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A B S T R A C T

This study introduces an innovative demountable steel-timber composite (STC) flooring system with potential for
reuse. The flooring system consists of downstanding hot-rolled I-shaped steel profiles and laminated veneer
lumber (LVL) slabs connected to the steel beams with novel shear connectors. This STC flooring system aimed at
reducing embodied carbon and optimizing the use of resources, offer an alternative to traditional, carbon-
intensive flooring systems. The novel shear connections implemented in the STC beams facilitate demount-
ability, adaptability, reconfiguration, and relocation of structural components, aligning with circular economy
principles. Moreover, this flooring system exhibits significant promise for modularization, standardization, and
off-site serial production, making it ideal for prefabrication in standard sizes and modules. Two full-scale STC
beams, each with a span of 10 m, an LVL slab width of 2.51 m and thickness of 144 mm connected to a steel
profile IPE 400, were simply supported and tested in six-point bending to assess their flexural response. The two
tested beams were identical in terms of geometry, materials, and shear connection distribution, but differed in
the type of shear connection implemented. This contribution outlines the details of the innovative flooring
system and the novel connections that enable demountability and reusability of the components. Specifics of the
two STC beam specimens, their assembly, the test setup, the instrumentation, and the testing procedure are
presented. The results of the two full-scale bending tests demonstrate their significant load-bearing and defor-
mation capabilities as well as potential for reuse. Additionally, the results indicate the efficacy of the novel shear
connections and the beams’ overall structural integrity. Despite the extensive deformation of the STC beams, the
shear connections remained undamaged and slip values of less than 7 mm were recorded in the last loading
stages. Within the elastic range, maximum slip values of less than 1 mm were recorded, highlighting the
structural components’ potential for reuse. Midspan deflections exceeding l /20 demonstrate good ductility.
Strain measurements on the timber slabs revealed that the slabs’ width was not fully utilized, leading to the
determination of an effective width of l /5.5.

1. Introduction

In response to the urgent need for alternatives to non-sustainable
construction practices, steel-timber composite (STC) structures have
shown the potential to be a solution that is efficient and sustainable. In
particular, the interest in STC flooring systems incorporating timber
engineered products such as cross-laminated timber (CLT) and lami-
nated veneer lumber (LVL) has increased due to their reduced envi-
ronmental impact compared to other construction materials [1–3].

The interest and research on STC beams and flooring systems has
increased in the last years. Research in this domain includes the study of
the shear connections’ behaviour, the load-deformation response and

capacity of STC beams and joints, long term effects, vibrations, and the
diaphragm behaviour.

Shear connections for STC beams implementing screws, bolts, C-type
connectors, epoxy adhesives, steel plates (both punched and embedded
in the timber), combinations of these methods, and mechanical con-
nectors embedded in grout pockets, have been the focus of dedicated
research efforts. These studies, which include both static [4–22] and
cyclic [23–25] push-out tests as well as numerical simulations, have
provided comprehensive insights into the connections for STC beams.
Asiz and Smith investigated the load-deformation behaviour of screws
connecting steel beams and CLT panels, finding that their capacity was
adequate for use in flooring systems. Loss et al. [5,23] did static and
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cyclic push-out tests to study the mechanical behaviour of steel beam to
CLT panels connections, including connections with screws, bolts, c-type
connectors, glue, combinations of these connectors, and steel plates
embedded in timber with epoxy resin. Based on the results, two con-
nections (i.e. inclined screws and plates embedded in epoxy resin) were
selected for their implementation in STC floors due to their simplicity
and ease of installation, as well as good load-bearing and deformation
capacities. Hassanieh et al. [6–10] did static push-out tests to study
steel-to-timber (i.e. LVL and CLT) connections using bolts, screws, glue
and screws, screws with punched metal plates and bolts embedded in
grout pockets. Results indicate that the orientation of the grain of the
panels significatively influences the response and capacity of the con-
nections. Screws and bolts showed good deformation and bearing ca-
pacity, their capacity was enhanced with the implementation of
punched metal plates, and the connections with glue exhibited high
stiffness and load-bearing capacities but were associated to brittle fail-
ure with limited deformation capacity. The bolts in grout pockets
showed the largest load-bearing capacity. Furthermore, numerical
models were developed to replicate the push-out tests and conduct
parametric studies to investigate the influence of different parameters
on the response of the connections. Yang et al. [11] carried out static
push-out tests on connections of steel beams and glulam plates using
bolts and screws, connections with screws showed the largest stiffness
but bolted connections exhibited better ductility and load-bearing ca-
pacity. Wang et al. [12] assessed steel-to-glulam connections with in-
clined screws using special taper washers, the capacity of these
connections was higher than the capacity of vertical screws due to the
use of longer screws that increase the embedment depth. Zhao et al. [13]
investigated connections with screws with a portion of the tip embedded
in grout pockets, finding that the stiffness and strength of these con-
nections is improved when compared to connections with only screws.
Moritani et al. [14] conducted tests to analyse connections between
cold-formed steel (CFS) beams and CLT panels. Five connectors were
studied, including screws, bolts and bolts with T-nuts and threaded in-
serts. The connections exhibited good deformation capacity, bolted
connections with T-nuts, and connections with both, threaded inserts
and T-nuts, had the best performance in terms of strength. Gao et al. [15]
executed static push-out tests to investigate the response of
steel-to-timber connections with bolts and screws. Bolts had the best
strength and stiffness, and it was determined that the strength and
stiffness of the connections increase with increasing thickness of the
timber. Chybinski and Polus [16,17] studied bolted connections and
connections with screws reinforced with C-type connectors (i.e. bulldog
and geka) used to connect LVL and aluminium beams, it was concluded
that bulldog and geka connectors improve the strength of the connec-
tions but have negligible effects on their stiffness. Similarly, Zhou et al.
[18] assessed aluminium-to-timber (i.e. glulam) connections with bolts
and screws, their load-slip behaviour and capacity was similar to con-
nections implementing steel beams. Shear studs embedded in grout to
connect CLT panels and steel beams have been investigated numerically
by Zhang and Ling [19] and experimentally by Böhm [22] who also
studied steel-to-timber connections with inclined screws. The screws
were set at a skew angle of 45◦ relative to the vertical axis, and their
orientation across various skew angles relative to the horizontal plane
was investigated to assess their impact on the behaviour and
load-bearing capacity of the connection. It was discovered that the
load-bearing capacity decreases as the skew angle in the horizontal
plane increases. Conversely, the capacity is significantly enhanced with
an increase in the length of the screws. Ataei et al. [24,25] evaluated the
response of connections with screws, bolts and bolts in grout pockets
under cyclic loading, the results of the tests indicate that the connections
have high ductility and energy dissipating capacity, larger than the
minimum requirements established in design codes (e.g. EN 1998–1
[26]).

Current research on STC beams and flooring systems, which includes
both bending tests and numerical simulations [27–32], has largely been

