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NUMERICAL MODELLING OF A CROSS-LAMINATED TIMBER-TO-
CONRETE DOWEL-TYPE CONNECTION USING THE BEAM-ON-
FOUNDATION MODEL

Joan W. Gikonyo', Eva Binder?, Michael Schweigler?, Thomas K. Bader*

ABSTRACT: The aim of the research presented herein is to investigate the mechanical behaviour of cross-laminated
timber (CLT)-to-concrete dowel-type connections. For reliable timber-concrete-composite structures, mechanical
connections between the two construction materials are of great importance. This paper investigates the nonlinear load-
displacement behaviour, giving access to the stiffness and strength, as well as ductile connection failure modes, of a CLT-
to-concrete composite connection using a Beam-on-Foundation (BoF) model. The latter is a numerical model that utilizes
non-linear springs for the interaction between the fastener and the surrounding CLT and concrete materials. The influence
of: (i) fastener diameter, (ii) initial slip, (iii) concrete embedment properties, and (iv) axial fastener resistance due to
friction, on the connection shear capacity and slip modulus, was investigated in a parameter study. The nonlinear load-
displacement response, connection stiffness and strength predicted by the BoF model were moreover compared to
laboratory tests and the European Yield Model (EYM), which supported the validity of the BoF model. In addition, it was
shown that the BoF model could enhance the prediction of the slip modulus compared to the current design regulations
in Eurocode 5.
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1 INTRODUCTION composite structures have become increasingly popular.

) ) ) CLT is a pre-engineered timber product with an
The need for energy efficiency in construction has orthogonal laminar structure composed of an odd number
propelled the popularity of timber structures. Apart from of layers, usually with a maximum of seven layers. The

exceptionally high mechanical properties in relation to the popularity of CLT-to-concrete composite structures is
low weight of the material, timber has low mechanical attributed to improved mechanical properties in both
properties under certain loading conditions and timber longitudinal and transverse directions of CLT. CLT is
structures are prone to vibrations due to the lightweight attractive in development of full-scale wall and floor
nature of the material. The use of timber in combination clements. CLT—concrete hybrid floor systems improve
with other construction materials in hybrid structures or the bending capacity of the pure CLT floor elements by 3-
structural composite elements, suph as Timber Concrete 5 times [3]. The suitability of common types of connectors
Composites (TCC), can considerably improve the such as, dowel-type fasteners [4], adhesive connections
mechani.cal performance and stability as compared to [5] and even novel types of connections [6] for CLT-to-
conventional timber structures [1]. In TCC elements, concrete connections have been investigated by various
timber gnd concrete elements are placed ;trategically in researchers. Though adhesive connections provide an
the tension and compression zones, respectively. Some of effective way to ensure a rigid shear connection between
the benefits associated with TCC structures compared to the concrete and CLT, shrinkage induced deflections of
timber structures are increased stiffness and load bearing the composite connection render dowel-type connectors
capacity, improved sound insulation, reduced sensitivity more suitable [1]. The stiffness of dowel-type connections
to vibrations and improved structural bracing. In order to in TCC elements depends on the deformation that takes
make use of the composite action in structural elements, place at the joint. Therefore, design of TCC connections
efficient shear connections between the tension and assumes partial composite action, due to the difficulty in
compression-resisting components, i.e., between timber achieving full rigidity due to deformation at joints [7].
and concrete elements, are critical for the realization of Ductility of dowel-type steel fasteners used in TCC
the aforementioned beneﬁts (2]. ) ) connections increases the load-bearing capacity as well as
Most of the cpmprehenswe experlme.ntal and numerical the ultimate deformation capacity, because typically the
analyses of timber-concrete composite structures have connection shear capacity activates before the member
been carried out with structural timber or glued laminated ultimate load is reached [8]. However, ductile behaviour
timber employed as the tension element. In recent years, of the connection may not necessarily lead to ductile
studies on Cross Laminated Timber (CLT)-concrete behaviour of the composite element if the stiffness of the
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connection is higher than predicted, as the timber may
exhibit brittle failure [2]. This emphasizes the importance
of accurately predicting the slip modulus of TCC
connections. Dias et al. [9] carried out a comparison
between experimental tests on the load-bearing capacity
of timber-to-concrete composite connections and the
European Yield Model (EYM) by Ehlbeck and Larsen
[10] in Eurocode 5 [11] (ECS5) for 1) timber-to-timber, ii)
steel-to-timber and iii) timber-to-timber with a gap. The
experimental results showed good agreement with all
three EYM models. However, the EYM for steel-to-
timber connections showed the best fit with the
experimental results. Moreover, Dias et al. [12] compared
experimental results for the slip modulus to i) analytical
models based on beam-on-elastic foundation, and ii) the
Eurocode-based empirical design equation for timber-to-
timber connections, multiplied by a factor of two, as
suggested in the code. The results showed that both
models overestimated the slip modulus obtained in the
experiments. Nonetheless, the experimental results
showed better agreement with the Eurocode design
equation.

