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ABSTRACT

The construction sector significantly impacts the environment due to high resource consump-

tion, waste production, and carbon emissions. To address these challenges, this research aligns

with the European Green Deal’s objective of achieving carbon neutrality by developing and

studying an innovative steel-timber composite (STC) flooring system, which embodies the prin-

ciples of the circular economy. The main objectives of this study were to design a demountable

and reusable STC flooring system, to develop novel shear connections that enable the reuse of

structural components, and to establish analytical procedures to estimate the bending capacity

of STC beams.

Steel-timber composite structures represent a relatively new structural system with limited

research available and no established codes or guidelines specifically addressing their design

and implementation. Additionally, there is no record of shear connections for steel-timber

composite structures designed for demountability and reuse. This pioneering research has

made significant progress in developing and assessing an STC flooring system and its shear

connections. The STC flooring system consists of downstanding I-shaped hot-rolled steel beams

and timber slabs made of laminated veneer lumber (LVL). The LVL slabs are connected to the

top flange of the steel beams using novel shear connectors that enable demountability and

reuse of the structural components.

To achieve the objectives of this research project, experimental, numerical, and analyti-

cal investigations were conducted. Experimental tests included material characterization of

LVL, push-out tests on the novel shear connections, full-scale bending tests on the STC beams,

and vibration tests. Numerical models were developed using ABAQUS software to simulate

the behavior of the STC beams and extend the findings of the experimental tests. Analytical

procedures, including a strain-based procedure and a simplified procedure, were proposed to

estimate the capacity of the STC beams. Additionally, an analytical procedure based on the

γ-method was proposed to estimate their bending stiffness and elastic moment resistance.

The findings of this study indicate that the novel shear connections contributed to achieve

composite action and enabled the demountability and reuse of the STC beams without com-

promising structural integrity when loads remained within service limits. The STC beams demon-

strated significant stiffness as well as load-bearing and deformation capacities. The tested

beams showed improvements in stiffness of approximately 80% and in capacity of at least 40%

compared to a reference identical steel-timber beam with no composite action. The proposed

analytical procedures provided accurate estimates of bending stiffness, and elastic and ulti-

mate moment resistance. Vibration tests showed that the natural frequencies of the STC beams

were above the excitation frequencies typical of walking and crowd activities, indicating a low

risk of resonance.
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1
INTRODUCTION

1.1. MOTIVATION AND BACKGROUND

The construction sector plays an important role in the global economy but also exerts sub-

stantial environmental impact due to its resource consumption and waste production. It con-

sumes a significant portion of global raw materials and is responsible for an equally consid-

erable percentage of global waste output [1, 2]. These factors contribute to the depletion of

non-renewable resources and increase the environmental footprint of built environments. In

light of these challenges, there is a rising movement to steer construction practices toward a

more sustainable and environmentally responsible model—the circular economy [3].

This transition is increasingly driven by rigorous policy requirements. Initiatives such as

the European Green Deal [4] aim to cut carbon emissions across all sectors to net-zero by 2050,

aligning with the broader Sustainable Development Goals [5] of the United Nations. These

goals emphasize the optimization of resource use, which is crucial as the global population

rises and demands more residential, commercial, and office space. Projections suggest that by

2050, the global population may require significantly expanded built environments, intensify-

ing the demand on resources and requiring innovative construction practices that minimize

environmental impact [6].

One of the main barriers to adopting a circular economy within the sector is the prevalent

construction practices and regulatory codes, which are currently not aligned with circular prin-

ciples. Moreover, conventional construction methods are often linear: materials are used, and

structures are built without systematic consideration for end-of-life reuse or recycling. There

is an urgent need to rethink the conventional construction methods and to adapt the design

codes to better support the disassembly and subsequent reuse of building structures.

Innovations in material science and engineering have begun to address these issues. No-

tably, advancements in steel-concrete composite (SCC) structures have led to the development

of shear connections that facilitate demountability and reuse [7, 8], which are essential features

for circular economy models. In addition to recent advancements in composite construction,

timber has gained attention as a sustainable material, acting as a significant carbon sink. The

use of timber has the potential to reduce the construction sector’s carbon footprint, with en-

1
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gineered timber in buildings and constructions providing long-term carbon storage [9]. The

efforts to incorporate the use of timber in construction have led to the recent developments on

steel-timber composite (STC) systems [10], which combine the strength and ductility of steel

with the environmental benefits of timber. These systems use engineered timber products such

as Cross-Laminated Timber (CLT), glued laminated timber (glulam), and Laminated Veneer

Lumber (LVL) connected to steel beams to enhance material efficiency and structural integrity

through composite action. STC flooring systems consist of a steel beam in the tension zone, a

timber slab in the compression zone, and shear connection between the two components.

The practical advantages of the STC structural systems are significant and include: (i) en-

hanced strength and stiffness compared to hybrid non-composite systems and pure-timber

floors, leading to (ii) the possibility to create larger open spaces; (iii) lighter construction com-

pared to other structural solutions (e.g. reinforced concrete and steel-concrete composite floors),

which results in (iv) benefits for the foundations, column sizes and the response of the building

to lateral and dynamic actions; (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 and reuse of structural components.