centred around steel beams connected to CLT slabs, primarily using
screws as shear connectors. To date, only a few bending tests have been
reported in the literature on STC beams that implement LVL slabs, CLT
slabs, and glulam slabs. Furthermore, these studies typically involved
timber slabs of narrow width connected to hot-rolled steel beams,
without investigating the shear lag effect. The literature lacks studies
addressing shear lag effects in these configurations, as well as on
defining an effective width for the analytical determination of the
bending capacity of STC beams. Asiz and Smith [27] studied numerically
the response to seismic and wind loads of medium-rise and high-rise
buildings with steel frame and CLT floors, the drifts were compared
with those obtained for buildings with the same steel frame but with
concrete floors, results indicate that the drifts are significantly smaller
for buildings with timber slabs. Hassanieh et al. [28,29] carried fourteen
4-point bending tests on STC beams with LVL (seven tests) and CLT
(seven tests) slabs implementing bolts, screws, and screws with glue. It
was determined that the stiffness of beams with bolted connectors was
higher than the stiffness of beams with screws, in general, the beams
showed ductile behaviour, except the STC beams with screws and glue,
which were associated to brittle failure. Furthermore, from these
bending tests, only two of these implemented bolted connections, one
STC beam with LVL slab and one with CLT slab. In these two tests, the
full preload of the bolt was not reached, and damages were observed in
the LVL due to compression of washers against the slab exerted by the
preload of the bolt. Loss and Davison [30] conducted 6-point bending
tests on modular prefabricated STC floor components consisting of CFS
beams connected to CLT panels, implementing two types of connections:
inclined screws (three tests) and steel plates embedded in timber with
epoxy resin (three tests). The beams were tested under (i) simply sup-
ported conditions and (ii) restraining the rotation of the supports. It was
observed that both tested systems — inclined screws and steel plates —
performed similarly in terms of bending capacity and initial stiffness.
Furthermore, the study found that restraining the rotation of the sup-
ports resulted in increased load-bearing capacity and stiffness of the
floor components. A similar STC floor component combining steel plates
embedded in timber and vertical screws was tested in 6-point bending
and a numerical model was developed to replicate the test [31]. The
results demonstrate adequate stiffness and bending capacity of the STC
floor module, and a high level of composite action. Zhao et al. [33] used
screws, alone and with their tips anchored in pockets filled with either
mortar or epoxy resin, to connect glulam slabs to hot-rolled I-shaped
steel beams. They conducted 4-point bending tests to analyse the flex-
ural response of the STC beams. The test results showed that the con-
nections involving screws with their tips anchored in mortar-filled
pockets or epoxy resin demonstrated increased stiffness and strength
compared to those using screws alone. The study concluded that mortar
was more effective than epoxy resin in enhancing bending stiffness and
strength. Böhm et al. [32] carried out fifteen 4-point bending tests on
STC beams with CLT slabs and I-shaped hot-rolled steel profiles, ana-
lysing spans of 8.1 m and 10.8 m, connected with inclined screws and
shear studs in grout pockets. Results showed adequate deformation ca-
pacities of the STC beams, suggesting that their design is likely to be
governed by serviceability limitations (e.g. deflection and vibration)
rather than bending capacity. The beams implementing screws showed
larger stiffness than the beams with shear studs in grout pockets, addi-
tionally, screws were more effective to limit slip. Furthermore, in the
beams with shear studs in grout pockets there was a significant loss of
stiffness due to the mortar cracking at about 30 % of the maximum load.

STC beams have been also studied analytically and numerically [30,
34–39], the analysing methods consist on the implementation of the
g-method [40,41], the use of the elastic theory of layered beams, full
plastic analyses with rectangular stress blocks similar to Eurocode 4 [42]
procedure for SCC beams, and the implementation of strain-controlled
approaches. Results have been compared with experimental and nu-
merical results, showing good agreement for most cases. However, it
remains unclear which effective width has to be considered in the
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analyses of beams with wider timber slabs than those tested and re-
ported in the literature.

Research has also focused on the load-deformation behaviour and
capacity of STC joints, using tests and numerical models to develop
analytical formulations to estimate their capacity [43–52]. Long-term
effects under sustained loads have been examined experimentally and
numerically on STC joints, as well as on STC beams and their shear
connections [53–57]. Additionally, experimental and numerical modal
analyses, as well as human-induced vibration tests, have been conducted
to asses vibrations in STC beams and slabs [32,58–67]. The diaphragm
behaviour has been analysed through experimental and numerical
methods [23,68–70]. Investigations into the sustainability potential
have also been conducted [1,71]. Hybrid frames combining
timber-timber composite (TTC) floor panels and steel columns have
been also investigated, Hammad et al. [72] conducted a comprehensive
investigation on the response of the TTC-to-steel column joints. Different
engineering products were used (e.g. CLT, LVL, GLT), and the influence
of different parameters was investigated.

Building upon this foundation of research, the practical advantages
of the STC structural system are significant and include: (i) enhanced
strength and stiffness compared to hybrid non-composite systems,
leading to (ii) the possibility to create larger open spaces; (iii) lighter
construction compared to other structural solutions (e.g. concrete and
steel-concrete composite floors), which results in (iv) benefits for the
foundations, column sizes and the dynamic response of the building; (v)
potential reductions in construction time and costs due to the feasibility
of prefabrication and modularisation, (vi) lower embodied carbon, and
(vii) the potential for disassembly.

The environmental benefits of STC systems can be amplified when
they are designed for disassembly and reusability. Demountable systems
facilitate the recovery and reuse of structural elements, thereby
extending their lifecycle, minimizing waste, and reducing the demand
for raw materials and energy associated with manufacturing new com-
ponents. Furthermore, designing for disassembly and reuse of all
structural components contributes to transitioning the construction
sector towards a circular economy. This approach aligns with the
ambitious carbon neutrality goals set by policies like the European
Green Deal [73] and supports the efficient and responsible use of re-
sources, a core principle of the United Nations’ Sustainable Develop-
ment Goals [74]. Besides the environmental benefits of demountable
and reusable systems, there are also potential economic advantages, for
instance, the costs associated with material sourcing and waste pro-
cessing can be reduced or eliminated. Moreover, demountable structures
can be modified, expanded, or repurposed in response to changing needs
or functions, thereby enhancing their investment value over time.
Notwithstanding these potential benefits, research addressing
demountable and reusable STC structures has not been reported in the
literature as far as the authors of this contribution are aware.

The disassembly potential of STC beams largely depends on the type
of shear connections used to attach the elements and achieve composite
action. Mechanical connectors such as screws and bolts are considered
the best alternative for this purpose, as their removal is typically a non-
destructive procedure. In contrast, glued connections (e.g. plates or
other mechanical connectors embedded in glue, or application of glue at
the steel-timber interface) or mechanical connectors embedded in grout
pockets might require destructive procedures. These methods could
cause significant damage to the structural components and require more
effort to fully disassemble the components.

Connections with bolts and screws facilitate easy disassembly,
however, the reuse of disassembled timber components may be
compromised by damage caused by the connectors. For instance, the
drilling-unscrewing effects of screws can compromise the integrity and
capacity of the connection post-disassembly, and in bolted connections,
preloading the bolts leads to premature crushing of timber in the radial
direction, hence, full preloading of the bolts cannot be reached.
Although there is research on steel-to-timber connections for STC

flooring systems, as described earlier in this section, little has been done
to tackle these challenges. In response to this, the authors developed and
tested three types of bolted shear connections that enable demount-
ability and reusability of STC beam and flooring systems [21,75].

The newly developed shear connections have been tested through
push-out tests to assess their load-deformation behaviour and capacity.
However, to fully realize their application in STC beams, it is crucial to
investigate their behaviour in actual STC beams and their performance
under full-scale bending conditions. Therefore, this contribution ex-
plores, for the first time, the experimental investigation of two simply
supported STC beams with the novel demountable connectors, subjected
to six-point bending, both with a span of 10 m and a slab width of
2.51 m. Two types of shear connections that enable demountability and
reuse, SCT-1 and SCT-3 have been implemented in these full-scale STC
beams, with each beam featuring one type of connection. The tested STC
beams consist of a downstanding I-shaped hot-rolled steel profile (IPE
400) and LVL slabs with a thickness of 144 mm connected to the steel
profile by means of the novel shear connections. This contribution, de-
tails the proposed demountable and reusable STC flooring system, de-
scribes the connections used in the STC beams under test, outlines the
testing methodology, and presents the results along with their corre-
sponding discussions.

2. Shear connections for demountable steel-timber composite
beams and flooring systems

2.1. General

The three steel-to-timber shear connections developed by the authors
have been denominated as: shear connection -type 1 (SCT-1), -type 2
(SCT-2), and -type 3 (SCT-3) [21,75]. These novel connections enable
disassembly and implement “shear connection devices” that were
designed to allow the attainment of the required bolt preload while
protecting the timber from crushing exerted by the preload of the bolt,
and from damage during serviceability conditions. In the STC beams
tested in this contribution, SCT-1 and SCT-3 (see Fig. 1) were imple-
mented in the two full-scale beam specimens, each specimen imple-
menting one type of shear connection.

2.2. Shear connection devices

The shear connection devices shown in Fig. 1, consist of a steel tube
made of grade S460 in compliance with EN 10025 [26]. The tube has an
outer diameter of 35 mm and a wall thickness of 6.3 mm, with its base
welded to a reinforcing steel element, which varies depending on the
connection type:

i. for SCT-1, it is a round steel plate (S460 according to EN 10025 [76])
with an outer diameter of 75 mm, a thickness of 10 mm, and an inner
hole with a diameter of 22 mm;

ii. for SCT-3, it consists of a rectangular steel plate (S460 according to
EN 10025 [76]) 160 × 75 × 15 mm with custom drills to allow the
installation of universal partial-thread timber screws ⌀8 × 140 mm
(Würth ASSY 4 CSMP, ETA-11/0190 [77]) with an inclination of 60º
with respect to the horizontal.

The shear connection devices aim to enhance the connections’ per-
formance by:

i. Maximizing embedment in timber due to a substantial contact sur-
face area, especially at the steel-timber interface where significant
forces are transferred from the connection device to the timber.

ii. Ensuring slip resistance through the preload of the bolts, allowing for
the attainment of adequate preload levels.