The strength and slip modulus of TCC connections is
experimentally determined according to EN 26891 [13].
However, Dias [14] showed that the connection slip
modulus determined as per EN 26891 was inaccurate due
to the pronounced non-linear response of TCC
connections. Dias notes that the maximum slip observed
in TCC connections is usually less than 8 mm, thus
significantly lower than 15 mm indicated in EN 26891
[13], thereby, overestimating the shear capacity.
Furthermore, it turns out that factors such as, initial slip
[15], dowel diameter [6], concrete stiffness and strength
[16] and connector inclination [4], influence the strength
and slip modulus of CLT-to-concrete connections. The
extent to which such factors influence the global response
of CLT-to-concrete connection is largely unknown, which
emphasizes the need for suitable design models for the
prediction of both slip modulus and load bearing capacity
of CLT-to-concrete connections.

The aim of this study is to validate a Beam-on-Foundation
(BoF) model of CLT-to-concrete connections, by means
of comparing model predictions with experimental
results. The model is then applied to investigate the
influence of various factors on the shear capacity and slip
modulus of CLT-to-concrete connections. The outcome
of this study provides experimental and numerical results
that can be useful for creating structural design codes for
CLT-concrete composite structures.

2 MATERIALS AND METHODS
2.1

The cross-laminated timber (CLT) elements, produced
with boards of strength class C24 according to EN 338
[17], were stored in a climate room under standard climate
conditions of 20°C and 65% RH for more than a year and
it was assumed that an equilibrium moisture content of
approximately 12% was established. The corresponding
mean density of the CLT elements was 493 kg/m? (CV=
22%, 3 specimens). The prefabricated concrete elements
were stored for at least 28 days before the tests, which

Materials
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leads to a stiffness of at least 33 GPa, with a mean density
0f2371 kg/m? (CV= 1%, 3 specimens). The threaded rods
for the connection had an ISO metric thread M24 and a
quality of at least 8.8 grade steel.

2.2 Experimental tests on CLT-to-concrete shear
connections

CLT-to-concrete connections were tested in a double
shear push-out test configuration, see Figures 1 and 2. The
tests were performed in a test frame, mounted with a
hydraulic piston with a load capacity of up to 500 kN
(MTS 210.45 G2, Flex test 60, MTS System Corporation,
Sweden). In the test setup, the concrete element in the
middle was connected by a threaded rod to two CLT side
elements, kept together by a washer (do,~= 44 mm and d;,=
25 mm) and nut at each end, see Figure 1. The threaded
rod was inserted into pre-drilled holes (4= 25 mm) in the
timber and a casted hole in the concrete (d= 25 mm). A
displacement-controlled load was applied to the concrete
at a rate of 3 mm/min. Through a hinge included in the
steel loading device, pure vertical loading and an even
load distribution was ensured. The loading was stopped
when the machine displacement reached 30 mm. The
local displacement between concrete and CLT was
measured with four linear wvariable differential
transformers (LVDTs) — two on each side of the
specimen. The mean local displacement of the LVDT
measurements between the concrete and timber, the
displacement, and the applied force from the testing
machine over time were further processed and considered
for the validation of the numerical model.

Figure 1: Experimental test set-up
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Figure 2: Illlustration of the experimental push-out test set-up
for the CLT-to-concrete connection.
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Figure 3: lllustration of the Beam-on-Foundation (BoF) model for the CLT-to-concrete connection described in Section 2.2. The BoF
model was created by considering symmetry and applying appropriate boundary conditions along the symmetry line.

2.3 Numerical modelling of CLT-to-concrete
connection using the BoF model

The 2-dimensional beam-on-foundation (BoF) model,
illustrated in Figure 3, was used to simulate the CLT-to-
concrete shear connection in the research presented
herein. The model has been utilized by various
researchers such as, Lemaitre et al. [18] and Schweigler
et al. [19] to predict steel-to-timber connection behaviour,
while considering non-linear embedment and elasto-
plastic steel material behaviour. The model is composed
of a deformable beam element that represents the steel
fastener and rigid beams that host non-linear springs.
These springs describe the local interaction between the
steel fastener and the surrounding timber and concrete
materials.

The model has four main inputs, a) the geometry of the
connection, b) the non-linear load-slip data used to define
the interaction between the steel dowel and, the i) concrete
and ii) timber, ¢) the local interaction between washer and
timber, and d) the mechanical properties of the steel
fastener. Boundary conditions as regards the specimen
support and the loading of the connection, as well as a
possible lateral support at the washer or for symmetry
conditions are specified at the reference nodes of the rigid
elements and the fastener, see Figure 3.