The environmental benefits of STC systems can be amplified when they are designed for

disassembly and reuse. Demountable systems facilitate the recovery and reuse of structural

elements, thus extending their lifecycle, minimizing waste, and reducing the demand for raw

materials and energy associated with manufacturing new components. Furthermore, design-

ing for disassembly and reuse of all structural components contributes to transitioning the con-

struction sector towards a circular economy. Additionally, the environmental benefits of these

structures can be further enhanced with the use of steel produced with recycled steel. Be-

sides the environmental benefits of demountable and reusable systems, there are also poten-

tial economic advantages, for instance, the costs associated with material sourcing and waste

processing can be reduced or eliminated. Moreover, demountable structures can be modified,

expanded, or repurposed in response to changing needs or functions, consequently enhancing

their investment value over time.

Although there is some research on STC structures, to date, there is no standard or guide-

line addressing STC beams and flooring systems. Furthermore, research on demountable and

reusable STC beams and flooring systems is not present in the literature.

In composite structures, the shear connection is a key element that keeps the elements to-

gether and transfers shear forces to ensure effective composite action. The disassembly poten-

tial of STC beams largely depends on the shear connections, while existing connections in STC

systems allow for disassembly, they often fall short when it comes to facilitating reuse, partic-

ularly due to damage to timber during assembly and disassembly that can compromise struc-

tural integrity. This requires the development of connections specifically designed for reuse to

maintain the longevity of materials and reduce waste.

The "Prefa-SeTi: Steel-Timber Composite Beams" research project aimed to address these

challenges by developing three novel shear connections for STC flooring systems that enable

demountability and reuse of the structural components while preserving the integrity through-
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out multiple use cycles. In this project an STC flooring system consisting of downstanding

I-shaped hot-rolled sections and LVL slabs was developed and tested. Additionally, analytical

procedures to estimate the bending capacity of the STC beams have been proposed. This thesis

presents the findings of the research project "Prefa-SeTi", aiming to contribute to the broader

goal of sustainable construction practices that align with the principles of the circular economy.

The research project "Prefa-SeTi" builds on findings from the RFCS-funded project "RE-

DUCE" (Reuse and Demountability Using steel structures and the Circular Economy) [11], which

investigated demountable and reusable steel-concrete composite flooring systems and their

shear connections. "Prefa-SeTi" was funded by Fonds National de la Recherche Luxembourg

and the Luxembourg based company Prefalux SA through a PhD Industrial Fellowship (Grant

No. 15695062), additionally it received support from ArcelorMittal and Metsä Wood.

1.2. OBJECTIVES

The overarching aim of this research project is to develop and study a demountable and reusable

STC flooring system and shear connections that enable reuse of the structural components.

This research intends to provide a sustainable alternative to conventional flooring systems

such as pure timber floors, existing non-reusable steel-timber composite floors, and carbon-

intensive options like reinforced concrete and SCC slabs. The specific objectives are:

1. Conceptualization of the STC Flooring System: Designing the conceptual framework of

the STC flooring system, which includes selecting appropriate materials and determining

optimal layout and grid patterns to support demountability and reusability.

2. Development of Innovative Shear Connections: Engineering and refining shear connec-

tions to overcome the limitations of existing steel-to-timber connections, which do not

support the reuse of structural components. These connections are designed to allow

for easy disassembly and minimal damage to timber, ensuring structural integrity during

the reuse phase.

3. Experimental Testing Campaigns: Conducting three testing campaigns:

i. Timber Material Characterization Tests to assess the mechanical properties of LVL

made from Scandinavian Spruce, chosen for its low variability in mechanical prop-

erties and suitability as a flooring slab.

ii. Push-Out Tests on Shear Connections to evaluate the load-slip behaviour and load-

bearing capacity of the novel shear connections developed.

iii. Full-Scale STC Beam Tests to investigate the flexural and vibration behaviour of

the STC beams implementing two of the developed shear connectors, focusing on

load-deformation responses, bending capacity, slip distribution, shear lag effects in

the timber slab, and the modal parameters of the beams.

4. Numerical Investigations: Developing 3D finite element models that extend the find-

ings of the full-scale bending tests to enhance the understanding and application of the
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experimental data.

5. Analytical Investigations: Proposing analytical procedures to estimate the bending stiff-

ness and capacity of the STC beams, and conducting analytical investigations using these

procedures to compare the estimations with experimental results, thereby validating the

proposed procedures.

1.3. THESIS OUTLINE

This thesis is organized into eleven chapters, beginning with a comprehensive introduction

that outlines the motivations and objectives of the research. Following this, the state of the

art is reviewed, providing a contextual framework for the research contributions. The concept

of the developed STC flooring system, along with the innovative demountable shear connec-

tions, is then explained. Subsequently, the experimental campaigns are presented, followed

by numerical and analytical investigations. The vibration tests are introduced, and finally, the

conclusions and outlook are presented.

Structured as a cumulative dissertation, this research is grounded in three articles that have

been published or submitted to peer-reviewed journals. These articles form the core of Chap-

ters 4, 5, and 6, detailing the experimental and research efforts supporting this study. While

each article stands as an independent chapter contributing to the thesis, the collective state

of the art is integrated into a single comprehensive chapter to avoid redundancy and enhance

coherence.

Below is a detailed overview of each chapter, highlighting the journey from the literature

review and conceptualization of the demountable and reusable STC flooring system through

to experimental investigations, numerical and analytical evaluations, and closing with final

conclusions and outlook.

Chapter 1: Introduction

Introduces the context and rationale for investigating demountable and reusable

STC flooring systems. It outlines the specific objectives of the thesis, including the

development and testing of innovative shear connections and the STC flooring

system. Additionally, the structure of the thesis document is described.