It is crucial to note that drilling in the timber must be performed with
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precision machinery to ensure that the shear connection devices fit
perfectly, leaving no clearance between the connection devices and the
timber. For the beam tests conducted in this research, the drilling and
cutting of the panels were executed using a Hundegger Robot-Drive
machine.

2.3. Removable components

In addition to the shear connection device embedded in the timber
slab, each connection includes removable components such as bolts,
nuts, and washers. The removable components of SCT-1 and SCT-3 are
common for both connection types, these components are as follows:

i. A partially threaded high-strength HV bolt M20 × 210 mm grade
10.9

ii. A direct tension indicator (DTI) situated beneath the washer at
the bolt head’s face

iii. Two washers for HV bolts—one at the bolt head side and another
at the nut side

iv. A nut for HV assemblies
v. A round steel plate with the same dimensions as the one welded

to the tube’s bottom side

Components (i) to (iv) adhere to EN 14399 [78] standards for
high-strength HV assemblies. The selection of HV bolts grade 10.9 is
deliberate to prevent premature bolt failure due to bearing and shear.
The bolt shall be preloaded to 70 % of its ultimate load in accordance
with EN 1993–1-8 [79] and EN 1090–2 [80].

2.4. Mechanical performance

The mean load-slip curves obtained in the push-out tests [21,75] for
SCT-1 and SCT-3 are presented in Fig. 2. The tests results showed that a
friction mechanism (i.e. slip resistance) was activated due to the preload
of the bolt. The connections exhibited large deformation capacities that
exceeded 40 mm of slip, and in both connections, one plastic hinge
developed at the steel-timber interface. In SCT-1, fracture of the bolts
was observed, their fracture initiated at a slip of ~70 mm. In SCT-3, the
bolts did not fracture, and the tests concluded upon reaching the test
setup’s maximum available deformation of ~140 mm.

For connectors SCT-1 and SCT-3, the average maximum loads
reached were 161.4 kN and 163.8 kN per shear connector, respectively.
At 15 mm of slip, the average loads per shear connector were 124.9 kN
for SCT-1 and 149.1 kN for SCT-3. To avoid damages in the connectors
and in the timber, it is expected that the connectors work at slip values
smaller than 6 mm. In the push-out tests, the loads reached at 6 mm

were 95.7 kN for SCT-1 and 120.2 kN for SCT-3.

3. Demountable flooring system

In the pursuit of transitioning towards more sustainable practices in
the construction sector, one key strategy is the implementation of cir-
cular economy and design for disassembly (DfD) principles. These ap-
proaches provide environmental and economic benefits as highlighted
in the Introduction (Section 1). However, the construction sector faces
specific challenges in this transition as traditional construction practices
are not well suited for easy disassembly and reuse of structural com-
ponents. In response to this need for sustainable solutions, a demount-
able and reusable STC flooring system, comprising downstanding steel
beams and LVL slabs, has been developed and tested. Fig. 3 shows the
general concept of the demountable and reusable flooring system sub-
ject of this investigation.

The development of this flooring system was preceded by the project
“Reuse and Demountability Using Steel Structures and the Circular
Economy” (REDUCE) project [81], funded by the Research Fund for Coal
and Steel (RFCS) under the grant No. 710040. In REDUCE, SCC
demountable and reusable flooring systems and shear connections were
developed and tested. Additionally, a demonstration building incorpo-
rating the concepts developed in REDUCE was built [82,83]. The out-
comes of this project laid the foundation for the development of the
flooring system discussed in this investigation, wherein concrete slabs
were substituted with timber slabs, and novel shear connections were
implemented.

The demountable and reusable STC flooring system consists of
downstanding I-shaped hot rolled steel profiles with LVL panels on top,
connected using novel shear connections that enable demountability

Fig. 1. Details of the shear connections SCT-1 and SCT-3 implemented in the demountable steel-timber composite beams tested in this experimental investigation
[21,75].

Fig. 2. Mean load-slip curves of SCT-1 and SCT-3 [21,75].
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and reuse. LVL has been chosen due to its low variability in mechanical
properties and enhanced mechanical performance, which lead to higher
mean and characteristic strength values, and to smaller partial safety
factors. In this system, the grain direction of the panels was aligned with
the longitudinal direction of the beams to obtain the maximum possible
strength and stiffness of the STC beams as the main target are long spans
for large open spaces.

Crossband LVL (LVL-C, Kerto-Q [84]), which has approximately
20 % of cross veneers, was selected for its superior strength and stiffness
in the tangential direction, which are crucial for minimizing deflections
in slabs between steel beams. Moreover, as the connections have been
placed close to the edge of the panels, the cross veneers provide rein-
forcement to prevent splitting failure which is likely to occur in products
with thicker layers or with the grain of all layers aligned to the load
direction such as glulam and CLT [12,13,15,85].

In this experimental study, the LVL-C panels used in the STC beams
had a thickness of 144 mm, its layup consists of 48 veneers with a

thickness of ~3 mm (see Fig. 4) as follows: II-IIIII-III-III-IIIII-II-IIIII-III-
III-IIIII-II, where “I” represents the longitudinal veneers with their
grain aligned in the longitudinal direction, and “-” represents the cross
veneers with their grain perpendicular to the grain of the “I” veneers.

LVL panels are subject to size limitations, their maximum width
(measured in the tangential direction) is capped at 2.5 m, while
maximum lengths can vary between 18 and 25 m [86]. Consequently,
the panels’ width has been set at 2.5 m to optimize the spacing between
steel beams. The length of the panels in the longitudinal direction isn’t
fixed, as it depends on the span requirements. However, when deter-
mining their length, factors such as transportation logistics, installation
and construction tolerances need to be considered. One approach is to
divide the panels along the span into three portions (i.e., edge panels and
a central panel), as depicted in Fig. 3. This provides tolerances and fa-
cilitates transport and installation, which can be critical for long spans.

A 10 mm gap between adjacent panels, necessary for construction
and disassembly tolerances is present. The transversal gaps (perpen-
dicular to the grain direction) are to be filled with mortar to enable
compression transfer and to activate the shear connectors in the edge
panels. In REDUCE project [81], both SCC demountable slabs without
longitudinal gap (i.e. continuous slabs) and those with longitudinal gap
were investigated. It was concluded that leaving the gaps unfilled is
necessary to facilitate disassembly. In this testing campaign, the longi-
tudinal gaps of the tested STC beams remained unfilled, as filling them
does not serve any mechanical function within the system and may
complicate the disassembly process.

Prior to pouring the mortar in the transversal gaps, the timber in the
gap shall be protected to prevent moisture and bonding between mortar
and the LVL panels, it can be protected for instance with a plastic film as
done in this testing campaign. This approach also facilitates disas-
sembly, as the mortar, confined within the plastic film, does not bond to
the timber elements. Consequently, removal of the mortar and the slab
elements is straightforward when they are loose.

This flooring system shows great promise for modularization, stan-
dardization, and off-site serial production, making it ideal for prefabri-
cation in standard sizes and modules. This approach could significantly

Fig. 3. Demountable STC flooring system concept and novel shear connections that enable demountability and reuse [21,75].

Fig. 4. Layup of the LVL-C used in this investigation.
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impact construction time and labor efficiency.

4. Experimental testing campaign

4.1. General

The flexural response of the STC beams was investigated through
experimental six-point bending tests on full-scale specimens in simply
supported conditions. Two full-scale STC beams were tested: beam test 1
(BT-1) and beam test 2 (BT-2), both specimens consisted of a down-
standing I-shaped hot-rolled steel profile with LVL panels on top, con-
nected using shear connectors that enable demountability and reuse.
The two STC beam specimens were identical in terms of geometry,
materials, and shear connections’ arrangement. The difference was the
type of shear connection used, BT-1 implemented SCT-1, and BT-2
implemented SCT-3. The two specimens had a total length of 10.6 m,
a span of 10 m, and an overall slab width of 2.51 m (see Fig. 5). The tests
were conducted at room temperature and under relative humidity
conditions, both parameters were monitored with a sensor ALMEMO
(FHAD 46-C41), the mean values were 22 ◦C and 41.1 %, respectively.
The moisture content of the LVL slabs was measured using a capacitive
moisture sensor ALMEMO (FHA 696 MF), the mean value was 12.9 %.