2.3.1 Lateral embedment and axial withdrawal
behaviour of timber

The non-linear load-slip data for the springs between the
steel fastener and the CLT is defined using embedment
load-slip data. The 2-dimensional BoF model considers
two in-plane force components i) parallel to the fastener,
related to the axial withdrawal capacity of the fastener and
ii) perpendicular to the fastener, related to the lateral
embedment behaviour of the fastener. The BoF model
utilizes embedment load-slip data for both loading
directions with respect to the grain direction of the timber,
parallel and perpendicular to the grain, in the
corresponding layers of the CLT. In lieu of
experimentally determined embedment data for the
connection materials, the analytical formula from Richard
and Abbott [20] was used to determine the embedment
stress, gy, in [MPa] at a particular displacement, u, in
[mm] as,

(kper — kppp) 1t
ap(u) = Lol Tel Tk
[1+[(kfel kppi) - u] ]“
fhmter
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with the embedment parameters ks, as the elastic
foundation modulus in [N mm?] , ks, as the plastic
foundation modulus in [Nmm3], f e as the
intersection of the line defined by ky ,,; with the y-axis in
[MPa], and a as a transition parameter between k¢ ; and
ky pi- The embedment parameters were determined using
analytical formulas from a database [21] that includes
several timber products, i.e., structural timber, Laminated
Veneer Lumber (LVL), plywood and glulam, loaded both
parallel and perpendicular to the grain as

Frintero = 0.1253 - p — 20.32, (2a)
Frinterg0 = 0.1108 - p — 28.47, (2b)
kf o0 = 0.1374 - p — 12.90, (2¢)

kg o100 = 0.0922  p — 18.20, 2d)
kfpo = 0.0047 - p — 2.0, (2¢)

kg poo = 0.0084 - p — 2.21, (2f)

where, p is the density of the timber in [kg m™]. In this
study, the mean density of the CLT of 493 kg m™ (see
Section 2.1) was used to determine embedment
parameters. It should be noted that the embedment
parameter, fiiner, in Equations (2a-b) was determined
using the proposed formula for fj, sm, in [21]. Assuming
the same dependence of the two parameters (f}, iner,0 and

fhinter,00) on the density, as for fi smmo and fi, smm 90, might

lead to a slight overestimation of the behaviour
perpendicular to the grain. Figure 4 illustrates the
embedment stress-displacement curves generated from
Equations (2a-b) with consideration of the large
displacement effect according to Schweigler et al. [19]
when coupling the springs parallel and perpendicular to
the fastener’s axis. Only the component parallel to the
loading direction of the connection, for loading parallel
and perpendicular to the grain is shown in Figure 4. The
non-linear stress-displacement data describing the axial
capacity in between the fastener and the wood, was
determined according to Schweigler etal. [19] with
consideration of a friction coefficient, u = 0.3.

Once the stress displacement curves for both the
embedment and axial (withdrawal) behaviour were
determined, the corresponding forces of one embedment
element in the model, F(u), at a particular displacement,

u, was calculated as,
Fw) =o,W) - dmajor - At 3)

with the embedment stress, o,(u) at that particular
displacement, the major diameter of the threaded rod,
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dmajor, and the distance between adjacent springs, At. A
single linear spring, positioned at the end of the fastener,
simulated the axial resistance due to the washer. The
stiffness of the axial spring of 3.9kN/mm was
determined, by considering the area of the washer of
994 mm? and the characteristic compression strength of
the wood, fr ook, Of 2.9 MPa, assuming a yield
displacement of slightly less than 1 mm. The compressive
strength was chosen equivalent to that of timber with an
average density of 490 kg m? as per EN 338 [17],
matching the mean density of the CLT. In dowel-type
shear connections, and especially for fasteners inserted
into pre-casted and pre-drilled holes, a clearance between
the fastener and the surrounding material can be observed,
which typically leads to an initial slip in the connection’s
load-displacement behaviour. Moreover, the indentation
of the threaded part of the rod into the pre-drilled hole,
leads to an initially softer behaviour, before full contact
with the surrounding material is established. To consider
this, the embedment stress-displacement curve is offset by
a certain displacement representing the initial slip. The
stiffness of the embedment curve up to the initial slip
displacement was assumed to be 1% of the elastic
foundation modulus, kg ;.
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Figure 4: Embedment stress-displacement curves of timber
derived from embedment parameters using Equations (1) and

2.