Chapter 2: State of the art

Presents the current state of research in three main areas: (i) laminated veneer

lumber, (ii) shear connections for STC systems, and (iii) STC beams and floor-

ing systems. This chapter synthesizes relevant literature on the development and

mechanical performance of LVL, existing shear connection technologies for STC

beams, and the current research status on composite beams.

Chapter 3: Demountable steel-timber composite (STC) flooring system

Details the design and components of the STC flooring system, including the

three developed shear connection systems. The chapter elaborates on the com-

ponents and features of these connections and the flooring system.
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Article 1

Chapter 4: Experimental investigation on laminated veneer lumber (LVL)

Describes the experimental procedures and results from investigations con-

ducted to determine the mechanical properties of crossband LVL used in the

STC flooring system.

Article 2

Chapter 5: Experimental push-out tests on the developed shear connections

Describes the push-out tests experimental campaign conducted on the devel-

oped shear connections. This chapter details the specimens, test setup, loading

conditions, results, and the analysis of the results.

Article 3

Chapter 6: Experimental full-scale STC beam tests

Presents the full-scale STC beam tests, describing the specimen preparation, test

setup, assembly details, testing procedures, results and the analysis of the re-

sults.

Chapter 7: Numerical modelling of the STC beams

Outlines the finite element modelling strategy for simulating the behaviour of

STC beams and includes a parametric study to extend the findings of the exper-

imental investigations.

Chapter 8: Analytical determination of the bending capacity of STC beams

Introduces a strain-based method and a simplified procedure to estimate the

bending capacity of STC beams, with analytical results being compared to ex-

perimental findings.

Chapter 9: Vibration tests

Presents the vibration tests on the two full-scale STC beam specimens, detailing

the testing procedures, results, and comparisons with analytical and numerical

findings.

Chapter 10: Design considerations

Due to the lack of established standards and guidelines for design, this chap-

ter explores preliminary design considerations for demountable and reusable

STC beams and flooring systems focusing on bending capacity, bending stiff-

ness, elastic analyses, and vibration performance.

Chapter 11: Conclusions and Outlook

Summarizes the research findings, discusses the implications of these out-

comes, and identifies potential areas for future research directions to advance

the development and application of the STC flooring systems and the shear con-

nections proposed in this study.
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As of the submission date, the status of the articles that comprise the core of this thesis is as

follows:

Article 1: Presented in: Chapter 4

Article title: Experimental investigation on Strength and Stiffness Properties of

Laminated Veneer Lumber (LVL)

Journal: Materials (ISSN: 1996-1944)

Status: Published (DOI: 10.3390/ma16227194)

Article 2: Presented in: Chapter 5

Article title: Experimental investigation on novel shear connections for demount-

able steel-timber composite (STC) beams and flooring systems

Journal: Engineering structures (ISSN: 1873-7323)

Status: Published (DOI: 10.1016/j.engstruct.2024.117620)

Article 3: Presented in: Chapter 6

Article title: Innovative Demountable Steel-Timber Composite (STC) Beams: Ex-

perimental Full-Scale Bending Tests

Journal: Engineering structures (ISSN: 1873-7323)

Status: Published (DOI: 10.1016/j.engstruct.2024.118599)

1.4. LIMITATIONS

This research project focused on developing and testing a demountable and reusable STC floor-

ing system and the shear connections to enable easy assembly, demountability and reuse of

the structural components, and while the findings provide valuable insights, they are subject

to some limitations.

Firstly, the study was limited to a specific type of engineered timber—crossband LVL made

of Scandinavian Spruce wood with a thickness of 144 mm. The push-out tests and full-scale

beam tests were conducted exclusively using this material. As such, the applicability of the

results to other thicknesses, timber species, or engineered timber product is not established.

Furthermore, the shear connections developed and tested were of a fixed size. The load-slip

behaviour of steel-to-timber connections, is known to be influenced by the size of the connec-

tion. Consequently, the results presented here are applicable only to the specific connection

dimensions tested and cannot be generalized to other sizes without further investigation.

Additionally, the orientation of the grain in the LVL panels was aligned with the direction of

the load in the push-out tests and with the longitudinal direction of the beam in the beam tests.

Studies on steel-to-timber connections have shown that the orientation of the grain relative to

the load and the bending direction influence the response of the connection and the flexural

behaviour of the beams. Therefore, the results of this study cannot be directly extrapolated to

other scenarios where these parameters vary.

The STC beams were tested under conditions of sagging bending and were simply sup-

ported. This study did not investigate different bending and support conditions, which could

influence the behaviour of the beams.

https://www.mdpi.com/journal/materials
https://doi.org/10.3390/ma16227194
https://www.sciencedirect.com/journal/engineering-structures
https://doi.org/10.1016/j.engstruct.2024.117620
https://www.sciencedirect.com/journal/engineering-structures
https://doi.org/10.1016/j.engstruct.2024.118599
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The numerical models and the proposed analytical procedures were validated with the

findings of this investigation. Therefore, their applicability to different configurations and ma-

terials needs to be assessed.

