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ABSTRACT

There is an increasing interest in large-dimensional timber structural elements within the construction sector in
order to fulfil the combined demand of sustainability, open spaces and architectural flexibility. Current timber
technology allows for efficient production of long-size beams, but many problems are related to their overall
high costs due to difficulties in transportation, manufacturing on site and handling during the mounting phase.
Hence, the aim of this work is to propose and study an innovative timber-steel hybrid structural element com-
posed of shorter pieces of beams connected and reinforced by means of a system consisting of steel shear keys
and steel rods. The small timber elements and steel devices can be prefabricated with low costs and easily assem-
bled into large elements at the construction sites. The proposed system can also be used for retrofitting of existing
timber members when it is necessary to increase their strength, stiffness and ductility. The structural behavior of
the proposed system was therefore studied both as a connection and as a retrofitting technique, which were ana-
lyzed via two types of hybrid beams, one with a splice at mid-span and one without, separately. A simple glulam
beam with the same geometrical characteristics of the two hybrid structures was also investigated for the com-
parison of the structural behavior. The analytical results show that the hybrid beams with and without splice
have both obtained significant increasement in the stiffness, strength and ductility. The numerical analyses are
limited in the elastic stage due to the elastic mechanical properties assigned to the structural components. The
numerical results show good agreement with the analytical ones for each type of beam in terms of the stiffness in
the elastic stage. Finally, the influence of the parameters such as the distance between shear keys, slip modulus of
shear keys and diameter of rod, on the structural behavior of hybrid beams is discussed in this paper.

1. Introduction

strength-to-weight ratio of timber and the ductility behavior of steel
[19,34].

There is an increasing interest and demand within the construction
sector to combine the benefits of mineral-based building materials with
the benefits of bio-based ones [21]. Some studies have been conducted
in the field of timber-based hybrid structures. Layered timber-concrete
composite (TCC) structures, which in most cases utilize concrete in
compression and timber in tension, provide an innovative method to
the flooring system [1,5,18]. Timber-steel hybrid structures (e.g. steel
frames with an infilled wooden shear wall) attract lower forces during
an earthquake and achieve good seismic performance due to the high
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In recent years, large-dimensional timber structural elements are
highly demanded for the construction of high-rise timber buildings as
well as large-span structures [26]. However, long-span wooden prod-
ucts are not easy to handle during transportation and erection phases,
making them therefore particularly expensive [6]. In order to find a so-
lution to these problems, an innovative timber-steel hybrid member
composed of timber beams mechanically jointed together through steel
shear keys and rods is proposed in this work.

Two types of connections, namely adhesive or mechanical connec-
tions, are usually adopted to connect shorter elements in order to create
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longer spans. The advantage of the former is mainly the high composite
efficiency and economy. On the other hand, adhesive connections have
the main drawback of being difficult to assemble on site, since the adhe-
sive joints need an accurate control of moisture and temperature condi-
tion [27]. Mechanical connections, on the other hand, have in general
lower strength and stiffness than adhesive connections [32]. However,
they have the advantage of easy installation on site. Moreover, consid-
ering the end-of-life (EOL) cycle of the building, mechanical connec-
tions allow for more flexible and less expensive unmounting processes
with mostly re-useable components, which is beneficial for reducing
waste and promoting the circular economy [29].

Shear key connections produce partial composite action, meaning
that the slip between the connected parts is non-negligible and the
strain distribution is not continuous along the composite cross-section
[17,22,30]. However, apart from adhesive connections, the shear-key
connection is one of the most efficient type among the mechanical con-
nections to create composite actions in timber-based structures [4,33].

Shear keys have been mainly studied in wood-concrete composite
beams, for example in Ref. [24]. Here, the authors analyzed how effec-
tively the shear key can resist the interlayer slip between wood and con-
crete layer. An average composite efficiency of over 80% was reached
in full-size test specimens when loaded under four-point bending. The
most common failure was due to the interaction of bending and tension
at mid-span starting from the bottom of the wood member. Mechani-
cally laminated timber beams using different types of wooden shear
keys were studied in Ref. [25]. Here, the authors developed a theoreti-
cal interlayer slip model under linear elastic hypothesis to investigate
the stiffness of the wooden shear key. Both small and full-scale tests
were performed to validate the analytical model. Results showed that
the stiffness from the interlayer slip model was slightly larger than the
one obtained experimentally. The authors concluded that the overesti-
mation might be due to the nonlinear behavior of materials in the test
neglected by the linear model. Shear keys made of beech were studied
for the connection between CLT elements in Ref. [28], where LVL shear
keys with different slenderness ratios loaded perpendicular to the grain
were investigated through experimental tests. It was found that for
shear keys with a low slenderness ratio the load-bearing capacity is de-
pendent on the embedment length into the CLT element, whereas for
the shear key with a higher slenderness ratio the load-deformation ca-
pacity is mainly influenced by the compression stress perpendicular to
the grain.
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Although some studies regarding the shear key connection have
been carried out in the past, current design standards do not provide ad-
equate guidelines for designing shear key connections [2,12,13,25,31].

In this paper, an innovative timber-steel hybrid system for mechani-
cal connection and reinforcement of glulam is presented. The structural
behavior of this hybrid system is analyzed through both analytical and
numerical models considering a four-point loading condition. Further,
parametric analyses are carried out in order to study the behavior of the
system when different mechanical parameters are varied.

2. Materials and methods

2.1. Description of the hybrid structural system

In order to study the hybrid structural system as a retrofitting tech-
nique, a monolithic glulam beam with symmetrical notch positions to
the mid-span is pre-produced. Then, shear connectors are inserted into
the notches at the bottom of glulam and a steel rod assembles these con-
nectors, as well as the glulam beam, together. The connectors installed
on the glulam beam act as shear keys and the steel rod acts as reinforce-
ment at the bottom (Fig. 1a). This type of beam is annotated as hybrid
beam without splice.

Another type of hybrid beam is also studied for the purpose of creat-
ing longer spans from shorter elements. Differently from the hybrid
beam without splice in Fig. 1.a, two half-length glulam beams are
jointed together at mid-span by two steel plates, annotated as splice in
Fig. 1.b. The steel plates are used on the upper and contacting surface to
avoid penetration of wood fibers at compressed head-to-head interface
[15]. This type of beam is annotated as hybrid beam with a splice at
mid-span.