4.2. Specimen details

The dimensions and details of the specimens are depicted in Fig. 5
and Fig. 6. The two STC beam specimens of this testing campaign consist
of a downstanding steel profile IPE400 S355 in accordance with EN
10025 [76] with a length of 10.6 m (Fig. 6.3), and six crossband LVL
(LVL-C, Kerto-Q [84]) panels with a thickness of 144 mm, the two
central panels (Fig. 6.2) have dimensions 4040 × 1250 × 144 mm, and
the four edge panels (Fig. 6.1) have dimensions
3270 × 1250 × 144 mm. The panels were placed on top of the steel
beam and connected with the novel shear connectors introduced in
Section 2.

Stiffeners (Fig. 6.11) were welded to the steel beam at the points
where the load was applied, and at the two supports, stiffeners and ex-
tensions of the base to the two sides of the beam (Fig. 6.4) were welded
to the steel beam to provide stability. The holes drilled in the flanges of
the steel beams had a diameter of 24 mm, allowing for up to 4 mm of
clearance for the M20 bolts used in the connection.

Between adjacent panels there was a gap of 10 mm, the transversal
gaps (Fig. 6.9) were filled with high strength mortar (PAGEL V1/30 HF

[87]) to transfer compression forces and activate the connectors of the
edge panels. A plastic film was used to avoid moisture in the LVL panels
due to the mortar pouring and prevent bonding between mortar and
timber. The longitudinal gap remained unfilled, however, one steel plate
(200 ×150 ×10 mm) was placed at the longitudinal gap in each end of
the beam (Fig. 6.5) to prevent its closure during the test at large
deformations.

Steel plates (400 ×120 ×10 mm) were used to ensure the horizontal
alignment of adjacent panels at the transversal gaps, four plates were
screwed near the edges of the slabs (Fig. 6.7). It is important to note that
these plates are only necessary for testing purposes. In the actual
flooring system, the LVL slabs will rest directly on the steel beams,
ensuring automatic horizontal alignment without the need for these
plates.

Two rows of shear connectors, spaced 120 mm transversally and
337.5 mm longitudinally, were installed in the specimens (Fig. 6.6). The
SCT-1 connectors were implemented in BT-1, while SCT-3 connectors
were implemented in BT-2. Both types of connections implemented bolts
M20 grade 10.9. In accordance with Eurocode 3 [79] and EN 1090–2
[80], these bolts were preloaded to 70 % of their ultimate strength.

The required preload for the bolts M20 grade 10.9 used in this
study’s connection assemblies was 172 kN. To ensure this minimum
preload was reached, one DTI was placed under the washer adjacent to
the bolt head. A consistent preload was achieved through a defined
tightening procedure, established after testing eight SCT-1 connection
assemblies instrumented with a load cell, following a testing approach
outlined in [75]. The tightening procedure involved: (i) initially
applying a torque of 400 N⋅m to the bolt head using a torque wrench
while holding the nut to prevent its rotation with another wrench, fol-
lowed by (ii) a 180-degree rotation of the bolt head using a pneumatic
wrench. This approach, involving bolt head rotation, was preferred over
the typical nut rotation for ease and practicality as working under the
slab to tighten the nut is more difficult and requires more effort.

Braces were fixed to the steel beam (Fig. 6.4) to support the panels
and prevent stresses on the connections and panels due to the cantilever
effect caused by the panels’ free edges. These braces were not connected
to the panels, ensuring they did not contribute to stiffness and strength.
To minimize friction between the steel supports and timber panels,
3 mm thick PTFE plates were used. It is important to note that these
braces are only necessary for testing purposes and will not be included in
the actual flooring system.

Section A-A
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Fig. 5. Dimensions of the tested specimens.
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4.3. Assembly process

The assembly process of the STC beam specimens is crucial for un-
derstanding the actual flooring system’s assembly and identifying po-
tential improvements in efficiency, cost, and execution time.
Preliminary works on the components must be conducted offsite to
minimize on-site execution times and errors, thereby ensuring the
highest possible quality. This means all elements must be prepared
offsite to be ready for installation, facilitating their subsequent
connection to other components onsite. This subsection describes the
preliminary works and the assembly process of the two specimens,
which was the same for both, the specimen of BT-1 and the specimen of
BT-2.

Prior to the assembly, the steel beams’ drillings for the bolts were
done, and the stiffeners and the extended bases at the supports were
welded in a dedicated area for this purpose in the laboratory hall. The
cutting and drilling works of the panels were executed in a specialized
workshop, the connection devices were also installed in the timber
panels before starting the assembly of the specimens, pictures of these
processes are shown in Fig. 7.

The assembly process was the same for the two STC beam specimens,
pictures of the process are shown in Fig. 8. First the steel beam (IPE 400)
was transported to the strong floor of the laboratory hall and placed at
the two supports (Fig. 8.1). Ratchet straps were used to secure the
specimen at the supports during the assembly process. These straps were
removed when the assembly was completed, and just before the tests

started. The supporting braces were connected to the web of the beam
using bolts and the supporting surface’s arm was aligned with the sur-
face of the top flange of the beam (Fig. 8.2 and Fig. 8.3). After that, LVL
panels were placed one by one on top of the steel beam, at this stage the
bolts were placed but not yet tightened (Fig. 8.4 and Fig. 8.5). Once all
the timber plates were in its final position, and the bolts had been
placed, the tightening of the bolts was done as described in Section 4.2.
Additionally, wheels were installed at midspan (see Fig. 6.8) to guide the
specimen vertically during the test. The movement of these wheels was
confined using a channel steel section fixed with rods to the portal frame
as shown in the test setup Section 4.5 (see Fig. 10.6). Then, the timber
was protected with a plastic film at the gaps and the mortar was poured
(Fig. 8.7), manual tools were used to pour the mortar, to consolidate it in
the gap, and to remove air pockets and ensure that the mortar was
evenly distributed and void-free. This mortar reaches a compressive
strength of at least 70 MPa in 24 h according to the technical specifi-
cations of the supplier [87]. Immediately after pouring the mortar in the
gaps, steel plates were installed at the gaps and near the edges of the
panels to achieve horizontal alignment of the timber slabs (Fig. 8.8).

4.4. Mechanical properties of structural steel and LVL

4.4.1. Structural steel
Tensile tests were conducted according to EN ISO 6892–1 [88] in

order to determine the mechanical properties of the structural steel S355
of the steel beams. Four coupon shape specimens were taken from each

Fig. 6. Components of the STC beam specimens.
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of the two steel beams IPE 400 S355 of the specimens BT-1 and BT-2. A
mean yield strength of 399 MPa with a coefficient of variation (CV) of
1.7 %, a mean ultimate strength of 512 MPa with a CV of 1.7 %, and a
mean modulus of elasticity of 207 GPa with a CV of 1.9 %, were
obtained.

4.4.2. Laminated veneer lumber (LVL)
The LVL slabs were made of crossband LVL crafted from spruce wood

(Kerto-Q [84]). A comprehensive testing campaign was conducted to
determine strength and stiffness properties of this engineered timber
product in the three main orthogonal directions (see Fig. 9) under
compression, tension, shear, and bending conditions. The testing

Fig. 7. Pictures of the preliminary woodworks: (a) drill details of the two types of connection SCT-1 and SCT-3, and (b) installation of the shear connection devices of
the two types of shear connection.

Fig. 8. Pictures of the assembly process.
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procedures and the results of the testing campaign have been reported in
[89], a summary of key properties is presented in Table 1.

4.5. Test setup and instrumentation

The test setup and the instrumentation of the steel beams is depicted
in Fig. 10. The instrumentation layout is illustrated in Fig. 11. The tests
were carried out at the Laboratory of Engineering Structures of the
University of Luxembourg in a Test portal PP 4000 HK-2DH (For-
m+Test) equipped with a hydraulic jack to apply the load vertically, it
has a capacity of 4 MN. The beams were simply supported at two points
and the load was transferred to the beam with spreader beams that apply
the load at four points through rollers with a length of 800 mm. These
rollers rest on a set of plates (see Fig. 10.7), from top (next to the rollers)
to bottom (next to the LVL slabs), as follows: a steel plate
(800 ×200 ×10 mm), a PTFE plate (800 ×200 ×3 mm), a steel plate
(800 ×200 ×10 mm), and a neoprene strip (800 ×200 ×5 mm).