These limitations underscore the need for caution in extending the conclusions of this

study beyond the tested configurations and suggest areas for future research to broaden the

applicability of the findings.
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2.1. LAMINATED VENEER LUMBER (LVL)

2.1.1. GENERAL

LVL is an engineered wood product created by bonding together thin wood veneers, typically

with a thickness of 3-4 mm, to form panels of various dimensions and configurations (see Fig-

ure 2.1). Engineered for superior strength and stiffness, LVL’s composite structure involves

pressing and bonding veneer layers using phenolic adhesive. This construction effectively mit-

igates many of the natural defects found in solid wood [12], resulting in a highly uniform ma-

terial with minimized property variations. This attribute distinguishes LVL from conventional

timber products.

Figure 2.1: LVL panels and beam, picture from "LVL Europe Handbook" [13].

LVL has garnered significant attention due to its capacity to leverage the inherent strength

and durability of wood, while also mitigating some of the limitations associated with solid tim-

ber size and natural defects. Moreover, LVL production efficiently utilizes small-diameter logs

and lower-grade timber that might otherwise be discarded as waste [14, 15].

9
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The maximum width (measured in the tangential direction) that can be produced is 2500

mm, and the maximum lengths range from 18-25 m depending on the production line. There

are two standard types of layups: (i) a layup in which the veneer layers are oriented with their

grain running parallel to each other, known as LVL-P; and (ii) a layup in which approximately

20% of the veneer layers have their grain running perpendicular to the grain of the other ve-

neers, which is known as LVL-C.

The mechanical properties required for design purposes are typically provided by the man-

ufacturer, as they are dependent on factors such as the specific timber species, layout, and

production process. Reference values commonly used for structural design can be found in

sources such as the Finnish Woodworking Industries LVL Handbook [13] and the technical in-

formation given by suppliers like Metsä Wood [16]. These documents typically report strength

values as characteristic values and stiffness values as mean values. Nevertheless, technical in-

formation provided by suppliers generally lacks experimental values and details regarding the

load-deformation behaviour of LVL. This gap in information is also evident in the existing liter-

ature.

As the construction industry faces growing scrutiny for its environmental impact [17], en-

gineered wood products such as CLT and LVL have emerged as a sustainable alternative to con-

ventional materials like concrete and steel [18, 19, 20, 21]. The appeal of LVL extends to its suit-

ability for a wide range of structural applications, from beams and columns to slabs and shear

walls. Moreover, investigations have been done to implement its use as slabs in conjunction

with steel structural beams as STC beams [22, 23, 24, 25]. In Europe, LVL manufactured from

Spruce wood sourced from Scandinavian countries stands out as one of the most prevalent LVL

products [13].

2.1.2. RELEVANT PUBLICATIONS

LVL has emerged as a cornerstone of modern construction, rooted in the mid-20th century

alongside the development of plywood [26]. The development of LVL as a product as we know

it today, began in the 1970s with the development of "press-lam" wood based veneer beams

[27]. Initially conceived as a response to the limitations of solid timber and seeking to provide

technology for more efficient use of the wood resource. LVL represented a breakthrough in

engineered wood products, offering superior strength and dimensional stability.

Within the product’s development efforts at the United States Forest Products Laboratory,

Schaffer et al. [14] demonstrated its superior mechanical performance when compared to solid

wood due to the dispersion of natural imperfections in its layered structure. Additionally, it was

found that in elements with constant thickness, the variation of mechanical properties was less

scattered in the elements with more layers (i.e. with thinner layers), meaning that the scatter

in properties reduced as the number of layers increased as illustrated in Figure 2.2. The first

commercial solution for manufacturing LVL was developed by Al Troutner, and in 1975 the

Finnish company Metsäliiton Teollisuus Oy (today known as Metsä Wood) developed the first

LVL production line in Europe [13].

The research reported in the literature related to LVL is mostly linked to the study of the
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effects of different parameters in the mechanical properties of LVL such as the jointing method

[28], wood age (e.g. juvenile, mature) [29, 30, 31], veneer thickness [14, 31, 32, 33], orientation

of the veneers [34], type of adhesive [35, 36], log pre-treatment [37], veneer quality [38], lathe

checks [39, 40, 41, 42], special treatments [43, 44], and pressure during production [45, 46, 47,

48]. Nevertheless, the literature lacks comprehensive information of full mechanical character-

isation of the commercially available products.
Fr
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Figure 2.2: Schematic representation of the effect of the number of layers on the normal
distribution of the experimentally obtained mechanical properties of laminated products with

constant cross-section [14, 49].

There are some investigations on the mechanical properties and behaviour of LVL, however,

none of them deal with LVL-C made from Scandinavian Spruce wood. Chybinski and Polus [50]

conducted compression, tension and bending tests of LVL-P (LVL with the grain of all veneers

oriented in the same direction) panels made of Spruce and Scots pine, moreover, they built 2D

and 3D finite element models and implemented the properties obtained in their tests, showing

good agreement with the experimental observations. A comprehensive investigation on the

strength and stiffness properties of Radiata pine LVL was presented by Van Beerschoten [51].

Ardalany et al. [52, 53] studied the fracture energy, toughness, as well as the strength in tension

perpendicular to the grain of LVL crafted from Radiata pine. Similarly, Franke and Quenneville

[54] analysed experimentally the fracture behaviour of Radiata pine LVL.

Other studies related to LVL focused on the assessment of LVL with certain variations in

its standard structure and/or layup and its response under certain conditions. For instance,

Bal [55] determined some physical and mechanical properties of LVL reinforced with wooven

fibers. Sokolovic et al. [56] assessed the bending strength of flexural properties of LVL rein-



2

12 2. STATE OF THE ART

forced with wooven carbon fibers. Bakalarz [57] studied the bending response of LVL beams

reinforced with carbon fiber reinforced polymer (CFRP).