2.3.2 Concrete behaviour

The non-linear load-slip data for the interaction between
the steel fastener and the concrete was determined as a
multiple of the embedment parameters for the parallel
loaded layer in the CLT. The values for fj inser and kp g
were increased threefold, to account for the higher
stiffness and compression strength of concrete, while for
ksp the same values as for timber were used.
Additionally, unlike the connectors between the steel
fastener and the timber that were coupled, the connector
elements parallel and perpendicular to the fastener’s axis
were uncoupled, since only small displacements were
expected in the concrete, and thus, large displacement
effects were neglected. In addition, connectors were only
specified for the force resistance perpendicular to the
fastener’s axis, neglecting any possible axial resistance.
Equations (1) and (2) were used to determine the stress-
displacement curve for these non-linear spring connector
elements. Subsequently, Equation (3) was used to
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determine the corresponding force-displacement data
applied in the model.

2.3.3 Steel fastener

For the yield strength, the nominal values for steel quality
8.8 were increased by about 25%, since frequently higher
yield and ultimate strength as compared to declared values
were observed in connection tests. The remaining material
properties of the threaded rod used in the BoF models
presented herein were based on the properties of a dowel
applied in [22]. Figure5 shows the stress-strain
relationship used in the model. Based on this stress-strain
data, moment-rotation (bending angle) curves for various
threaded steel rod diameters were determined using a
numerical model of a 3-point bending test setup. In this
study, consideration was made for both the major and
minor diameter. The major diameter includes the depth of
the thread while the minor diameter excludes the depth of
the thread and thus is the diameter of the shank of the rod.
The yield moment, My, was determined for a specific
bending angle according to EN 409 [23] and further used
in the analytical formulas provided in Eurocode 5 to
determine the shear capacity of the CLT-to-concrete
connections. In cases where the BoF model simulates
threaded fasteners, the diameter of the threaded rod in the
bending behaviour is specified as the minor diameter.
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Figure 5: Elasto-plastic response of the threaded steel rod.

2.3.4 Evaluation of connection behaviour

After displacement-controlled loading at the reference
node 2 in, shown in Figure 3, and the calculation of
corresponding reaction forces at the support, the output
from the BoF model is a force-displacement curve. The
shear capacity and the slip modulus were determined
according to EN 26891 [13]. Therefore, the shear capacity
was defined as the maximum force up until 15 mm
displacement. The slip modulus was determined as the
gradient between the points at 10% and 40% of the shear
capacity.

The results from the BoF model were compared to
predictions of the European Yield Model (EYM) given by
analytical formulas for the design of timber shear
connections in Eurocode 5 (EC5) [11], for connections
with a thick steel plate in steel-to-timber connections
loaded in shear. This assumes a clamping of the fastener
in the concrete (like in the steel) as compared to the
considerably weaker behaviour of timber. ECS5
determines the shear capacity, F,, g, per shear plane for the



three failure modes associated with a thick steel plate for
laterally loaded steel-to-timber connections as,

Fv,R,model = fhtdmajor' (43)
— 4My R Fax,r
Fv,R,modeZ - fhtdmajor 2+ fhtzdmajor -1)+ T 5
(4b)
F
Fyrmodes = 2.3 2My,thdmajor + %'R' (4¢)

where, f, is the embedment strength of timber or CLT in
[MPa], M, is the yield moment of the fastener in
[N mm], t is the thickness of the timber or CLT, d is the
major diameter of the threaded rod in [mm] and Fg, g is
the withdrawal capacity of the fastener. The contribution
due to the rope effect, Fy, /4, representing the friction in
the shear planes, was neglected as the friction in the shear
plane was prevented in the experiments and BoF model.
The yield moment, M R » Was determined at a particular
angle of rotation, a, in [°] defined in EN 409 as,

= (2.78'/’)0'44 +a, (5)

It

where o, is the rotation angle in [°] dependent on the
diameter of the dowel-type fastener, p is the density of the
timber where the fastener is applied in [kg m™], £, is the
tensile strength of the fastener in [MPa] and a; is 0° for
dowels and bolts. In the standards, Equations (4) and (5)
are based on characteristic values in a semi-probabilistic
design concept. However, in this study mean values were
applied to allow for a comparison with the experimental
data and the BoF model predictions. The connection’s
serviceability slip modulus per shear plane, Ko, was
determined as proposed in ECS5 as,

Kger =

1.5
P’ dmajor
23

(6)

where dpp,qjor is the major diameter of the threaded rod
in [mm)] and p,,, is the mean density of wood in [kg m™].
ECS proposes that for concrete (steel)-to-timber
connections K, be multiplied by two as Equation (6)
was derived for timber-to-timber connections.