The instrumentation of the STC beam consisted of strain gauges
(DMS) installed in the steel beam, linear variable differential trans-
formers (LVDTs) and laser sensors that were placed at different locations
to monitor relevant displacements. At different sections of the LVL slabs,
LVTDs were placed at the top and at the soffit, to monitor local de-
formations and to later obtain strains. The endslip at both ends of the
beam was monitored with LVDTs. Similarly, the slip along the beam was
monitored at different locations along the beam with LVTDs installed at
the edge of the top flange of the steel beam. LVDTs and laser sensors
were placed under the STC beam, on the strong floor to monitor the
deflection of the beam at the bottom flange of the steel beam and at
different locations along the beam. In addition, the strains in the steel
beam were monitored using strain gauges that were installed in three
sections of the steel beam at the inner faces of the top and bottom flanges
of the beam.

4.6. Loading procedure

In these simply supported beams tested in 6-point bending, the load
was applied symmetrically at four points on the top surface of the LVL
slabs using a spreader beam to transfer the load, the details are shown in
Fig. 12. In this testing campaign the 6-point bending test setup was
established to impose conditions on the STC beams comparable to that
induced by a uniformly distributed load as it is the standard situation for
structural analyses. The loading strips at each loading point were
800 mm long in the transversal direction, the distance from the support
to the first loading point was 2 m, similarly, the distance between the
four loading points was 2 m.

Due to the lack of testing standards targeting specifically STC
structures, the loading procedure implemented in this study was based
on the loading procedures established in EN 26891 [90] and Eurocode 4,
Annex B. The loading procedure presented schematically in Fig. 13,
shows that the specimens were initially loaded to around 40 % of the
estimated maximum load (Pest) and unloaded to 10 % of Pest as estab-
lished in the initial loading-unloading cycle of EN 26891. To assess the
response of the STC system in the elastic range (e.g. serviceability con-
ditions), 25 cycles within 0.1Pest and 0.4Pest were applied. Then, the
specimen was gradually loaded in several incremental steps, the load
values corresponding to the different load levels indicated in Fig. 13 are
presented in Table 2. In both tests the load was applied at a rate of
0.2 mm/s.

The loading procedure was similar for the two tested STC beams,
however, in BT-1 the specimen was unloaded after reaching a load of
674 kN and a midspan deflection of ~400 mm because the maximum
travel of the hydraulic jack was reached. In BT-2 this issue was
addressed, an extension arm was added to the hydraulic jack to increase
the travel range, nevertheless, BT-2 was stopped when the maximum
midspan deflection for this test setup was reached (i.e. ~650 mm).

5. Results and discussion

5.1. Load-deflection of the STC beams

Pictures showing the deformed shape of an STC beam at different
loading stages are depicted in Fig. 14. The moment-midspan deflection
and load-midspan deflection curves obtained from BT-1 and BT-2 are
presented in Fig. 15a and Fig. 17a, and the de deflection along the beam,
measured with LVDT and laser sensors, for different loading stages is
shown in Fig. 15b and Fig. 17b.

In Fig. 15a, Fig. 17a and in Table 2, the moment (M) corresponds to
the moment at midspan estimated considering an even distribution of
forces at each of the four points where a load of P/4 was applied, and the
force (P) corresponds to the total force applied to the specimen. Hence,
the moment was estimated as M = 6P⋅ℓ/40.

Both beams exhibited similar response in terms of load-deflection,
additionally, the load and the corresponding midspan deflection
values at different loading stages are presented in Table 2. The response
of the beam changed from linear to nonlinear at a load of about 400 kN
(moment of 600 kN⋅m) and a deflection of ~60 mm, in both tests. This
began around loading stage III, closely coinciding with the yielding of
the bottom flange in the steel profile at the midspan section (section E),
which occurred between loading stages III and IV. The yielding of the
bottom flange was identified when the strain exceeded 1.9‰. Addi-
tionally, when a load of about 600 kN (moment of 900 kN⋅m) was
reached, the load-deflection curve flattened significantly.

In BT-1, the maximum load reached was 674 kN (moment of
1011 kN⋅m) while BT-2 reached a maximum load of 686 kN (moment of
1029 kN⋅m). Remarkably, these values are nearly twice the plastic
bending resistance of the IPE 400 (i.e. 521 kN⋅m), which is calculated
considering the actual properties of the steel profile, a yielding strength
of 399 MPa and a modulus of elasticity of 207 GPa (see Section 4.4.1).

In BT-2, after loading stage VIII, in the subsequent loading phase, a

Fig. 9. LVL material directions.

Table 1
Mean strength and elasticity modulus of LVL-C (Kerto-Q) obtained
experimentally.

Strength Modulus of elasticity

Notation Value [MPa] Notation Value [MPa]

fc,1 40.4 Ec,1 7 917.1
fc,2 11.1 Ec,2 1 764.5
fc,3 4.0 Ec,3 95.5
ft,1 37.8 Et,1 10 680.0
ft,2 8.3 Et,2 2 199.9
ft,3 0.6 Et,3 92.1

Definition of Subindexes: c, compression; t, tension; 1, longitudinal direction; 2,
tangential direction; 3, radial direction
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sudden drop of the load was observed. This drop was linked to mortar
crushing in one of the gaps and delamination of the LVL near this gap.
The maximum deformations observed in the two tests were ~400 mm
and ~650 mm, respectively for BT-1 and BT-2, which demonstrate the
large deformation capacity of the tested STC beams. However, it is
crucial to highlight that the termination of both tests was dictated by the
maximum deformation capacity of the test setup, rather than the com-
plete fracture of the specimens. Notably, the test BT-1 was stopped at a
smaller deflection compared to BT-2, attributed to the latter having an
extended range of the jack’s travel due to an added arm extension, a
modification not implemented in BT-1.

5.2. Slope of the elastic branch in the load-deflection curve

The slope of the elastic branch in the load-deflection curve (kel)
values were 6.4 kN/mm for BT-1 and 7.2 kN/mm for BT-2. These values
were calculated considering the forces and displacements corresponding
to loading stages I and II, which are within the linear branch of the load-
deflection curves. In the moment-midspan deflection curves in Fig. 15a
and Fig. 17a it is evident that there was no loss of stiffness during the 25
loading-unloading cycles within the elastic range (i.e. service condi-
tions). In the 25th loading cycle, bending stiffness values were recorded
at 7.7 kN/mm for BT-1 and 8.0 kN/mm for BT-2.

Fig. 10. Test setup and instrumentation of the STC beams.
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Fig. 11. Instrumentation layout of the STC beams.

2510
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Fig. 12. Details of the load introduction.
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5.3. Slip measurements and shear connectors response

The slip distribution along the beam was recorded with LVDTs
placed in one side of the top flange of the steel beam (see Fig. 10 and
Fig. 11). The slip distribution for different loading stages is illustrated in
Fig. 15c and Fig. 17c for BT-1 and BT-2, respectively. In general, the
largest slip values were observed in the last three connectors. However,
in BT-1 the largest slip values were observed near the third shear
connector at both ends of the beam (see Fig. 15c). Table 2 presents the
maximum slip values obtained at different loading stages.

In BT-1 the slip distribution was almost symmetrical with respect to
the midspan line with similar slip values in both halves of the beam,

whereas in BT-2 the shape of the slip distribution was similar but the slip
values were slightly larger in one half of the beam. The observed slip
distributions in both beams align with the expected patterns, gradually
increasing from the midspan towards the edges, and uninterrupted by
the transversal gaps. This indicates that the mortar effectively trans-
ferred compression loads from the central to the edge panels, thereby
activating the shear connectors of the edge panels.

In BT-1, at loading stage VIII the maximum slip values recorded in
each half of the beam were 5.3 mm and 4.8 mm. In BT-2, at a similar
load level in loading stage VIII, maximum slip values of 6.3 mm and
4.1 mm were recorded at each half of the beam. The difference of slip
values observed in both halves of the beams is related to the alignment of
the bolts in the holes of the beam, the half of the beam with smaller slip
values indicates that the clearance between the bolts and the flange of
the steel beam was smaller. Since the bolts have a diameter of 20 mm
and the diameter of the holes is 24 mm the clearance can be any value
within the range of 0 to 4 mm.

Within the elastic range (i.e. up to loading stage III) the maximum
slip values were smaller than 1 mm in both beams. Since these values are
relatively small compared to the deformation capacity of the connec-
tions observed in the push out tests [75], this showcases the reuse po-
tential of the timber slabs when the loads acting on the beams remain
within the elastic range (i.e. serviceability limit states). Moreover, even
at the last loading stage, the most stressed connections remained un-
damaged, with an observed embedment of approximately 1 mm in the
timber, demonstrating the connections’ robustness.

Loading rate 
0.2 mm/s

PIXPVIII
PVIIPVIPV

PIV

PIII

PI

PIILo
ad

Time

Fig. 13. Schematic representation of the time history of the applied load.