While there are studies that have focused on the mechanical characterization of certain LVL

products and on the enhancement of its mechanical response, it is noteworthy that none of

them have specifically assessed the strength and stiffness properties of crossband LVL derived

from Scandinavian Spruce wood, as far as the author of this contribution is aware.

2.2. SHEAR CONNECTIONS FOR STC BEAMS AND FLOORING SYSTEMS

2.2.1. GENERAL

Shear connections are essential components of composite structures, ensuring the integrity

and effective composite action. The structural behaviour of STC systems heavily relies on the

load-slip behaviour of connections attaching timber slabs to steel beams.

Understanding the behaviour of steel-to-timber shear connections is crucial for determin-

ing their capacity and deformation characteristics. This enables the development of connec-

tors that effectively transfer shear forces and ensure composite action in STC beams.

With the increasing interest in STC beams and flooring systems, research on shear connec-

tions for steel-timber flooring systems has expanded in recent years. Investigations into shear

connections for flooring system applications, as documented in the literature, have focused

on their development and assessment, including various push-out tests and analytical and nu-

merical analyses.

2.2.2. RELEVANT PUBLICATIONS

Shear connections for STC beams implementing screws, bolts, C-type connectors, epoxy adhe-

sives, steel plates (both punched and embedded in the timber), combinations of these meth-

ods, and mechanical connectors embedded in grout pockets, have been the focus of dedicated

research efforts. These studies, which include both static and cyclic push-out tests as well as

numerical simulations and long term tests, have provided comprehensive insights into the con-

nections for STC beams.

In 2000, Moore [58] presented the design of a 12-storey apartment building consisting of

a structural steel gravity and lateral load resisting system and timber floors connected to steel

beams. The beams were connected to the timber floors with screws. Although, this is one of

the first reported contributions addressing steel-timber floors and their shear connections, no

details were included concerning the mechanical performance of the connections.

Asiz and Smith [59] performed push-out tests of CLT panels connected to steel beams by

means of screws to determine their load-slip response. The results showed that the load-slip

response was influenced by the orientation of the panel and the length of the connector. Larger

ultimate loads and stiffness were observed for longer connectors and when the grain of the

thicker layers of the CLT plates were aligned with the direction of the load. They concluded

that the capacity and the load-deformation behaviour of the connections was adequate for use

in flooring systems.
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Loss et al. [60, 61] did static and cyclic push-out tests to study the mechanical behaviour

of steel beam to CLT panels connections, including connections with screws, bolts, c-type con-

nectors, glue, combinations of these connectors, and steel plates embedded in timber with

epoxy resin. Most connections exhibited large deformations and none of them had a brittle

failure before reaching a deformation of at least 10 mm. Concerning stiffness, peak load and

deformation capacity the values varied within a broad range for all the connections, however,

the connections implementing steel plates embedded in the timber and filled with epoxy resin

showed the largest peak forces and stiffnesses, followed by threaded rods reinforced either with

geka connectors or with screws, and the least performing connections were those using vertical

screws only. Based on the results, two connections (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. [22, 62, 63, 64, 65] did static push-out tests to study steel-to-timber (i.e.

LVL and CLT) connections using bolts, screws only, glue at the interface with screws, screws

with punched metal plates, and bolts embedded in grout pockets. The parameters analysed in

the experiments, which have influence on the stiffness and the load-bearing response of the

connections were mainly: (i) the size and strength of the screws and bolts, (ii) the orientation

of the grain with respect to the load direction, (iii) the use of adhesives at the steel-timber in-

terface, (iv) the reinforcing nail plate and, (v) size of the grout pocket. Results indicate that the

orientation of the grain of the panels significantly influences the response and capacity of the

connections. Screws and bolts showed good deformation and bearing capacity, 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 failure

with limited deformation capacity. The bolts in grout pockets showed the largest load-bearing

capacity. Furthermore, numerical models were developed to reproduce the push-out tests and

conduct parametric studies to investigate the influence of different parameters on the response

of the connections.

Yang et al. [66] carried out static push-out tests on connections of steel beams and glulam

plates using bolts and screws. The bearing capacity, yield characteristics and failure modes

were investigated together with the effect of the type, size and spacing of the connectors as

well as the thickness of the glulam plates. The bearing capacity results obtained in the tests

were compared to values from codes (i.e. GB/T 50005-2017 [67], NDS-2018 [68] and Eurocode

5 [69]). Connections with screws showed the largest stiffness but bolted connections exhibited

better ductility and load-bearing capacity. Additionally, the results showed that the analytical

models from Eurocode 5 [69] models produced reasonable predictions of the bearing capacity.

Wang et al. [70] assessed steel-to-glulam connections with inclined screws using special

taper washers. The load-slip behaviour and failure modes were analysed for screws with differ-

ent sizes and inclinations (i.e. 0º, 30º, 45º with respect to the vertical), moreover, the influence

of the use of custom tapper washers for inclined screws was assessed. The results show that

longer screws increase the embedded depth in the timber, leading to greater peak loads. In

addition, inclined screws performed better in terms of peak load but when there were no tap
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washers there was significant loss in stiffness compared to vertical screws. However, this drop

in shear stiffness was mitigated by using tapper washers. Overall, the inclined screws with tap

washers had better load-bearing capacity and stiffness than vertical screws due to the use of

longer screws that increase the embedment depth.