Each shear key consists of one solid steel component and one steel
plate (Fig. 2). The solid steel component shown in Fig. 2.a, consists of
two parts: an upper part which is inserted into the notch at the bottom
of the timber beam (annotated as tooth) and a lower part (annotated as
plinth), which is screwed to the bottom side of the timber beam. For
each shear key eight fully threaded screws are employed (Fig. 2.b and
Fig. 2¢). Six screws (with an outer diameter of 9 mm and a length of
200 mm) are inserted into predrilled holes with diameters of 10 mm on
the plinth of shear key and are activated in tension when the shear key
tends to rotate due to the eccentricity of the steel rod. The other two
screws (with an outer diameter of 9 mm and a length of 160 mm) are
not inserted through the shear key; instead, their heads are placed on
the bottom surface of the timber element: they only serve as local rein-

(a)
. ‘l . | | | | |
M \_Steel rod
(b)

Splice
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Fig. 1. A general view of the innovative hybrid structural system (a) the hybrid beam without splice and (b) the hybrid beam with a splice at mid-span.(Please see on-

line version for colors.)
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Fig. 2. Components and assembly process of shear key connections (a) configuration of solid steel, (b) components of the shear key, (c) assembly process of the shear
key and (d) the assembled shear key connection with glulam beam.(Please see online version for colors.)

forcement to improve the stiffness and strength of timber perpendicular
to the grain. When the shear key is assembled into the glulam beam, the
rod can be anchored through the gap of the plinth of the shear key by
nuts and washers. Finally, as shown in Fig. 2.d, the assembly process is
complete. The glulam beam is reinforced by the steel rod with the con-
nection of the steel shear keys.

2.2. Configurations of the investigated beams

The proposed hybrid structural system was therefore investigated
for both the possible usages, as reinforcement system for existing tim-
ber beams analyzing a hybrid beam without splice, and as connection
technique to create longer beams from shorter pieces analyzing a hy-
brid beam composed of two timber joists with a splice at mid-span. The
effectiveness of both the analyzed system configurations was evaluated
by comparing the outcomes of these two analyses with the correspon-
dent performances of a simple glulam beam with the same geometrical
characteristics of the two hybrid structures. In general, three types of
beams were investigated in this study: (a) simple glulam beam, (b) hy-
brid beam without splice and (c) hybrid beam with a splice at mid-span
(see Fig. 3).

2.2.1. Simple glulam beam (Fig. 3 a) (labeled as SGB)

As a reference for comparison with the investigated hybrid beams, a
simple glulam beam GL 30c with a width of 90 mm, a height of 180 mm
and a length of 4200 mm was analyzed. The distance between the two
supports is 4000 mm.

2.2.2. Hybrid beam without splice (Fig. 3 b) (labeled as HB)

A glulam beam with the same dimension as the simple glulam beam
is reinforced by means of an M16 steel rod with strength grade 8.8
(Yielding strength f, = 640 MPa). Four notches are located at the bot-
tom of the glulam beam with dimensions 90 mm (width), 40 mm

(height) and 30 mm (length) and at a distance of 0.5 m, 1.1 m, 2.9 m
and 3.5 m from the supports. The notches are needed for the installa-
tion of the shear key anchoring system. As for the configuration of the
shear key shown in Fig. 2.a, the inserted part of the shear key, anno-
tated as tooth, has the same width with the glulam beam, which is
90 mm. The thickness ,, is 30 mm and the depth #,,,,;, equals 40 mm.
The plinth of shear key has a length of 100 mm on each side, a depth ,
of 30 mm and a width W, of 90 mm. Two solid parts of plinth have
equal width Wp1, which is 33 mm, thus a 24 mm (Wgap) wide gap is left
in between for the steel rod to go through.

2.2.3. Hybrid beam with a splice at mid-span (Fig. 3c) (labeled as HBS)

Differently from the hybrid beam without splice, the timber beam in
this case is not monolithic, but it consists of two separate 2.1 m-long
glulam beams. Therefore, this type of beam presents a splice at mid-
span. For real applications, a steel plate with a height of 75 mm and a
thickness of 6 mm is installed on the upper part of the contact interface
to avoid penetration of wood fibers due to compression of end-grain
contact interface [15].

2.3. Analytical models

Analytical models for the investigated beams were introduced in
this section. For both types of hybrid beams, global load-deformation
behavior and local behavior in the vicinity of the shear key connections
were studied in order to determine the structural behavior until failure.
Moreover, a comparison between each type of beam was carried out in
the elastic stage, under the same external load of 10 kN at each one-
third point of the glulam beam.

2.3.1. Mechanical properties
Mechanical properties of glulam timber and steel rod, i.e. elastic
modulus, strength, and the corresponding yielding and plastic strains
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Fig. 3. Geometrical configurations of the analyzed beams: (a) simple glulam beam, (b) hybrid beam without splice and (c) hybrid beam with a splice at mid-span.

(unit: mm).(Please see online version for colors.)

were determined for analytical studies according to Ref. [7]. The steel
shear key was assigned the same material properties as the steel rod
with strength grade 8.8.

For timber material, the probabilistic model [20] was employed to
calculate the mean strength values from their characteristic values (See
Table 1).

The maximum elastic strain was calculated according to Hook's law.
The maximum plastic strain of wood in compression parallel to the
grain and the maximum tensile plastic strain of rod are assumed to be
three times the maximum elastic strain [7].

2.3.2. Simple glulam beam (SGB)
The deflections were determined using the classical Euler-Bernoulli
beam theory under four-point bending loading.