Table 2
Parameters obtained at different loading stages.

Test
Loading
Stage

Load Moment Midspan
Deflection

Maximum
Slip

Strains*

Section A Section C Section E

P
[kN]

M
[kN⋅m]

w
[mm]

δ
[mm]

εtimber
[‰]

εsteel
[‰]

εtimber
[‰]

εsteel
[‰]

εtimber
[‰]

εsteel
[‰]

BT-1

I 82.6 123.9 12.0 0.4 -0.18
(0.09)

-0.22
(0.26)

-0.12
(− 0.07)

-0.32
(0.4)

-0.22
(− 0.01)

-0.14
(0.40)

II 317.9 476.8 48.8 0.6
-0.40
(0.07)

-0.51
(0.95)

-0.59
(− 0.25)

-0.62
1.29

-0.71
(− 0.09)

-0.30
(1.34)

III 399.0 598.6 61.5 0.7
-0.43
(0.13)

-0.63
(1.18)

-0.79
(− 0.30)

-0.75
(1.62)

-0.97
(− 0.10)

-0.31
(1.35)

IV 478.5 717.7 84.5 1.2 -0.44
(0.25)

-0.87
(1.45)

-1.06
(− 0.28)

-0.92
(1.76)

-1.35
(0.00)

-0.48
(3.23)

V 559.4 839.0 137.4 1.8
-0.36
(0.26)

-1.00
(1.69)

-1.66
(− 0.01)

-1.12
(2.28)

-2.16
(0.39)

-0.40
(3.45)

VI 639.4 959.2 265.8 3.3
-0.12
(0.17)

-1.07
(2.00)

-3.11
(1.64)

-1.13
(2.37)

-3.55
(1.11)

-0.28
(12.32)

VII 659.9 989.9 330.7 4.4
-0.14
(0.15)

-1.1
(2.20)

-3.78
(2.35)

-1.13
(3.9)

-4.09
(1.50)

-0.33
(16.45)

VIII 674.0 1011.0 398.0 5.3 -0.35
(0.15)

-1.17
(2.28)

-4.59
(3.06)

-1.39
(14.01)

-4.69
(1.74)

-0.27
(19.07)

BT-2

I 80.5 120.7 11.2 0.1
0.06

(0.00)
-0.10
(0.24)

-0.14
(− 0.08)

-0.15
(0.32)

-0.20
(− 0.05)

-0.06
(0.32)

II 317.0 475.5 44.2 0.6
0.11

(0.07)
-0.40
(0.95)

-0.59
(0.02)

-0.46
(1.26)

-0.66
(− 0.13)

-0.21
(1.33)

III 396.2 594.3 59.1 0.8 0.12
(0.24)

-0.51
(1.19)

-0.81
(− 0.02)

-0.6
(1.64)

-0.92
(− 0.16)

-0.29
(1.81)

IV 476.1 714.2 82.0 1.4 0.13
(0.37)

-0.69
(1.45)

-1.07
(0.06)

-0.79
(3.25)

-1.27
(− 0.08)

-0.34
(2.26)

V 557.2 835.7 140.5 2.2
0.04

(0.35)
-0.69
(1.73)

-1.65
(0.33)

-1.01
(5.07)

-1.97
(0.33)

-0.28
(3.15)

VI 636.8 955.3 288.6 3.7
-0.88
(0.22)

-0.42
(2.52)

-3.46
(1.13)

-1.04
(13.34)

-2.99
(1.21)

-0.28
(18.69)

VII 649.7 974.6 347.7 4.3 -1.20
(0.26)

-0.32
(2.87)

-4.34
(1.43)

-1.11
(19.86)

-3.31
(1.53)

-0.14
(20.23)

VIII 686.0 1029.0 512.6 6.3 -1.86
(0.46)

-0.20
(3.68)

-11.46
(2.39)

-1.03
(31.02)

-3.99
(2.17)

0.35
(20.40)

IX 646.6 969.9 653.0 6.6
-1.67
(0.22)

-0.54
(4.06)

-16.12
(1.08)

-2.57
(44.33)

-3.96
(2.11)

0.10
(20.27)

* The strain values inside parenthesis correspond to the strain values in the soffit of the timber or the steel, whereas the values that are not inside parenthesis
correspond to the strain values on the top of the section in the timber or in the steel portion of the section.
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5.4. Strains in the timber slabs and effective width

The strains were measured at sections A, C, D, and E (see Fig. 11) of
the slabs in the top and the soffit. The strains recorded in these sections
for different loading stages are shown in Fig. 16 and Fig. 18. The largest
compression and tension strain values were recorded in the midspan
section (section E).

The results show that the strains distribution in the timber along the
section is non-uniform. In the sections located in the central slab panel
(Sections C, D and E) the strains are larger near the longitudinal axis of
the beam and decrease towards the free edge of the panels. This in-
dicates the presence of shear lag effects which are to be considered when
analyzing the resistance of the cross-section, because the width of the
slab might not be fully utilized. Additionally, in sections C, D, and E
negative strains were recorded in the sensors placed on the top surface of
the slab indicating compression of the top fibers in the entire width of
the timber slab. Analogously, in the sensors installed on the soffit of the
slab, positive strain values were recorded, indicating tension of the
bottom fibers in the entire width of the timber slab.

Eurocode 5 [41] does not include a definition of the effective width
for LVL or CLT in composite sections. For timber cross sections
combining LVL ribs and LVL panels, it is common practice to define the
effective width as one tenth of the span length (l /10) [86] as indicated
in Eurocode 5 for plywood. Nevertheless, background supporting this
assumption is lacking. Further to this, as mentioned earlier in Section 1,
little is mentioned in the literature concerning the definition of an
effective width for STC beams. There are studies on the effective width

of CLT slabs connected to timber beams, for instance Masoudnia et al.
[91] proposed a formulation that depends on several parameters such as
the thickness of the layers, the span, and the modulus of elasticity.
Similarly, Kleinhenz et al. [92] found that the effective width of timber
composite beams with CLT panels and glulam ribs is on average 0.15l or
l /6.67. Concerning, composite cross sections with LVL panels as slabs,
nothing has been reported in the literature as far as the authors of this
contribution are aware.

Considering the measurements of strains at midspan in section E, an
effective width was estimated according to Eq. 1, where

∫
εxxdy is the

integral of the strain distribution measured at the top of the timber slab,
and εxx,max is the maximum absolute strain measured at the top of the
timber slab.

beff =
∫

εxxdy
εxx,max

(1)

Strain measurements were taken only across half of the timber slab’s
width and at a limited number of points, leaving the strain values at
certain locations (e.g., the edge, the center, the other half of the slab)
unknown. The measured values were extrapolated, a symmetric distri-
bution was assumed, and the links between measured points were
treated as straight lines for calculation purposes. Fig. 19 shows the strain
distributions considered for BT-1 at section E. Based on the strains
measured during the final loading stage, effective widths of 1881 mm
for BT-1 and 1771 mm for BT-2 were determined, corresponding to an
effective width of approximately l /5.5.

Fig. 14. Pictures taken during the beam test at different loading stages: (a) Loading stage III; (b) loading stage VI; (c) loading stage IX.

Fig. 15. Load-deformation response of BT-1.
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5.5. Strain distribution through the depth of the STC beam

The strain distribution through the depth of the STC beam is shown
in Fig. 16 and Fig. 18, in subfigures (c), (f) and (j) respectively for sec-
tions A, C and E. These plots were built considering the measurements of
the sensors located at Section 4 (see Fig. 11) for the strains in the LVL
slab, and the measurements of the DMS sensors installed in the steel
section. The values for different loading stages are presented in Table 2.
The results show that most of the steel section was in tension during the
test whereas the timber was almost in full compression in the initial
loading stages and then as the deflection and curvature increased the
timber started to take tension at the soffit and the compression increased
at the top.

Experimental results of the LVL showed that the proportional limit of
the timber is reached at a strain of about 5‰, whereas the strain cor-
responding to the proportional limit of the steel S355 obtained experi-
mentally is 1.9‰. According to this, the timber remained within the

elastic range throughout the test and the steel beam surpassed its pro-
portional limit at the bottom flange located in the midspan section at
loading stage III. This is consistent with the transition from linear to
nonlinear behaviour observed in the moment-midspan deflection
curves.