Zhao et al. [71] investigated connections with screws with a portion of the tip embedded in

grout pockets. The aim of the grout pocket at the tip was to actively control the failure mode of

the screws and induce two plastic hinges in the screws. The results indicate that the stiffness

and strength of these connections is improved when compared to connections with only screws

and no grout pocket.

Gao et al. [72] 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 deter-

mined that the strength and stiffness of the connections increase with increasing thickness of

the timber.

Moritani et al. [73] 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 inserts. 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.

Chybinski and Polus [74, 75] studied bolted connections and connections with screws re-

inforced with C-type connectors (i.e. bulldog and geka) used to connect LVL and aluminium

beams. The load-bearing behaviour of connections with and without reinforcing toothed plate

connectors was compared. Connectors type C2 (i.e. bulldog) were used to reinforce the con-

nections with bolts and screws, additionally, connectors type C11 (i.e. geka) were implemented

in connections with screws. In all the configurations, the toothed connectors were placed at the

aluminium-timber interface. It was concluded that bulldog and geka connectors improve the

strength of the connections but have negligible effects on their stiffness. Similarly, Zhou et al.

[76] assessed aluminium-to-timber (i.e. glulam) connections with bolts and screws, their load-

slip behaviour and capacity was similar to connections implementing steel beams.

Zhang and Ling [77] conducted a study on shear studs embedded in grout pockets, em-

ploying finite element models to simulate double symmetric push-out tests that connected

CLT panels to steel beams. Their 3D finite element model was calibrated using experimentally

obtained results. The investigation explored into various parameters affecting the connector

response, including the shape of the pocket (i.e., rectangular-straight and rectangular-tapered),

pocket size, shear stud size and grade, orientation of the grain of the outer layers, and CLT panel

thickness. The findings revealed that the yielding point and maximum loads increased with

larger connector diameters. Higher steel grades were associated with slightly larger maximum

loads. Models with outer layers parallel to the grain demonstrated higher loads. Moreover, as

the angle of the tapered pocket increased, the capacity of the connections decreased. Panel

thickness showed minimal influence on connection capacity.

Böhm et al. [78] studied steel-to-timber connections with inclined screws and shear studs

embedded in grout to connect CLT panels and steel beams. The screws were set at a skew angle
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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 inclined screws.

Cyclic loading tests on steel-to-CLT connections for floors have been performed by Ataei

et al. [79, 80] to investigate the failure mode, ductility, energy dissipation capacity, equivalent

viscous damping and strength impairment. The connections with screws and bolts previously

assessed by Hassanieh et al. [22, 62, 63, 64, 65] through monotonic push-out tests, were tested

in this study under a low-cycle high-amplitude loading regime. The parameters analysed in-

clude the size and type of the connectors (i.e. coach screws, dog screws and bolts) as well as

the orientation of the grain of the CLT panels with respect to the load direction. According to

the results, these connections have high ductility and energy dissipating capacity, most con-

nections were able to sustain slip values larger than the minimum requirements established in

design codes (e.g. EN 1998-1 [81]). Furthermore, a hysteretic analytical model was proposed

for these connections and calibrated against test results.

The long-term behaviour of STC shear connections under sustained load was studied ex-

perimentally and numerically by Chiniforush et al. [82]. Connections with coach screws, dog

screws, bolts and bolts in grout pockets were investigated by means of push-out tests in which a

sustained load was applied over a period of 16 months in conditions classified as Service Class

2 according to EN-1995-1 [69]. The parameters monitored over the testing period were the slip,

the relative humidity, and the load, which was re-adjusted to keep the load within the range of

±4% of the target load. The results were used to calibrate a long-term rheological model to pre-

dict the slip and the creep coefficient over a service life of 50 years. It was determined that the

bolts in grout pocket have the lowest creep coefficient of 0.6, whereas the bolted connection

showed the highest creep coefficient of 3.9.

2.2.3. OVERVIEW OF SHEAR CONNECTIONS PRESENTED IN THE LITERATURE

The shear connections for STC beams and flooring systems presented in the literature include

the following main configurations ( see Figure 2.3):

(a) Screws (coach screws, dog screws, self-tapping, universal) [22, 58, 62, 63, 66, 72, 73, 76]

(Figure 2.3a).

(b) Inclined screws with or without taper washers [70] (Figure 2.3b).

(c) Inclined screws with respect to both the vertical and the horizontal plane [78] (Figure

2.3c).

(d) Screws with epoxy glue at the steel-timber interface [22, 62] (Figure 2.3d).

(e) Screws with geka connectors at the steel-timber interface [75] (Figure 2.3e).

(f) Screws with bulldog connectors at the steel timber interface [75] (Figure 2.3f).
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(g) Screws with their tip embedded in grout, with mortar or epoxy resin as grout [71] (Figure

2.3g).

(h) Screws with punched metal plates [22] (Figure 2.3h).

(i) Screws installed in strip plates welded along the top flange of the beam [60] (Figure 2.3i).

(j) Inclined screws installed in steel plates or C-shaped profiles welded to the top flange of

the beam [60] (Figure 2.3j).

(k) Threaded rod welded to beam with a rectangular steel plate on top of the timber slab

fixed with screws [60] (Figure 2.3k).