3 RESULTS AND DISCUSSION
3.1 Model Validation

To validate the BoF model described in Section 2.3 it was
used to predict the shear capacity and slip modulus of the
experimentally investigated CLT-to-concrete shear
connection detailed in Section2.2. Symmetry and
appropriate boundary conditions were used to create the
BoF model, illustrated in Figure 3. A comparison of the
shear capacity and slip modulus of the connection to 1) the
EYM and ii) the BoF model, was carried out. Figure 6
summarizes the results from the comparison also
indicating the deformed shape of the fastener from the
BoF simulations. The global force-displacement
behaviour of the connection as predicted by the BoF
model showed good agreement with the experimental
results. Both the experiments and the BoF model
illustrated ductile failure with substantial hardening past
the yield point. Figure 6 shows the results from the BoF
model, EYM and experiments. The slip modulus and
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shear capacity from the experiments and the BoF model
were determined according to EN 26891 [13], as detailed
in Section 2.3.4.

Meanwhile, for comparison to the EYM the embedment
strength of CLT, f,, was determined as the average
embedment stress of the parallel and perpendicularly
loaded layers (with initial slip from Figure 4) at 15 mm
displacement, 44.8 MPa. The major diameter of the steel
rod, 24 mm, was used to calculate the embedment force-
displacement data of wood. Similarly, when determining
the shear capacity according to the EYM, the major
diameter was used. However, the minor diameter of the
steel rod, 20.3 mm, was assumed to determine the
moment resistance of the threaded steel rod, which
yielded a plastic moment of M, = 1169 kN mm. The
contribution from the rope effect was neglected as the test
set-up ensured no friction occurred between the concrete
and CLT surfaces.
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Figure 6: Comparison of the global force-displacement results
from the experiments to the BoF prediction and the EYM
according to Eurocode 5.

The results, summarised in Table 1, revealed that the
EYM overestimated the shear capacity of the connection
by 13%. On the contrary, the BoF model predicted the
shear capacity rather accurately. The EYM assumes full
utilization of the plastic moment of the fastener and ideal
plastic behaviour of the wood embedment, which in the
experiments and BoF model is not reached for all areas
along the fastener. The BoF model underestimated the slip
modulus by 20%. On the contrary, K, overestimated the
slip modulus by 29%. The overestimation of Kgep is
similar to what Dias etal. observed in [14]. The
underestimation from the BoF model was attributed to the
use of the minor diameter instead of the major or effective
diameter of the threaded steel rod which results in a lower
embedment stiffness and lower yield moment, M, 5, of the
threaded steel rod, and thus, lower shear capacity and slip
modulus. The deformed shapes of the fastener from the
BoF model and experiment agreed well with failure mode
2 from EYM, characterized by clamping of the fastener in
the concrete with a deformation of the fastener in the CLT.
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Table 1: Comparison of BoF model and the EYM predictions to
the experimental results of the CLT-to-concrete connection.

Shear capacity [kN]
EYM BoF Experiment
120.6  106.5 107.2

Slip Modulus [kNmm™']
Kser BoF  Experiment
457 284 355

3.2 Parameter study

A preliminary parameter study was carried out to
investigate the influence of dowel diameter, initial slip,
concrete stiffness, friction along the fastener, and axial
resistance due to the washer on the global force-
displacement response of the BoF model prediction
discussed in Section 3.1. In this parameter study, only one
parameter alteration was done per study, as compared to
the reference connection. The results, shown in Figure 7,
indicate that altering any of these five parameters resulted
in a change in the global force-displacement response of
the connection, thereby influencing the connection shear
capacity and slip modulus.

150 F
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g 7
5 —a— Diameter
= el —o— Initial slip
' —————— Concrete
Friction
ammnnnn Washer
== == Reference
0
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Displacement [mm)|
Figure 7: Initial parameter study of various factors that
influence the force-displacement behaviour of the CLT-to-
concrete reference shear connections.

The results from this preliminary parameter study are
summarised in Table 2. The slip modulus and shear
capacity of the connection were assessed according to
EN 26891 [13]. This investigation revealed that assuming
the major instead of the minor diameter of the rod yielded
the highest increase in shear capacity of the reference
connection by up to 16%. Additionally, neglecting initial
slip, assuming stiffer and stronger concrete and a higher
friction coefficient resulted in 5%, 4% and 1% increase in
shear capacity, respectively. However, neglecting the
washer yielded a reduction of the shear capacity by 2%.
Moreover, the study of the aforementioned parameters
shows that, neglecting the initial slip resulted in the
highest increase in the slip modulus of 28%. Furthermore,
assuming the major instead of the minor diameter, stiffer
and stronger concrete and a higher coefficient of friction
caused 18%, 6% and 1% increase in the slip modulus,
respectively. Neglecting the washer had negligible
influence on the slip modulus. However, upon further
assessment it was evident that the influence of the washer
and friction were more important for the behaviour
beyond 15 mm displacement. Furthermore, the effect of
the washer is overlaid with the effect of the friction along
the fastener between fastener and CLT. A 1% increase in
the force due to an increased friction coefficient was

https://doi.org/10.52202/069179-0404
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found at 9 mm displacement. The force further increased
with increased fastener displacement, finally yielding 3%
higher force than the reference connection at 30 mm
displacement. Similarly, the influence of the withdrawal
capacity due to the washer was observable beyond a
displacement of 13 mm, where the force was 1% lower
than in the reference connection. Increased displacement
showed a marked increase of the influence of the washer.
At a maximum displacement of 30 mm, neglecting the
washer yielded a 10% lower force.