2.3.3. Hybrid beam without splice (HB)
(a) Global load-deformation behavior
The second order linear differential equation with constant coeffi-

cients that describes the behavior of beams with partial composite ac-
tion is:

N/ —a® N (x)=C-M (=) 1)
Table 1
Material properties of glulam GL 30c according to Refs. [7,20].
Characteristic COV Distribution Mean
value (MPa) function value
(MPa) (MPa)
Bending strength Sk = 30.0 0.15 Lognormal  f,,, =
38.2
Tensile strength parallel to the f,ox = 19.5 0.18 Lognormal  fig,, =
grain 26.0
Compressive strength parallel  f.ox = 24.5 0.12 Lognormal  fug, =
to the grain 29.8
Compressive strength Jeoox =2.5 0.10 Normal Seoom =
perpendicular to the grain 9.0
Shear strength fik=3.5 0.15 Lognormal f,,,=4.5

Note: the mean value of compressive strength perpendicular to the grain, £ 90,
takes into consideration both the small bearing area and the local reinforcement
exerted by the screws [11].

where,
w
ke (W @
s \E A E A, E-L+E-L
kg, - d
C= ser . 1 (3)
s E L +E, -1

where @ and C are the composite cross-sectional and material constants
respectively; N; (x) is the internal axial force in layer one on the section
located at the longitudinal position x; M (x) is the external bending mo-
ment acting on the composite cross-section at the longitudinal position
x; s is the (constant) spacing of inter-layer connections (in the specific
case, shear keys); E;, I;,A; (i =1, 2) are the elastic modulus, the second
moment of inertia and the cross-sectional area of the j-th layer respec-
tively; &, is the vertical distance between the axes of the two layers (in
the specific investigated case, the steel rod was positioned aligned with
the barycenter of the steel plinth of the shear key); ,,, is the slip modu-
lus of shear key due to the contact pressure in the longitudinal direction
between the tooth of the shear key and the timber notch. For notch
depth deeper than 3.0 cm a design value of the slip modulus 1500 kN/
mm per meter beam width is suggested for the shear connection be-
tween timber and concrete [9]. The same criterion has been assumed
for the connection between timber notch and steel shear keys in the in-
vestigated hybrid system. Since the timber component of the hybrid
beam has a notch depth of 4.0 cm and a section width of 90 mm, a de-
sign value of the slip modulusk,, = 1500 kN/mm/m *0.09 m
=135 kN/mm was used.

(1) was solved by means of two analytical methods, namely: the par-
tial composite method (henceforth labeled as “PC method”) [7] and the
gamma method (henceforth labeled as “y method™) (EN 1995-1-1:2004,
2004). The following assumptions were applied in both methods:

Euler-Bernoulli beam theory was assumed;

linear elasticity was assumed;

small displacement theory was assumed;

shear deformations within each component were neglected;
constant connector spacing was assumed (in the specific
investigated case each hybrid beam has 4 shear keys with a constant
spacing of 1 m);
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e no interlayer separation was assumed (therefore both components
have equal deflection and radius of curvature in each corresponding
section); and

e rheological behavior, the effects of swelling and shrinkage of timber
were neglected.

The main difference between the two methods is that the PC method
takes the real load condition into consideration, whereas the ¥ -method,
as a simplified method, assumes that the load has a near-half-sinusoidal
distribution over the beam span.

According to the PC method, the internal bending moment acting in
layer one and two at the longitudinal position X, M, (x)and M, (x) can be
derived by (4) and (5), and the beam deflection at the longitudinal posi-
tion x, w (x), can be derived by (6).

I
My @) = = - (M@ +hy Ny ) “)
I
My ) = g (M) + - Ny (9) ®)
a)(x):a)fm(x)—k%~N1 xX)+D;-x+Dy 6)

core

where @, () is the bending deflection in full composite action at the
longitudinal position x; k,,, = ki, /s is the smeared out stiffness; D3, Dy
is the integration constants (zero in this case).

(b) Local behavior of the shear key connection

In order to verify if there is any risk for local failure in the vicinity of
the shear key connections, the highest axial force transferred from the
rod to shear key under global failure F,, was utilized for the local
check. Three possible local failure modes (Fig. 4) were verified for both
hybrid beams without splice and with a splice at mid-span, and they
are:

—

compressive failure parallel to the grain on the side surface of the
notch in glulam;

shear failure around the notch along the grain in glulam, where the
influence length of shear stress was considered to be eight times the
height of the notch [9]; and

withdrawal failure of the screws in tension.

I

—

II

=]

Regarding the third local failure mode, the withdrawal force acting
on each screw F gy is:

Foax - by
_— 7
n-hy, @

Foxra =

Journal of Building Engineering 43 (2021) 102549

where F,, is the highest axial force transferred from the rod to shear
key under global failure; %, is the lever arm between horizontal forces,
and it is assumed to be hy, = (10 + hp) /25 Myore, and hy, are the height
of notch and of the plinth of the shear key respectively; n is the number
of screws in tension; /;, is the lever arm between vertical forces which
was taken from the resultant force in the left part of the plinth of the
shear key to that in the right part.

The characteristic withdrawal capacity for the screw inserted per-
pendicular to the grain F,, g is derived according to the technical ap-
proval [14]. The corresponding design withdrawal capacity Fyyrq is
(EN 1995-1-1:2004, 2004):

kmod - F, ax,Rk

®

F ax,Rd = Ym
where k,,,,, is the modification factor and 7 is the partial factor for con-
nections.

2.3.4. Hybrid beam with a splice at mid-span (HBS)

An ad-hoc mechanics-based analytical model for HBS has been de-
veloped and presented in Ref. [16]. The glulam component, the steel
rod and the shear keys were modeled as beam-type linear elements,
truss-type linear element and rigid elements, respectively. The shear
keys were connected to the upper glulam beams and the lower steel rod
by means of discrete spring elements with the slip modulus k,,,. The me-
chanical behavior around mid-span was represented by a hinge located
at the resultant compressive force. Some basic assumptions were made
for the investigation of the mechanical model, among which:

e Euler-Bernoulli beam theory was assumed;

e small displacement theory was assumed;

elastic behavior of the material was assumed for the calculation of
forces and deflection;

elasto-plastic behavior of glulam and steel rod was assumed only for
the calculation of the position of the neutral axis with respect to the
compressive zone in glulam;

e shear deformations within each component were neglected; and
rheological behavior, the effects of swelling and shrinkage of timber
were neglected.

The analytical model is able to predict both the internal force and
deflections for each component.

2.4. Numerical models

2.4.1. General description

Numerical analyses were performed with commercial finite element
software Abaqus (Simulia, USA). Planar 2D models were created for in-
vestigation of forces and deflections on both global-structure and single

Fig. 4. Possible local failure modes in the vicinity of the shear keys: (I) compressive failure parallel to the grain on the side surface of the notch in glulam, (II)
shear failure around the notch along the grain in glulam and (III) withdrawal failure of the screws in tension.(Please see online version for colors.)
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component level. The glulam component, the steel rod and the shear
keys were modeled as beam-type linear elements, truss-type linear ele-
ment and rigid elements, respectively. All the structural components
were assigned with linear elastic material properties. The comparison
between each type of numerical model was under the same four-point
loading scheme with an external load of 10 kN placed at each one-third
span point.