(l) Threaded rod welded to beam with a steel disc with flared holes and inclined screws (with

or without epoxy resin filling in the hole) [60] (Figure 2.3l).

(m) Threaded rod welded to beam with a C-shape profile on top of the slab and inclined

screws (with or without epoxy resin filling in the hole) [60] (Figure 2.3m).

(n) Threaded rod welded to beam with one geka connector [60] (Figure 2.3n).

(o) Threaded rod welded to beam with two geka connectors [60] (Figure 2.3o).

(p) Threaded rod (partially or fully threaded) welded to beam and hole filled with epoxy resin

[60] (Figure 2.3p).

(q) Rod and perforated plate welded to beam and filled with epoxy resin [60] (Figure 2.3q).

(r) Plate welded to steel beam and hole filled with epoxy resin, variants of this connection

include: partially perforated plate, fully perforated plate, striated plate, and plate with

welded thin steel elements [60] (Figure 2.3r).

(s) Steel tube welded to beam and hole filled with epoxy resin [60] (Figure 2.3s).

(t) Bolts [22, 62, 66, 72, 73, 74, 76] (Figure 2.3t).

(u) Bolts with threaded insert and T-nut insert, variations of this connection include: bolt

with both threaded insert and T-nut insert, bolt with only threaded insert, and bolt with

only T-nut insert [73] (Figure 2.3u).

(v) Bolts embedded in grout pockets with walls of the pockets at straight angles [63] (Figure

2.3v).

(w) Bolts embedded in tapered grout pockets (i.e. walls of the pockets with a certain inclina-

tion) [77] (Figure 2.3w)

(x) Shear studs embedded in grout pockets, the pocket with circular shape and inclined walls

[78] (Figure 2.3x).
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(a) (b) (c)
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Figure 2.3: Shear connections for STC beams and flooring system presented in the literature.
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(s) (t) (u)

(v) (w) (x)

Figure 2.3: Shear connections for STC beams and flooring system presented in the literature
(cont.).

2.3. STEEL-TIMBER COMPOSITE (STC) BEAMS AND FLOORING SYSTEMS

2.3.1. GENERAL

The available research of steel-timber composite beams includes full scale beam tests of beams

with I-shape hot-rolled steel profiles and with U-shape cold-formed steel profiles. Bending

tests, for short-term and long-term loading conditions, have been performed in specimens

implementing CLT, LVL, and glulam slabs to determine the load-deformation behaviour, the

capacity of the system and the shear connection performance.

2.3.2. RELEVANT PUBLICATIONS

Current research on STC beams and flooring systems, which includes both bending tests and

numerical simulations, has largely been centred around steel beams connected to CLT slabs,

primarily using screws as shear connectors. To date, only a limited number of 7 bending tests

have been reported in the literature on STC beams that implement LVL slabs, 29 bending tests

on STC beams that implement CLT slabs, and 8 that implement 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 [83] 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. [23, 84] 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
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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 [85] 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 supported conditions and (ii) restrain-

ing 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. Fur-

thermore, the study found that restraining the rotation of the supports 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 [86]. The results demonstrated ad-

equate stiffness and bending capacity of the STC floor module, and a high level of composite

action.

Zhao et al. [87] 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 con-

ducted 4-point bending tests to analyse the flexural response of the STC beams with a length of

4 m. The test results showed that the connections 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. [88] carried out fifteen 4-point bending tests on STC beams with CLT slabs and

I-shaped hot-rolled steel profiles, analysing spans of 8.1 m and 10.8 m, connected with inclined

screws and shear studs in grout pockets. Results showed adequate deformation capacities 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, and 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 [85, 89, 90, 91, 92], the analysing methods

consist on the implementation of the γ-method [69, 93], the use of the elastic theory of layered

beams and full plastic analyses with rectangular stress blocks similar to Eurocode 4 [94] pro-

cedure for SCC beams. Results have been compared with experimental and numerical results,

showing good agreement for most cases. However, it remains unclear which effective width

has to be considered in the analyses of beams with wider timber slabs than those tested and

reported in the literature.

Research has also focused on the load-deformation behaviour and capacity of STC joints,
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using tests and numerical models to develop analytical formulations to estimate their capacity

[95, 96, 97, 98, 99, 100, 101, 102, 103, 104]. Long-term effects under sustained loads have been

examined experimentally and numerically on STC joints, as well as on STC beams [105, 106,

107, 108]. Additionally, experimental and numerical modal analyses, as well as human-induced

vibration tests, have been conducted to asses vibrations in STC beams and slabs [88, 109, 110,

111, 112, 113, 114, 115, 116, 117, 118]. The diaphragm behaviour has been analysed through

experimental and numerical methods [61, 119, 120, 121]. Investigations into the sustainability

potential have also been conducted [18, 20].



3
DEMOUNTABLE STEEL-TIMBER COMPOSITE (STC)

FLOORING SYSTEM

3.1. GENERAL

In light of the pressing need for sustainable alternatives to conventional construction practices,

STC structures have emerged as an efficient and sustainable solution. Their ecological advan-

tages can be further enhanced by designing them for demountability and reusability. Thus,

enabling the recovery and subsequent reuse of structural elements, extending their life cycle

and reducing waste.

The potential for demountability and reusability in STC systems is primarily influenced

by the type of shear connection used to connect steel beams and timber slabs. Conventional

connectors (e.g. bolts and screws) can facilitate the disassembly of components but are less

suitable for reuse due to potential timber damage, which can compromise the integrity and

load-bearing capacity of the connection upon reassembly.

