLT panel. The proposed numerical model is 

simple for application because the applied material models 
are already defined in available engineering software for 
nonlinear analysis.

Using the proposed model, a parametric study that 
included varying of the bolt grade, pretension level, and 
web profile thickness, has been conducted. Taking an 
insight into the results, one may conclude that low bolt 
grades give low strength and high stiffness, and vice versa. 
Although the strength and stiffness of the composite struc-
ture is significantly affected by the strength and stiffness 
of the shear connectors, increase of the bolt grade may not 
lead to the higher bearing capacity of the composite struc-
ture. Consequently, extremely high or extremely low bolt 
grades are not recommended.

Using of low-grade bolts, an anomaly expressed as fail-
ure with two plastic hinges in the bolt occurred, which is 
not defined in the EC5. This alteration in behavior is a con-
sequence of the rope effect, which generates axial force in 
the bolt shaft, tightens the bolt head to the steel profile web 
and prevents rotation needed for pinned connection. This 
phenomenon is manifested only for specific ratios of the 
bolt withdrawal strength and the bolt yield moment.

In case of varying of pretension, increase of stiffness 
is caused by high amount of the friction force in the slip-
ping plane generated by pretensioning force. In the prac-
tical sense, pretensioning reduces the slipping and makes 
the composite connection closer to the rigid–ideal plastic 
behavior that is the most favorable for composite structures.

Varying of the steel web thickness also gave unexpected 
results: higher web thickness produced lower connection 
strength. Reason for this is because higher web thickness 
generates lower axial force in the bolt, and thereby lower 
connection strength. The influence of the rope effect on 
connection strength was additionally confirmed on the FE 
models that lack the nut and the washer, thus being unable 
to generate axial force in the bolt. Analysis showed that 
absence of the rope effect produced results that correspond 
to the EC 5 postulates.

The phenomenon of the rope effect in bolted compos-
ite connections has not been thoroughly considered in the 
up-to-date research. It has been showed in this paper that 
its influence provides significant benefits for this type of 
connection. Its contribution to the connection strength 
was confirmed by parametric study of the influence of the 
bolt grade, pretensioning force, and steel web thickness.

The calculation procedure of the examined connec-
tion given in EC 5 is oversimplified because the primary 
(Johansen) and the secondary (rope effect) strength are 
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considered as independent values that are summed up 
at the end. On the other hand, an analytical calculation 
method that would integrally consider the primary and 
secondary strength component would be far too complex. 
The proposed numerical model encompasses the rope 
effect phenomenon completely, and also includes influ-
ences of additional parameters, like bolt grade, preten-
sioning force, and steel profile web thickness, which may 
be easily varied in design practice.
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