Table 2. Influence of various parameters on the shear capacity
and slip modulus of the reference connection.

Parameter  Reference  New value  Shear Slip
Value capacity  modulus
Diameter  20.3 mm 24 mm +16% +18%
Initial slip 2 mm 0 mm +5% +28%
Concrete 3- fh,inter 4- fh,inter +4% 6%
3- kf,el 4- kf,el
Friction 0.3 0.4 +1% +1%
Washer Included Neglected  -2% ~0%

With these findings, an in-depth parameter study was
done to look further into the influence of four out of the
five aforementioned parameters. The influence of the
washer capacity on the connection shear capacity is not
presented since a similar behaviour as for the coefficient
of friction was seen. As a reference, the connection
illustrated in Figure 3 was used. Three important items
should be noted to guide the discussion hereafter
regarding the reference connection: i) embedment stress-
displacement data was used without the initial slip, see
Figure 4, ii) the washer was neglected, and iii) the
threaded rod was modelled using the major diameter. All
other properties of the BoF model, the elasto-plastic
behaviour of the threaded rod and concrete embedment
properties were used as specified in Section 2.

3.2.1 Diameter of threaded rod

The diameter of a fastener influences its mechanical
properties as the moment resistance increases with
increase in the diameter. Therefore, it follows that using
the major diameter of the threaded rod will result in
increased shear capacity and slip modulus. However,
assuming the major diameter, dyqor, implies that the shank
of the threaded rod is larger. To investigate the influence
of assuming the yield moment for the minor or major
diameter, i.e., dminor OF dmgjor for modelling the threaded
steel rod, several BoF models were created for various

threaded steel rods major diameters, 10 mm < dugjor <

30 mm. The ratio of duinor t0 dmajor ranged between 0.88
and 0.83. For the BoF simulations, firstly, the threaded
steel rod was modelled using dugor, like in the reference
model, and secondly, variant models of the reference
connection were created with the threaded steel rod
modelled using the dpino-. For both models, the force-
displacement data used for the wood in the CLT,
determined according to Equation (5), was calculated
using the dygor. Furthermore, the results were compared
to the EYM. In the latter, the rope effect, representing the
friction in the shear planes, was neglected as the friction



in the shear plane was prevented in the experiments and
BoF model. The yield moment applied in the EYM was
determined for the maximum bending angle, a, using 1)
minor and 1) diajor according to EN 409 [23].

The results showed that assuming the yield moment from
dminor resulted in reduced shear capacity and slip modulus
for both the BoF model and the EYM, see Figure 8. This
was attributed to the reduced mechanical properties of the
fastener. A comparison between the BoF model
predictions showed that assuming dpino resulted in up to
21% reduction in shear capacity for the 10 mm threaded
rod. The reduction in shear capacity was lower for larger
diameters of the threaded rod. The BoF model for the
30 mm threaded rod showed 14% reduction in shear
capacity.
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Figure 8: Comparison of the BoF model and EYM predictions
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A comparison of the results from the BoF models to the
EYM showed that shear capacity predicted from the EYM
was on average 15% and 17% higher than the equivalent
BoF model predictions utilizing the dugor and dminor,
respectively. The difference was highest at smaller
diameters of the threaded rod with up to 20% and 19%
higher shear capacity in the EYM than the BoF model
with dygjor and dpinor, respectively. The difference between
EYM and BoF model could be because the EYM assumes
full utilization of the plastic moment of the fastener and
ideal plastic behaviour of the wood embedment, which in
the BoF model is not reached for all areas along the
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fastener. Thus, the EYM will give an upper limit for the
connection capacity if the input for the embedment
strength is used as assumed in this study. An analysis of
the connection’s slip modulus showed that BoF models
that utilized du4or yielded on average 13% higher slip
modulus compared to equivalent BoF models that utilized
dminor, €€ Figure 9. The comparison between Kj.-and BoF
model predictions for connection slip modulus showed
that K., yielded higher slip modulus. The difference was
highest for small dowel diameters with up to 48% and
56% higher K., as compared to equivalent BoF models
that utilized dyugjor and dpinor, respectively. The difference
reduced with increased dowel diameter, with models
utilizing threaded rod major diameters, dpgor, ranging
between, 24 mm < d,4or < 26 mm, showing rather good
agreement with K., However, for threaded rods with
diameters, dmgor > 26 mm, K. yielded a lower slip
modulus of the CLT-to-concrete connection as compared
to the BoF model. These findings highlight the
disadvantage of K. being defined independent of the
connection failure mode, resulting in a substantial
simplification for certain connection layouts.