2.4.2. Material properties

Isotropic elastic material properties were assigned to the steel rod.

The glued-laminated timber is usually characterized as an or-
thotropic material. Yet the mathematical modeling of the glulam beams
can be greatly simplified by considering the material to be transversally
isotropic [3,8]. Thus, in this numerical analysis, glulam beam was mod-
eled with identical stiffness and strength properties in the radial and
tangential directions. The properties assigned for glulam include den-
sity p, elastic modulus Ej;, Poisson's ratio Vi and shear modulus Gj.
Class of glulam GL 30c is assumed, and the mechanical parameters (see
Table 2) have been derived according to Ref. [7] for the mean values of
density, elastic modulus and shear modulus and [10] for Poisson's ra-
tios.

2.4.3. Modeling process

Models for each type of beam are schematically presented in Fig. 5.
For hybrid beams the shear key was modeled with a fictitious rigid
beam element, which was vertically connected to the glulam beam axis.
The fictitious, rigid vertical element was defined as rigid body, tied to

Table 2
Material properties of glulam GL 30c for numerical analysis.
p(kg/m3) E; (MPa) Ey, (MPa) E33 (MPa) Via
430 13000 300 300 0.219
Vi3 V23 Gy (MPa) G5 (MPa) Ga3 (MPa)
0.219 0.582 650 650 65

Note: subscripts i,j =1, 2, 3 used for the material properties in Table 2, stand for
the principal material directions. Axis 1 is aligned along the grain, while axis 2
and 3 are defined according to the convention of the right-handed coordinate
system. Additionally, the rolling shear modulus G,3was assumed to be one-tenth
of the shear modulus G|, and G,3 according to Ref. [23].

Journal of Building Engineering 43 (2021) 102549

the glulam beam, and thus was always aligned perpendicular to the glu-
lam beam axis. Regarding the interaction between shear key and rod, a
spring was firstly created connecting the two components at the loca-
tion of the rod. Then, rigid contact was assigned for translational de-
grees of freedom (DOFs) in transversal directions and all the rotational
DOFs for the spring. Linear elastic contact with the local stiffness of
shear key kg, was defined for the spring in the longitudinal direction.

The mid-span splice of the beam shown in Fig. 5.c was modeled with
an eccentric hinge connected to the axis of the timber component
through rigid beam elements. The hinge was placed to form an eccen-
tricity which corresponds to the point of action of the resultant com-
pressive force, determined by assuming linearly distributed stresses at
mid-span timber interface. An eccentricity value of 65 mm was adopted
for the numerical model of the hybrid beam with splice.

The common parts of the modeling process for all types of beams
were: (a) boundary conditions: simply supported, (b) load condition:
four-point bending, and (c) mesh element type and size: beam element
type (B22 in ABAQUS/CAE 2018, Simulia, USA and mesh size 0.02 m
for glulam; truss element type (T2D2 in ABAQUS/CAE 2018, Simulia,
USA) for rod; and discrete rigid element (R2D2 in ABAQUS/CAE 2018,
Simulia, USA) for rigid elements at shear keys and splice at mid-span.

2.4.4. Parametric analysis

In this study a parametric analysis on the main characteristics that
influence the structural response of the novel hybrid system was per-
formed in order to study and improve its mechanical performance. The
studied parameters are (a) the position of the shear keys in the longitu-
dinal direction of the beam, (b) the slip modulus of shear key and (c)
the diameter of the rod. All the other mechanical and geometrical para-
meters were kept constant. The load was constantly set as 10 kN at each
one-third point of glulam beam. For the first studied parameter, only
deflection was compared, while for the latter two parameters, effects on
axial forces in glulam beams and the rod, force distribution in each
shear key, deflections in glulam were investigated.

(a) The position of the shear keys

Considering that the influence length of local shear failure around
shear key along the longitudinal direction was assumed as eight times

(a) 4000
1333 1333
Fl lF
- él
(b) 4000
1333 1333 oo 7T
Y 1100 1100 !
. 500 . 500 ! !
e Fl lF e . 105 !
. W\‘, ) o o AN e
() 4000
1333 1333 2272077
i 1100 1100 i NS H k.
| F) 1
500 Fl lF 500 1051@" eslm '
BTN . n ‘] \\\ ’/' \\\ ’/'
N el - o T Tt

Quter shear key

Fig. 5. Loading and geometrical configurations of the investigated beam models: (a) simple glulam beam (SGB), (b) hybrid beam without splice (HB) and (c) hybrid
beam with a splice at mid-span (HBS). (unit: mm).(Please see online version for colors.)
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the depth of notch [9], the distance between the inner and outer shear
key (including the length of notch) should not be less than 0.35 m.

For hybrid beam without splice, the horizontal force F taken by each
shear connector (in N) is equal to:

F=v-s 9

where v is the shear flow in the glulam (in N/mm) and s is the spacing
of connector (in mm). Within the part between two external loads, the
shear flow equals zero since the bending moment is constant in each
structural component. Therefore, it is more efficient to arrange the
shear keys among the two sided one-third parts of the beam.

For hybrid beam with a splice at mid-span, the force taken by each
shear key is the function of relative stiffness (e.g. the slip modulus of
shear key, the stiffness of glulam and rod) and is due to lack of material
continuity [16]. The specific load-resistant mechanism is explained in
detail in Section 3.2. If the inner shear key is positioned in the middle
one-third part, the stiffness of the hybrid system would not necessarily
decrease. However, the decreased axial force in the part between the
external load and the inner shear key would lead to a higher bending
moment in the glulam, thereby reducing the load-bearing capacity of
the hybrid system.

During this parametric study, for both types of hybrid beams, the lo-
cation of the outer shear keys (measured from the closest support) was
varied between 0.3 m and 0.8 m with an interval of 0.1 m. The location
of the inner ones (measured from the closest support) was varied be-
tween 0.7 m and 1.2 m with the same interval.