In the BT-2 there was a redistribution of stresses which developed
from loading stage VI onwards. From this loading stage the strains in the
bottom flange of the steel beam increased significantly in subsequent
loading stages at section C, from 13.3‰ in loading stage VI to 44.3‰ in
loading stage IX, whereas in the midspan in section E, the strains
increased from 18.7‰ in loading stage VI to 20.3‰ in loading stage IX.
In fact, the strain distribution lines for the steel section, as shown in
Fig. 18j and Table 2 for loading stages VII, VIII, and IX, overlap, indi-
cating that there is no significant increase in stress within the steel
profile at the midspan section. This suggests that there was a redistri-
bution of stresses in which the regions near the transversal gaps filled
with mortar became the most stressed regions of the beam.

Fig. 16. Strains in the timber slab and strain distributions through the depth of different sections of BT-1.
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Fig. 17. Load-deformation response of BT-2.

Fig. 18. Strains in the timber slab and strain distributions through the depth of different sections of BT-2.
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According to these observations, at the ultimate limit state, the
timber slab is capable of withstanding significant loads while remaining
within the elastic range. In contrast, the steel beam may enter into
plasticity, thereby enabling the use of its plastic capacity. Additionally,
when analyzing the bending capacity of this STC beam, three critical
sections must be considered: the midspan section and the two sections at
the joints where the gaps are filled with mortar.

5.6. Gap opening measurements

LVDT sensors were positioned at section B-B (see Fig. 11) at the gap’s
location to monitor the opening of the gap as the load increased. The
measurements obtained at various loading stages are depicted in Fig. 19.
In the graphs, the horizontal axis represents half of the slab’s width
where the sensors were positioned; with position 0 mm at the slab’s free
edge and position 1250 mm at the center of the slab width.

For both beams, the gap openings were smaller near the center of the
slab, proximate to the slab-to-beam connection, and gradually expanded
towards the free edge, where larger displacements were observed. Up to
loading stage V, the gap opening in both beams remained under 4 mm.
Beyond this stage, the gap opening increased significantly. In BT-1, by
the last loading stage (i.e. VIII), the gap opening was approximately
3 mm near the connection and approximately 13 mm near the free edge.
In BT-2, at the final loading stage (i.e. IX), the gap opening was around
8 mm near the connection and approximately 34 mm towards the free
edge.

5.7. Failure mode

In the specimen of BT-1 the steel beam plasticized and exhibited
permanent deformations, however, no significant damages or local
failures (e.g. buckling, fracture) were observed in the steel profile, and
the midspan section exhibited the largest degree of plasticization.
Although the deformation was large, the timber remained within the
elastic range and there were no damages at the vicinity of the transversal
gaps (see Fig. 21 (c) and (e)), and the mortar did not fracture. This
demonstrates that even at large deformations, the integrity of the mortar

used to fill the gaps can be preserved. Furthermore, the most stressed
shear connections remained undamaged, no noticeable damage was
observed in the timber and in the holes of the beam flange (see Fig. 20).

In the specimen of BT-2 the steel beam also plasticized, though to a
larger degree as it underwent larger deformations. Similar to the spec-
imen of BT-1, no significant damages or local failures were observed in
the steel profile. The shear connection and the holes of the steel beam
did not show damage (see Fig. 20). In BT-2, there was a redistribution of
stresses leading to plasticization of the steel beams in the region near the
transversal gaps, in which the recorded strains of the steel beam were
larger than the strains in the midspan section in the last two loading
stages. Additionally, the deformations and damages in the mortar and
the timber close to the gap were larger, and the load drop observed after
loading stage VIII was linked to crushing of the mortar in the transversal
gap and delamination of the LVL (see Fig. 21d and Fig. 21f). Notwith-
standing the large deformations underwent by this specimen and the
delamination of some layers of timber, the strains recorded in the timber
revealed that the stresses remained within the elastic range.

These findings indicate that the failure of the tested STC beams is
governed by plasticization of the steel section at midspan and at the joint
sections where the slabs have a transversal discontinuity. The presence
of these discontinuities (i.e. gaps filled with mortar) creates two addi-
tional critical sections where stresses tend to concentrate when certain
load level is reached, due to the system’s inability to transfer tensile
forces through the gaps. The large deformations of the system and the
concentration of the stresses at the gaps ultimately lead to the fracture of
the mortar and delamination of the LVL slabs.

6. Conclusions and outlook

The construction sector needs sustainable solutions to reduce their
carbon footprint and optimize the use of resources. Steel-timber com-
posite beams for flooring systems are a relatively new solution that can
be an alternative to carbon-intensive flooring systems such as steel-
concrete composite floors and concrete floors.

This study introduces an innovative demountable and reusable steel-
timber composite floor, implementing novel shear connections to con-
nect timber slabs and steel beams. The STC flooring system exhibits
significant promise for modularization, standardization, and off-site
serial production, making it ideal for prefabrication in standard sizes
and modules. Moreover, this flooring system offers the possibility to
create spaces for adaptation and reconfiguration. The structure can be
relocated, or individual structural components can be used in different
buildings. Hence, it brings both environmental and economic benefits,
and contributes to the transition of the construction sector towards the
circular economy.

A similar SCC demountable and reusable system was developed in
the REDUCE [81] project, and implemented in a demo project, the de-
tails have been thoroughly described by Odenbreit et al. [82,83]. The
system proposed in this investigation is similar, however, it distin-
guishes itself by employing timber slabs instead of concrete slabs,
alongside novel shear connections designed for easy demountability and

Fig. 19. Strain distribution at section E of the STC beam of BT-1 and effec-
tive width.

Fig. 20. Gap opening measured in section B-B at different loading stages for: (a) BT-1 and (b) BT-2, see the legend in Fig. 16 Fig. 18.
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reuse. These systems contribute to decarbonization of the construction
sector by allowing for the reuse of structural components, which in turn
can reduce the demand for new materials and the associated emissions
from their production chain. Moreover, the adoption of wood, which
sequesters CO2, significantly lowers the embodied carbon of construc-
tions.Nevertheless, the supply of timber might not meet market demand.
Therefore, combining timber with other materials such as steel and
reusing these elements can help to mitigate timber shortage and reduce
the need for new components.

The findings from the experimental six-point bending tests on STC
beams with newly developed shear connections, have yielded several
key insights, allowing to draw the following conclusions:

• The beams demonstrated substantial load-bearing and deformation
capabilities. The tests were stopped due to the specimens reaching
the maximum deformation given by the testing setup, nevertheless,
the deformations reached in BT-1 and BT-2 were quite large,
approximately 400 mm and 650 mm, respectively, and the
maximum recorded loads were 674 kN (bending moment of
1011 kN⋅m) for BT-1, and 686 kN (bending moment of 1029 kN⋅m)
for BT-2.

• The elastic limit of the two STC beams was reached at a load of
approximately 400 kN (bending moment of 600 kN⋅m) and a mid-
span deflection of 60 mm.

• It is common practice to consider that composite beams (e.g. SCC
beams) have a good ductility when they can withstand deformations
of at least l /50. In the STC beams tested in this investigation the
maximum bending moment was reached at larger deformations,
approximately l /20, indicating that these beams have good
ductility.

• The shear connectors exhibited slip values smaller than 1 mm, for
loads within the elastic range of the STC beams. This indicates that
when loads remain within the elastic range (e.g. service conditions)
it is possible to reuse the panels.

• Maximum slip values of 5.3 mm and 6.6 mm were recorded for BT-1
and BT-2, respectively. Indicating that even at large deformations,
the connections are able to limit the slip, ensuring effective com-
posite action and demonstrating their robustness.

• At the end of the test, the most stressed connections were cut
longitudinally to assess the damages and nearly no damage was
observed, only slight embedment of the shear connection devices in
the timber with a permanent deformation of approximately 1 mm,

Fig. 21. (a) longitudinal cutting of the last connector (SCT-1) from BT-1; (b) longitudinal cutting of the last connector (SCT-3) from BT-2; (c) hole of a steel beam
after the test.

Fig. 22. Pictures taken after the test: (a) beam specimen from top; (b) beam specimen from below; (c) undamaged panel-to-panel gap of BT-1; (d) damaged panel-to-
panel gap of BT-2; (e) cutting of undamaged gap; (f) cutting of damaged gap.
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additionally, no deformations or damages were observed in the bolts
and the holes of the flange of the steel beam.