3.2.2 Initial slip

Initial slip refers to the displacement that occurs between
fastener and borehole before full contact is achieved with
the surrounding timber matrix. This phenomenon leads to
a reduced initial elastic foundation modulus, k¢ ;, for the
wood as detailed in Section2.3.1. Therefore, this
parameter study investigates the influence of the initial
slip on the shear capacity and slip modulus of CLT-to-
concrete connections. Several models of the CLT-to-
concrete connection were created for various threaded rod
diameters from 10 mm to 30 mm, using the BoF model
with embedment stress-displacement data i), without
initial slip (reference) and ii) with initial slip (Variant 1),
illustrated in Figure 4. The results showed that BoF
models of the reference CLT-to-concrete connection with
initial slip yielded on average 4% lower shear capacity in
comparison to equivalent BoF models without initial slip,
see Figure 10. A similar difference was found for the
EYM predictions. This was attributed to the reduced
embedment strength for the models with the initial slip.
Accounting for the initial slip leads to a shift of the
embedment curve. Thus, same absolute displacement
values give lower embedment stress for the models with
initial  slip, especially for embedment loading
perpendicular to the grain, which shows an increase in
embedment stress after yielding. This effect is reflected
also in the embedment strength definition, where f; was
determined at 15 mm displacement according to
EN 26891 [13]. The comparison of the BoF model with
the EYM showed that the EYM yielded a higher
connection shear capacity for both models, i.e. variant 1
and reference, on average 16% and 15%, respectively.
The EYMs with smaller threaded rod diameters when
compared to their equivalent BoF models showed up to
20% higher shear capacity. Similar to the previous study
on the diameter of the threaded rod, the difference reduced
with increased diameter. The effect of the initial slip on
the connection slip modulus was similar to that on the
shear capacity, as the initial slip resulted in a reduced slip
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modulus, see Figure 11. In addition to an initial weaker
overall response of the connection, the lower slip modulus
is also given due to reduced shear capacity that
determined the points at 10% and 40% of the shear
capacity, between which the slip modulus was
determined. The lower point at 10% of the shear capacity
was found to be located in the initial softer part of the
load-displacement curve, which resulted in a reduced slip
modulus of the connection. Consideration of the initial
slip caused on average 28% reduction in slip modulus.
Moreover, an analysis of variant 1 BoF models, that
considered initial slip, showed that K. prediction yielded
a higher slip modulus of all variant 1 BoF models of the
CLT-to-concrete connection for various threaded rod
diameters. The results for the comparison of the reference
BoF models and their equivalent EYMs is as detailed in
Section 3.2.1.
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Figure 10: Comparison of the BoF model and EYM predictions
for shear capacity of a CLT-to-concrete connection, per shear
plane, to investigate the influence of initial load slip.
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Figure 11: Comparison of the BoF model and Kser predictions
for slip modulus of a CLT-to-concrete connection, per shear
plane, to investigate the influence of initial load slip.

3.2.3 Embedment stiffness and strength of concrete

The stiffness and strength parameters used to determine
the load-displacement data for the interaction between the
threaded steel rod and the concrete, detailed in
Section 2.3.2, were based on the wood properties parallel
to the grain and multiplied by a factor of 2 (BoF model
variant 1), factor of 3 (reference BoF model) and factor of
4 (BoF model variant 2). The results from this study
showed that there was on average 3% increase in shear
capacity of the reference connection when the strength
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and stiffness of the concrete was increased, see Figure 12.
Conversely, the shear capacity decreased on average by
6%, with decrease in the concrete strength and stiffness.
This difference in the shear capacity due to altering the
concrete strength and stiffness was most pronounced for
BoF models with diameters less than 13 mm. A
comparison of the BoF models with the EYM showed that
the EYM yielded a higher shear capacity of 19%, 15% and
12%, than for wvariant 1, reference connection and
variant 2 BoF models, respectively.

—
=
=

b |- -@ - Variant 1 (factor 2)
- —¢ - Reference (factor 3)
- =& - Variant 2 (factor 4)

jral
=

.
=

[
=

Shear capacity [kN/mm]|
=1}
=

10 15 20 25 30

Threaded rod diameter [mimn]
Figure 12: Comparison of the BoF model and EYM predictions
for shear capacity of a CLT-to-concrete connection, per shear
plane, to investigate the influence of concrete stiffness and
strength.
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Figure 13: Comparison of the BoF model and Kser predictions
for slip modulus of a CLT-to-concrete connection, per shear
plane, to investigate the influence of concrete stiffness and
strength.