(b) Slip modulus of shear key

As mentioned in Section 2.3, the design value of the local spring
stiffness for the shear keys kg, =135 kN/mm is based on timber-
concrete notched connection tests. Its application to timber-steel hybrid
structures could be questioned. However, due to the lack of more rea-
sonable input data, k,,, was taken as a reasonable estimation in this
study. In order to determine if this uncertainty of the value assigned to
this parameter significantly affects the final obtained results, a sensitiv-
ity analysis was carried out varying the parameter within the range
from 5 kN/mm to 205 kN/mm with an interval value of 10 kN/mm.

(c) Diameter of the rod

The diameter of rod d,,, changed from 2 mm to 30 mm with an in-
terval value of 2 mm.

It is worth mentioning that the change of the upper three parame-
ters, i.e. the position of the shear keys, slip modulus of shear key and di-
ameter of the rod, only took place in this parametric study. For the rest
analysis, the position of the outer and inner shear keys (0.5 m and
1.1 m from the supports), slip modulus of 135 kN/mm and M16 rod
were always used.

(a)

14.8 kN 14.8 kN
| AN ‘ 180 mm
== - 5 16 mm=
(b) 16.5 kN 16.5 kN
| l l | 180 mm
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Table 3
Comparison of analytical results under 10 kN external load at each third-
point of the beam.

Type SGB HB HBS
PC Y
Method Method
Axial force in the rod (kN) - 48.7 47.0 73.6
Bending moment in glulam at mid-span 13.3 8.2 8.4 5.6%
(kNm)
The maximum deflection in glulam (mm) 40.0 25.1 25.1 32.3

Note: the value with asterisk in Table 3 shows the bending moment acting on
the mid-depth of the end grain glulam cross-section in HBS at mid-span, due to
the eccentricity of the resultant compressive force.

3. Results and discussion

3.1. Analytical results

The structural behavior of the investigated beams (see Fig. 3) was
firstly compared under the same external load of 10 kN at each one-
third point of the glulam beam. Results based on analytical calculations
were compared for each type of beam and analytical calculation
method, as shown in Table 3. It is shown that the simple glulam beam
(SGB) has the highest bending moment and deflection among the three
types of investigated beams. Compared with the hybrid beam without
splice (HB), the hybrid beam with splice (HBS) has higher axial force
and deflection in the glulam component.

Fig. 6 shows a schematic representation of strain and stress distribu-
tions for the hybrid beams when the global failure occurs. For the hy-
brid beams, failure is defined when the maximum elastic strain in any
hybrid beam element has occurred. For HB, the section at mid-span was
checked. Yielding of glulam in compression parallel to the grain occurs
when the load is 14.8 kN (Fig. 6.a). For HBS, sections at mid-span and
around the inner shear key were both checked. The hybrid structure
HBS fails because of the yielding of the rod in tension between the two
internal shear keys when a load of 16.5 kN is applied (Fig. 6.b). The
highest axial forces transferred to the shear keys under global failure
were used for local checks. It is worth noting that none of the possible
local failure modes happens before the global failure, and this is impor-
tant for the hybrid beams in order to guarantee a ductile failure due to
yielding of glulam in compression parallel to the grain or yielding of the
steel rod. Table 4 reports a summary of the structural behaviors of the
three types of beams under failure.

3.2. Discussion of analytical results

The bending moment caused by the external load is taken by the
composite structure through two different resisting mechanisms,
namely: (a) the axial force in glulam (or in the steel rod) times the lever
arm and (b) the bending moment in glulam. The rod has no bending
stiffness; therefore, it does not contribute to take any direct bending

Strain Distribution (x107) Stress Distribution (MPa)

2.29 29.8 (fc,0,m)
1.63 ~ 21.2
—_— e ——
1.64 344.9
- 1.96 25.4
0.73/ 9.5 J
16 MMrre—/—

3.05

640.0 (f)

Fig. 6. Strain and stress distributions along the cross section at mid-span, (a) for HB and (b) for HBS.(Please see online version for colors.)
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Table 4
Comparison of analytical results when failure is reached on each type of
beam.

Type SGB HB HBS
PC Method 7 Method

The external load at each  13.9 14.8 14.8 16.5
third-point (kN)

Axial force in the rod (kN) - 71.9 69.4 128.7

The maximum bending 18.6 12.1 12.4 8.5
moment in glulam
(kNm)

The maximum deflection  55.7 37.1 37.0 56.9
in glulam (mm)

Failure mode Bending Yielding of glulam in Yielding of

failure ~ compression parallel to the rod in

grain tension

moment. As can be seen in Table 3, the external load is fully taken by
the bending moment for SGB whereas the glulam beam accounts less
contribution for the hybrid beams HB and HBS. The difference of axial
force and bending moment between the two hybrid beams is due to the
fact that the glulam part of HBS is lack of continuity at the mid-section,
therefore only the timber-steel composite section consists the resistant
system. On the other hand, HB is expected to carry the external load by
its glulam part solely, and the composite action is only an extra-
resistant contribution that works in parallel with the other.

In addition, the secant stiffness of each type of beam was compared
based on the results in Table 3. It is found that SGB is the least stiff one
of the three studied systems. HBS and HB, with lower deflection in glu-
lam, are both stiffer than SGB. The high stiffness of the steel compo-
nents, especially the steel rod, remarkably improve the stiffness of the
hybrid beams. For HB and HBS, when the external loads induce the
bending moment, the high tensile stress that should have been taken by
the lower part of the glulam is yet absorbed by the steel rod, leading to
a lower bending moment in the glulam beam (which is the main con-
tributor to the deflection) compared to SGB. Moreover, for HB, highly
similar results can be observed from both the PC method and the 7
method. This is due to the fact that the bending moment diagram of a
simply supported beam subjected to two equal concentrated loads is
similar to the moment diagram of a similar beam subjected to sinu-
soidal shaped load, as assumed in the ¥ method.

The strain and stress distributions along the cross section of the hy-
brid beams were reported in Fig. 6 when failure has occurred. Only
slight discontinuity of strains can be observed between the glulam and
the rod for HB, indicating that this hybrid structure presents nearly a
full composite action. This means that the assumed slip modulus of the
shear key is considerably high. The effective magnitude of the local
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shear key stiffness needs, however, to be verified by means of appropri-
ate experimental tests.