• The steel beams in both specimens exhibited plasticization and un-
derwent large deformations, yet without local damages or fracture.
In BT-1 the largest recorded tensile strains in the bottom flange of the
steel beams was at the midspan section. In BT-2 the steel beam
exhibited a redistribution of stresses, the most stressed region was
initially at midspan, from a certain loading stage little increase of
strains was observed in the bottom flange of the steel beam in the
midspan section whereas in the region near the transversal gap, the
strains increased to large values. Thus, showing that the regions of
the steel beam near the transversal gap plasticized to a larger extent
than the midspan section, which is typically the most stressed in
simply supported beams in sagging bending.

• The strength and failure of the STC beams was in both cases governed
by the yielding and ultimate strength of the steel beam. Critical in
this system are the regions near the transversal gaps as the tensile
stresses in the steel beam tend to be larger in this region at large
deformations. This means that, increasing the steel grade can
enhance the utilization of the LVL slab and shift the yielding of the
steel beam in the critical regions.

• The strains recorded in the timber remained within the elastic range,
furthermore, the strain distribution through the width of the slab was
not uniform, which indicates that the shear lag effects are to be
considered. The effective width at midspan, estimated at the last
loading stage was 1881 mm for BT-1 and 1771 mm for BT-2, corre-
sponding to an effective width of approximately l /5.5.

• The use of high strength mortar to fill the transversal gaps was
effective to transfer compression forces from the central panels to the
edge panels, hence, the shear connectors of the edge panels were
activated. Moreover, the mortar showed minimal damage despite
significant deformations, in both tests it remained undamaged up to
the loading stage VIII.

• BT-2 exhibited mortar crushing and LVL delamination near the
transverse gaps post significant load, indicating that at large de-
formations these regions become potential points of failure. How-
ever, dividing the slabs along the longitudinal directions and having
gaps between them is needed as it provides tolerances and facilitates
transport and assembly / disassembly, which can be critical for long
spans.

While these findings enhance our understanding of this structural
system, the experimental campaign had constrains including: the
implementation of only two types of connections, the testing of just one
specimen for each shear connection type, the LVL slabs used had a
thickness of 144 mm with their grain oriented parallel to the beam’s
longitudinal direction, only beams with a 10 m span and a slab width of
2.51 m were tested, the use of IPE 400 steel profiles in both cases and a
steel grade of S355, among others. Given these limitations, further
research is essential to expand the applicability of the results. Future
investigations could explore various aspects, such as different types of
connections, arrangements of connections, variations in LVL thickness
and orientation, different spans and slab widths, alternative steel pro-
files and steel grades, and the use of other timber products like CLT. Such
studies would deepen our understanding of STC beams.

Currently, there are no established technical standards for the
structural design of composite structures like STC beams. Therefore,
extensive research is essential to build a comprehensive knowledge
database and develop robust design methodologies. This study con-
tributes to this effort by presenting results from STC beams with novel
shear connections, showcasing their significant potential for reuse.
Ongoing work is focusing on the design of the STC beams. The design
procedures build upon the concepts presented by Kozma [92] regarding
shear connection considerations, and the analytical procedures to esti-
mate the bending capacity of the STC beams are two: (i) a
strain-controlled analysis of the critical cross sections, and (ii) a

simplified analytical procedure. A detailed exposition of these analytical
procedures and further details of this research can be found in [93].
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support in the research project “Prefa-SeTi: Steel-Timber Composite
Beams” (PhD Industrial Fellowship Grant No. 15695062). The authors
wish to thank also the laboratory team (Gilbert Klein, Marc Seil, Ed
Weyer, Mehdi Saeidi and Cyrille Inglebert) and the former student
Gabriel Ibosiola for their support in this testing campaign.

References

[1] D’Amico B, Pomponi F, Hart J. Global Potential For Material Substitution In
Building Construction: The Case Of Cross Laminated Timber. J Clean Prod 2021;
279:123487. https://doi.org/10.1016/j.jclepro.2020.123487.

[2] Abed J, Rayburg S, Rodwell J, Neave M. A Review of the Performance and Benefits
of Mass Timber as an Alternative to Concrete and Steel for Improving the
Sustainability of Structures. Sustainability 2022;14:5570. https://doi.org/
10.3390/su14095570.

[3] Simonsen M, Kjønaas OJ, Aall C. Substitution of Fossil-Energy Intensive Building
Materials by Wood Products – Does It Matter? A Case Study from Western Norway.
J Clean Prod 2023;383:134941. https://doi.org/10.1016/j.jclepro.2022.134941.

[4] Asiz A, Smith I. Connection System of Massive Timber Elements Used in Horizontal
Slabs of Hybrid Tall Buildings. J Struct Eng 2011;137. https://doi.org/10.1061/
(asce)st.1943-541x.0000363.

[5] Loss C, Piazza M, Zandonini R. Connections for Steel–Timber Hybrid Prefabricated
Buildings. Part I: Experimental Tests. Constr Build Mater 2016;122. https://doi.
org/10.1016/j.conbuildmat.2015.12.002.

[6] Hassanieh A, Valipour HR, Bradford MA. Load-Slip Behaviour of Steel-Cross
Laminated Timber (CLT) Composite Connections. J Constr Steel Res 2016;122.
https://doi.org/10.1016/j.jcsr.2016.03.008.

[7] Hassanieh A, Valipour HR, Bradford MA. Experimental and Analytical Behaviour of
Steel-Timber Composite Connections. Constr Build Mater 2016;118. https://doi.
org/10.1016/j.conbuildmat.2016.05.052.

[8] Hassanieh A, Valipour HR, Bradford MA. Composite Connections between CLT Slab
and Steel Beam: Experiments and Empirical Models. J Constr Steel Res 2017;138.
https://doi.org/10.1016/j.jcsr.2017.09.002.

A. Romero and C. Odenbreit

https://doi.org/10.1016/j.jclepro.2020.123487
https://doi.org/10.3390/su14095570
https://doi.org/10.3390/su14095570
https://doi.org/10.1016/j.jclepro.2022.134941
https://doi.org/10.1061/(asce)st.1943-541x.0000363
https://doi.org/10.1061/(asce)st.1943-541x.0000363
https://doi.org/10.1016/j.conbuildmat.2015.12.002
https://doi.org/10.1016/j.conbuildmat.2015.12.002
https://doi.org/10.1016/j.jcsr.2016.03.008
https://doi.org/10.1016/j.conbuildmat.2016.05.052
https://doi.org/10.1016/j.conbuildmat.2016.05.052
https://doi.org/10.1016/j.jcsr.2017.09.002


Engineering Structures 318 (2024) 118599

19

[9] Hassanieh A, Valipour HR, Bradford MA, Sandhaas C. Modelling of Steel-Timber
Composite Connections: Validation of Finite Element Model and Parametric Study.
Eng Struct 2017;138:35–49. https://doi.org/10.1016/j.engstruct.2017.02.016.

[10] Hassanieh A, Valipour HR, Bradford MA. Bolt Shear Connectors in Grout Pockets:
Finite Element Modelling and Parametric Study. Constr Build Mater 2018;176.
https://doi.org/10.1016/j.conbuildmat.2018.05.029.

[11] Yang R, Li H, Lorenzo R, Ashraf M, Sun Y, Yuan Q. Mechanical Behaviour of Steel
Timber Composite Shear Connections. Constr Build Mater 2020;258. https://doi.
org/10.1016/j.conbuildmat.2020.119605.

[12] Wang CL, Lyu J, Zhao J, Yang H. Experimental Investigation of the Shear
Characteristics of Steel-to-Timber Composite Joints with Inclined Self-Tapping
Screws. Eng Struct 2020;215. https://doi.org/10.1016/j.engstruct.2020.110683.

[13] Zhao Y, Yuan Y, Wang CL, Zheng J, Zhou Y. Experimental Study on Shear
Performance of Steel-Timber Screw Connectors with Grout Pockets. Eng Struct
2022;266:114535. https://doi.org/10.1016/J.ENGSTRUCT.2022.114535.

[14] Moritani, F.Y.; Santos, P.; Jorge, L.; Dias, A. ANALYTICAL AND EXPERIMENTAL
STUDY ON REVERSIBLE STEEL-TIMBER COMPOSITE CONNECTION SYSTEMS. In
Proceedings of the World Conference on Timber Engineering (WCTE 2023); World
Conference on Timber Engineering (WCTE 2023): Oslo, Norway, 2023; pp.
3364–3372.

[15] Gao Y, Xu F, Meng X, Zhang Y, Yang H. Experimental and Numerical Study on the
Lateral Torsional Buckling of Full-Scale Steel-Timber Composite Beams. Adv Struct
Eng 2022;25:522–40. https://doi.org/10.1177/13694332211057263.
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[84] Metsä Wood Kerto ® LVL Q-Panel 2022.
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