The reduction in the difference in the shear capacity
between the EYM and the BoF models with increase in
concrete strength and stiffness was attributed to increased
bending deformation of the fastener within the CLT due
to increased clamping. The EYM highlights that the shear
capacity is directly linked with the corresponding failure
modes [11]. If the side member thickness, in this case
concrete, is larger than that of the diameter, failure mode
2 characterized by development of a single plastic hinge
in the side member is observed according to the EYM.
Therefore, Equation 4(b) was used to determine the shear
capacity of the connection. The yield moment associated
with this connection was determined for a certain bending
angle, a, according to EN 409 [23]. Increasing the
concrete stiffness and strength increased the clamping of



the fastener within the concrete whilst increasing the
rotation of the fastener in the CLT. Increased fastener
rotation led to activation of more spring connector
elements in the CLT, and in addition to a larger resistance
per spring, due to the larger spring connector
displacements, hence increasing the shear capacity.
Contrary to the findings on shear capacity, increasing the
strength and stiffness of concrete had negligible effect on
the slip modulus of the connection, see Figure 13. A
comparison of the results from BoF models, variant 1 and
variant 2, to equivalent BoF models of the reference
connection for varying diameters, showed less than 1%
difference. Similar to previous studies, K- yielded higher
slip modulus for most of the BoF models considered. The
results were similar to the comparison of reference BoF
model to equivalent EYM detailed in Section 3.2.1.

3.2.4 Friction

The influence of friction between the rod and the wood on
the shear capacity and slip modulus of CLT-to-concrete
connections was investigated for various diameters of the
threaded rod. The friction coefficient, u. was altered, such
that for each threaded steel rod considered for this study,
two variants of the reference BoF model (1#=0.3), were
created. BoF model variant 1 assumed =0 and BoF
model variant 2 assumed x=0.6.
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Figure 14: Comparison of the BoF model and EYM predictions
for shear capacity of a CLT-to-concrete connection, per shear
plane, to investigate the influence of friction.
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A comparison of the reference BoF model with variant 1
and 2 was carried out. The results showed that increasing
the friction coefficient in BoF model variant 2 led to a
subsequent increase in the shear capacity. On average, this
increase was 5%, with higher relative increase for smaller
threaded rod diameters, see Figure 14. Similarly,
assuming no friction, i.e., x=0 in BoF model variant 1 led
to a 5% reduction in shear capacity when compared to the
reference model. As discussed for the preliminary
parameter study in Section 3.2, a considerable large
connection displacement is needed to cause a substantial
inclination of the fastener, to take an effect of the axial
force component caused by friction on the connection
shear resistance. The EYM prediction was not influenced
by a change in the friction coefficient. On average, the
EYM recorded, 18%, 13% and 9% higher shear capacity
than BoF model variant 1, reference BoF model and BoF
model variant 2, respectively. Similar to the findings in
the parameter study on the influence of concrete stiffness
and strength, in Section 3.2.3, there was negligible
influence of the friction coefficient on the slip modulus of
the connection, see Figure 15. These findings are similar
to results from a parameter study on the influence of the
axial fastener behaviour on the shear capacity of steel-to-
timber connections in [19].

4 CONCLUSIONS

The beam-on-foundation (BoF) method was applied
herein to predict the shear capacity and slip modulus of
CLT-to-concrete connections. The parameter study rests
on a validation of the BoF model with experiments on a
CLT-to-concrete connection with a single threaded rod.
Results indicated validity of the BoF model for this
application by a good agreement of the nonlinear load-
displacement behaviour, and thus of the shear capacity
and slip modulus, between simulations and experiments.
From the comprehensive parameter study, it can be
concluded that:

Shear capacity and slip modulus are substantially
influenced by the choice of either using the
minor or major diameter of the threaded rod for
BoF simulations and EYM predictions.
Consideration of the initial slip in the BoF model
results in reduced shear capacity and slip
modulus of CLT-to-concrete connections,
determined according to EN 26891.

Varying the friction coefficient between rod and
wood between 0-0.6 and varying the embedment
properties of concrete had negligible influence
on the slip modulus, and only a minor influence
on the shear capacity of the investigated CLT-to-
concrete connections.

K, proposed in EC5 was found to give
simplified slip modulus predictions for CLT-to-
concrete connections, since the influences of
parameters like e.g. the fastener slenderness, are
not considered in the design equation, but their
impact was shown by the BoF model.

The BoF model was found to be useful in determining
both the slip modulus and shear capacity of the
connection. Application of the model in engineering
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design can lead to more reliable and economic
connections in CLT-to concrete composite slabs.
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