For HBS, both the cross section at mid-span and the cross section at
the inner shear key were checked for strain and stress, since in these
sections the highest axial forces and the highest bending moment were
computed, as shown in Fig. 7.

Table 4 compares the structural behavior of the three investigated
beams at failure. Brittle bending failure is expected for SGB while the
hybrid beams HB and HBS behave in a ductile manner. In the hybrid
beams, in fact, failure occurs either due to a) yielding of glulam in com-
pression parallel to the grain or b) tension failure of the steel rod or c) a
combination of a) and b). HBS has the highest bearing capacity owing
to the high utilization of the strength of the steel rod. However, both
types of hybrid beams could continue to withstand external load due to
load redistribution in the plastic stage. It is possible that HB has higher
load-bearing capacity in the real ultimate limit stage. Further analysis
regarding the redistribution phenomenon should be conducted in the
future. Nevertheless, as shown in Table 4, HBS has lower serviceability
performance with higher deflections (approximately 1/70 of the beam
span) due to the different loading resisting mechanism that develops a
high amount of rigid deflection contribution [16]. Thus, the issue in the
serviceability limit state is more critical for HBS.

3.3. Numerical results

Planar 2D numerical models were created for the investigations of
three types of beams, i.e. SGB, HB and HBS (see Fig. 5). Results based
on numerical analysis under the same external load, i.e. 10 kN at each
one-third point of glulam beam are listed in Table 5. It is noticeable that
HBS has the highest axial force in the rod and transferred to the shear
keys while HB has the lowest deflection in both glulam and rod among
the three types of investigated beams. Fig. 7 shows axial force, bending
moment and deflection diagrams for the three types of beams. It is
shown in the axial force diagram (Fig. 7.a) and bending moment dia-
gram (Fig. 7.b) that there are some sudden changes of axial force in the
rod and bending moment in glulam in the positions of 0.5 m, 1.1 m,
2.9 m and 3.5 m from the support where shear keys are located at for
HB and HBS. There is clearly no axial force for SGB and this type of
beam has the highest deflection compared to the hybrid beams under
the same external load.

Parameter analysis was performed to study the influence of the
main characteristics on the structural behavior of the hybrid beams, i.e.
HB and HBS. Results of the parametric studies were compared under
the constant external load, i.e. 10 kN at each third-point of the beam.
Firstly, the effect of different longitudinal positions of the shear keys on
the deflections in glulam at mid-span was investigated. Table 6 shows
that HB reaches the minimum deflection at mid-span with a value of
26.6 mm when the outer and inner shear keys are located at 0.3 m and
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0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
0 — : ] _ 0 . ' : 0 . ; .
£
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= | — —HBs E 4 W NL=_—"ss RS ET TN — —HBS RV
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Fig. 7. (a) Axial force diagram, (b) Bending moment diagram and (c) Deflection diagram of the investigated beams based on numerical results.(Please see online ver-

sion for colors.)
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Table 5
Comparison of numerical results under 10 kN external load at each third-
point of the beam.

Type SGB HB HBS
Axial force in the rod (kN) - 47.1 78.4
Bending moment in glulam at mid-span (kNm) 13.3 84 5.1%
The maximum deflection in glulam (mm) 414 268 36.2
The maximum deflection in the rod (mm) - 20.6 24.3
Force transferred to the outer shear key (kN) - 28.4 337
Force transferred to the inner shear key (kN) - 18.7 44.7

Note: the value with asterisk in Table 5 shows the bending moment acting on
the mid-depth of the end grain glulam cross-section in HBS at mid-span, due to
the eccentricity of the resultant compressive force.

Table 6
Sensitivity analysis on the longitudinal position of the shear keys for HB.

Deflection in glulam at mid-span (mm)

Location of the inner shear key

07m 08m 09m 1.0m 1.1m 1.2m

Location of the outer shear 0.3 m 26.8 26.7 26.6 26.7 26.7 268
key

0.4m - 267 267 267 267 268
05m - - 268 268 26.8 26.9
0.6m - - - 270 270 27.1
07m - - - - 273 27.3
0.8m - - - - - 27.7

0.9 m from the supports. The deflection under the reference shear key
alignment (0.5 m and 1.1 m from the supports) is around average
among all the studied cases in Table 6 for HB. Considering the slight dif-
ference of deflection between each case in Table 6, the position of the
shear keys has a small influence on the stiffness of HB. On the other
hand, a significant change of stiffness is observed when the position of
the shear keys is changed in HBS, see Table 7. HBS reaches the mini-
mum deflection at mid-span with a value of 35.0 mm when the inner
shear key is 1.2 m and the outer shear key is 0.4 m or 0.5 m from the
supports. The deflection under the reference shear key alignment is
lower than most of the studied cases for HBS when the outer and inner
shear keys are located from 0.3 m to 0.8 m and from 0.7 m to 1.1 m re-
spectively.

In addition, the effect of the variation of the slip modulus of shear
keys on internal forces and deflections for the hybrid beams is illus-
trated in Fig. 8. Significant variations of the structural response can be
observed only within the range of the slip modulus from 5 kN/mm to
65 kN/mm, while after that all of the curves tend to reach a plateau. It
is possible to observe that, within this range, the variation of the slip

Table 7
Sensitivity analysis on the longitudinal position of the shear keys for HBS.

Deflection in glulam at mid-span (mm)

Location of the inner shear key

0.7m 08m 09m 1.0m 1.1m 12m

Location of the outer shear 0.3 m 43.3 41.2 393 377 363 352
key

04m - 41.1 392 376 362 350

0.5m - - 39.2 376 36.2 350

0.6m - - - 373 36.3 351

0.7m - - - - 36.5 35.3

0.8m - - - 35.6

Note: in Tables 6 and 7, values in bold represent the deflection under the refer-
ence shear key alignment, values in italic mean that they are larger than or
equal to the deflection of the reference configuration and values with underline
are smaller.
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modulus has a much higher impact on the internal forces of HB than
HBS. The opposite happens if deflections are analyzed, where it is possi-
ble to observe that the slip modulus has a high impact on serviceability
behavior of HBS and almost a negligible one for HB.

Furthermore, the effect of the axial stiffness of the rod on internal
forces and deflections for both hybrid beams, i.e. HB and HBS was in-
vestigated by varying the rod diameter (Fig. 9). For HB it is possible to
observe that the increase of the rod diameter determines higher forces
acting on the rod and the shear keys, and this is due to the fact that the
hybrid structural system (rod + glulam) works as a parallel system as
compared to the simple glulam component, therefore the higher is the
axial stiffness of the rod, the higher is the load taken by it. On the other
hand, it is possible to observe that the increase of the diameter of the
rod shifts the contribution of the absorption of the tensile force in the
rod from the inner to the outer shear key. This fact can be explained
through the analytical model proposed by Ref. [16]. Finally, the deflec-
tions significantly decrease for HBS when the diameter of the rod varies
from 2 mm to around 14 mm, after which the deflection is almost con-
stant. The effect of the increase of the rod diameter on deflection is
much less important for HB.

(Please see online version for colors.)

3.4. Discussion of numerical results

From the comparison of bending moment diagrams on glulam for
the three analyzed beam configurations (Fig. 7) it is possible to observe
that its value is lower for the hybrid solutions (HB and HBS) with re-
spect to the pure glulam case (SGB). This beneficial effect on glulam
components is due to the localized bending moments transferred from
the shear keys because of the eccentricity between internal compressive
and tensile forces acting on the glulam element and rod, respectively.
The reduction effect is proportional to the axial force percentage taken
by each shear key.

For the considered load and geometrical configurations, the highest
bending moment in glulam for HBS takes place around the inner shear
key. Therefore, both the section at the inner shear key with the highest
bending moment and the one at mid-span with the highest axial force
should be checked for the combined compression and bending moment
actions. However, it is not the common rule for all types of HBS. For
HBS with different configurations it could be possible that the highest
axial force and bending moment act on the same section, or there might
even appear a negative moment to make the beam concave downwards
if the reduction effect on the bending moment is significant. Analysis
should be conducted for each individual case. Moreover, it is shown in
Table 5 that for the analyzed configuration of HBS the maximum deflec-
tion in the rod is approximately 12 mm lower than the deflection in glu-
lam at mid-span. It implies that there may be contact between the glu-
lam beam and steel rod. This behavior would offer additional resistance
thanks to second-order effects but is not considered in this study be-
cause of difficulties in its correct prevision.

From the sensitivity analysis of shear key location (Tables 6 and 7) it
resulted that this parameter has a limited influence on the stiffness of
HB while the influence is more important for HBS. Meanwhile, the min-
imum deflection of glulam at mid-span shows up under different shear
key alignments for HB and HBS. For the latter type of beam, it is found
that, for a fixed location of the outer shear key, the deflection tends to
decrease with the increase of the distance of the two shear keys. For a
fixed location of the inner shear key, the deflections of glulam at mid-
span when the outer shear key is located at 0.4 m or 0.5 m from the
supports, are smaller than those when the outer shear key is located at
other positions (0.3 m, 0.6 m, 0.7 and 0.8 m from the support).

From the sensitivity analysis of the slip modulus of the shear keys
(Fig. 8) it resulted that for low values of this parameter the external
load is mainly taken by the bending moment of glulam component in
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HB, and it is due to the fact that the glulam member and the composite
action work as parallel systems.

For HBS, the slighter influence on the force distribution among the
shear keys to the variation of the slip modulus is due to the fact that the
entity of shear taken by each shear connection is not only the function
of the slip modulus. Actually, given that the distribution of the axial
force acting on the rod as shear forces on the outer and inner shear keys
is the function of their axial stiffness, k,,and k;,, it is possible to observe
from (10) and (11) that the slip modulus of shear keys is only one of the
contributions that determine their values:

1 1 1 1 1
— = +—+—+ (10)
kex kT.ex kxer kb ka,ex

1 1 1 1
1_t, 1 an
kin kT,in kser ka,in

where k7, and k7, are the translational stiffnesses associated to the ro-
tational stiffness of glulam component at the sections placed at outer
and inner shear keys respectively; k,,, is the slip modulus of shear key;
ky, is the axial stiffness of rod; k., and k,;, are the axial stiffnesses of
glulam component taken a segment comprised between the outer and
inner shear keys respectively [16].

Mathematically, the value of k,, and k;, in (10) and (11) are both
mainly determined by the minimum of addends on the right side of the
equation. When the slip modulus is assumed with low values, it results
in similar axial stiffness of the outer and inner shear key and leads to a
nearly-equal force distribution as shown in Fig. 8.b. The variation of
slip modulus does not influence the structural response significantly in

10

terms of axial force and systematic stiffness when the slip modulus is
over 65 kN/mm.

The third sensitivity analysis studied the effect of the diameter of
the rod on the structural response. From (10) and (11) it should be
noted that, for HBS, stiffness of rod is one of the contributions that di-
rectly influence the axial force transferred to the outer shear key but not
the inner one. Therefore, when the rod diameter is small, the contribu-
tion of the outer shear key on the axial force distribution is small if com-
pared to the one of the inner shear key, leading to a high force trans-
ferred to the inner shear key as shown in Fig. 9.b. Lastly, deflection in
HB decreases slightly with the increase of rod diameter from 2 mm to
30 mm while deflection in HBS starts to drop marginally as well when
the rod diameter is above 14 mm, meaning that a rod diameter over
14 mm has limit effect on the stiffness of both hybrid beams.

3.5. Comparison between analytical and numerical results

Results obtained from numerical analysis show good agreement
with the results from the analytical calculation. The displacement and
secant stiffness under 10 kN external load at each one-third point are
summarized in Table 8. It is noticed that, for HBS, there is a small differ-
ence of axial force between analytical and numerical results, which is
due to the different assumptions (elasto-plastic and linear elastic behav-
iors of glulam were assumed in analytical and numerical models respec-
tively) when calculating the position of neutral axis with regard to the
compressive zone in glulam. For each type of beam, the displacement
from the analytical calculation is slightly smaller than that from numer-
ical analysis, which could be explained by the fact that the shear defor-
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Table 8

Axial force in the rod, the maximum deflection and secant stiffness under
10 kN external load at each one-third point for each type of beam obtained
from each method.

Type Method Axial force in The maximum Secant
of the rod (kN)  deflection in glulam stiffness
beam (mm) (kN/mm)
SGB Analytical - 40.0 0.50
Numerical - 41.4 0.48
HB Analytical PC 48.7 25.1 0.80
method
14 47.0 25.1 0.80
method
Numerical 47.1 26.8 0.74
HBS Analytical 73.6 323 0.62
Numerical 78.4 36.2 0.55

mation is neglected in the analytical calculation. By comparing the se-
cant stiffness, it can be concluded that the hybrid beams, HBS and HB,
are approximately 20% and 60% stiffer than SGB, respectively.
Moreover, the decreased cross-sectional area of glulam member
around the notch is not considered in the analytical and numerical
models described in Section 2.3 and 2.4. However, a further modifica-
tion on the numerical models for the hybrid beams HB and HBS is car-
ried out that assigns smaller cross section to glulam around the notch. It
is found that the influence of the decreased cross-sectional area of glu-
lam on the secant stiffness is negligible (only around 1% increasement
of deflection in glulam for both HB and HBS under 10 kN external load
at each one-third point). Furthermore, the interaction of localized
stresses in glulam around the shear keys are neglected in the analytical
models for the analysis of bearing capacities and failure modes. Hence,
advanced 3D model and experimental investigations are planned in the
future for comparison with the analytical results showed in this work.

4. Conclusions

In this paper an innovative system composed of steel shear-key con-
nections and steel rods to create timber-steel hybrid (composite) mem-
bers is presented. On the one hand, the system has proven by the analyt-
ical and numerical studies to be employable as retrofitting technique to
considerably improve strength and stiffness performances of existing
timber beams. On the other hand, it can be used to join short beams to
create longer composite structural members, providing cost-saving in
production, transportation and building-erection phases. Three types of
beams were investigated through analytical and numerical models: the
simple glulam beam (SGB), the hybrid beam without splice (HB) and
the hybrid beam with a splice at mid-span (HBS). Two analytical meth-
ods, i.e. partial composite method and gamma method, were consid-
ered to study the behavior of the hybrid beam without splice. Stress and
strain distributions for both types of hybrid beams were investigated to
predict failure modes and bearing capacities. A parametric analysis to
investigate the mechanical behavior related to the longitudinal position
of the shear keys, the slip modulus of shear key connections and the di-
ameter of rod was carried out for both types of hybrid beams through
2D numerical beam models. The main results are:

e for hybrid beam without splice (HB), the results obtained from
partial composite method and gamma method show high
similarities. Gamma method is therefore a reliable and simple
analytical model to predict the mechanical behavior of this type of
hybrid structure;

results obtained from numerical analyses are in good agreement
with the ones obtained from the analytical calculation. For all the
types of beam the displacement predicted through the analytical
models is slightly smaller than the one from the numerical analyses
since the shear deformation contribution is neglected in the
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analytical calculation. For hybrid beam with splice (HBS), a small
difference of the axial force between analytical and numerical
models is attributed to the different assumptions when calculating
the position of neutral axis regarding the compressive zone in
glulam;
e the hybrid beams with (HBS) and without (HB) splice are
approximately 20% and 60% stiffer than the simple glulam beam
(SGB) in the elastic stage, respectively. Thus, the proposed
innovative shear-key system can be used to create timber-based
hybrid structural elements that, once properly designed, can
efficiently improve the stiffness to vertical loads respect to
traditional simple glulam beams;
according to the analytical calculations, both hybrid beam
typologies show ductile behaviors and higher bearing capacities
(yielding of glulam in compression parallel to the grain for the
hybrid beam without splice (HB) and yielding of rod for the hybrid
beam with a splice at mid-span (HBS) when the single load is
14.8 kN and 16.5 kN, respectively) compared to the simple glulam
beam (SGB) with brittle bending failure when the load is 13.9 kN at
each one-third point;
the stiffness of the hybrid beam with splice (HBS) is more sensitive
to the three mechanical parameters, i.e. the longitudinal positions of
the shear keys, the slip modulus of the shear key connection and the
diameter of rod, than the hybrid beam without splice (HB);
the shear key locations have a small influence on the stiffness of the
hybrid beam without splice (HB) while the influence is more
significant for the hybrid beam with splice (HBS). The minimum
deflection takes place under different shear key alignments for the
hybrid beams with (HBS) and without (HB) splice. The deflection
with the reference shear key alignment (0.5 m and 1.1 m for the
outer and inner shear keys from the supports) is around average
among all the studied cases (the outer and inner shear keys from
0.3 m to 0.8 m and from 0.7 m to 1.2 m with an interval of 0.1 m
respectively) for the hybrid beam without splice (HB). However, for
the hybrid beam with splice (HBS), the deflection with the reference
shear key alignment is smaller than most of the studied cases when
the inner shear keys are located from 0.7 m to 1.1 m from the
supports;
the variation of slip modulus does not influence much the structural
response of the hybrid beams if the assumed value of slip modulus
for timber-steel connection is not lower than 135 kN/mm. In order
to obtain a more accurate value, further investigations on this
parameter will be carried out both with advanced numerical
analyses and experimental tests;
the third parametric study shows that, for the hybrid beam without
splice (HB), the increase of rod diameter determines higher force in
the rod and shear keys, while for the hybrid beam with splice (HBS),
the contribution of the inner and outer shear keys on the tensile
force distribution shifts dramatically with the increase of rod
diameter. When the rod diameter is over 14 mm, its effect on the
structural stiffness is limited for both types of hybrid beams.

Future developments will include both static tests to compare the re-
sults herein reported with an experimental dataset as well as dynamic
tests to determine vibration behavior and damping properties of the
proposed novel hybrid system. In addition, a configuration with post-
tensioned rods will be tested and the load-displacement behavior of
notched timber-steel connections will be investigated through local
tests. Parametric analyses related to different geometrical and load con-
figurations will also be carried out. The innovative timber-steel hybrid
beams could be further improved in terms of fire resistance perfor-
mance. Unprotected steel reduces the stiffness and strength more
quickly when it is exposed to high temperature compared to timber.
Thus insulation, e.g. by means of a box-like lamination made of the
same timber material as the beam itself, is suggested to cover the steel
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components in real connection and retrofitting applications. Moreover,
it is worth mentioning that uplift force could be taken by the hybrid
beam without splice (HB) while the hybrid beam with splice (HBS) has
limited load-carrying capacity in case of uplift forces. The latter solu-
tion should therefore be used with caution in situations where the per-
manent loads are small and there is a risk for uplift forces, e.g. in light
roof structure.
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