This issue highlights a critical challenge in the development of STC flooring systems: en-

suring that connections allow disassembly and safeguard the structural components against

damage to enable future reuse. Despite the clear need for such solutions, there are no connec-

tion systems that fulfil the criteria of demountability and reusability specifically for STC floor-

ing systems. This reveals a gap in knowledge in steel-to-timber connections and emphasizes

the need for innovative approaches in the design of STC systems.

Addressing this need, this research project introduces an innovative concept for a demount-

able and reusable STC flooring system, its details are presented in Section 3.2. Furthermore,

three novel shear connection systems have been developed and tested. These shear connec-

tions have been designed to support both the disassembly and subsequent reuse of structural

elements without compromising their structural integrity. Detailed information about these

connections is provided in Section 3.3.

21
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3.2. THE DEMOUNTABLE STC FLOORING SYSTEM CONCEPT

The flooring system concept developed within the frame of the research project "Prefa-SeTi:

Steel-Timber Composite Beams" is shown in Figure 3.1. It consists of downstanding I-shaped

hot rolled steel profiles with LVL panels on top, connected using novel demountable shear con-

nections (see Section 3.3).
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Figure 3.1: Demountable steel-timber composite (STC) flooring system.

In this system, LVL was selected for its low variability in mechanical properties and en-

hanced mechanical performance, leading to greater mean and characteristic strength values,

and to smaller partial safety factors. The grain orientation of the LVL panels aligns with the
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beams’ longitudinal direction to maximize the strength and stiffness of the STC beams.

Crossband LVL panels (LVL-C, Kerto-Q [122]), which have approximately 20% of crossband

veneers, was chosen for its superior strength and stiffness in the tangential direction, impor-

tant features to minimise slab deflection between steel beams. Additionally, as the connections

have been placed close to the edge of the panels, the cross banded veneers provide reinforce-

ment against splitting failure, a common issue in engineered timber products with thicker lay-

ers and/or with the grain of all layers aligned to the load direction such as glulam and CLT [70,

123].

The size limitations of LVL panels are primarily dictated by the manufacturers. As such,

the maximum available width (measured in the tangential direction) is capped at 2.5 m, while

maximum lengths can vary between 18 and 25 m. This constraint is due to the production

processes employed by manufacturers, which currently do not accommodate wider panels.

Consequently, the width of the panels in this flooring system has been standardized at 2.5 m to

maximise the spacing between steel beams.

The panels’ length in the longitudinal direction is variable, it depends on span needs, and

it is is influenced by transport, installation, and construction tolerances. For long spans a prac-

tical solution is to divide the panels along the span into three portions (i.e., edge panels and a

central panel), as depicted in Figure 3.1. This provides tolerances and facilitates transport and

installation, which can be critical for long spans.

In the proposed STC flooring system, a 10 mm gap between adjacent panels necessary for

construction tolerances is present. The transversal gaps (perpendicular to the grain direction)

are to be filled with mortar to enable compression transfer and to activate the shear connectors

in the edge panels.

This flooring system is promising for modularization, standardization, and off-site serial

production, making it ideal for prefabrication in standard sizes and modules. Hence, it could

greatly enhance construction efficiency and labor productivity.

The composite nature of the system offers enhanced strength and stiffness, facilitating the

creation of large open spaces. Its easy disassembly allows for straightforward reuse and adapt-

ability for spatial changes and redesigns. Additionally, the ease of replacing and recycling de-

graded components contributes to its practicality.

STC floors, being lighter than reinforced concrete and steel-concrete composite slabs, pro-

vide advantages such as reduced foundation requirements, smaller columns, and improved

seismic and lateral performance, leading to lower material use. The incorporation of timber in

these floors also reduces the structure’s embodied carbon, which can be further decreased by

using low-emission steels for the components of the frame system, like those produced with

recycled steel and renewable energy sources (e.g. XCarb® steel [124]).
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3.3. DEVELOPED SHEAR CONNECTIONS

3.3.1. GENERAL

Common shear connectors, including screws and bolts, as well as adhesives (e.g. epoxy ad-

hesives), can be used to connect timber to steel beams. However, these connectors present

certain drawbacks, especially when the objective is to facilitate easy disassembly and reuse of

the components. These drawbacks are as follows:

• Screws: The process of drilling and unscrewing can potentially cause irreversible dam-

age in the vicinity of the connector. A significant risk exists of over-tightening the screws,

which can lead to damage in the wood. This typically occurs when using high-speed

drilling equipment and/or when the tightening threshold is exceeded. The repetitive ac-

tion of screw insertion and removal can weaken and damage the wood, reducing the

capacity of the connection and compromising its integrity.

• Bolts: When bolts are aligned parallel to the radial direction of the wood, preloading the

bolts can cause damage due to the inherently lower stiffness and strength of wood in this

direction. As a result, bolts are often not fully preloaded to prevent such damage. Addi-

tionally, wood tends to relax after compression, which results in gradual loss of preload

over time.

• Adhesives: The brittle nature of most adhesives, including epoxies, is a concern as it con-

trasts with the desired ductility in structural elements. Furthermore, the use of adhesives

complicates the disassembly process. Adhesives are permanent and make the separation

of components difficult without causing damage.

To overcome these drawbacks, three novel shear connections were developed and tested in

this research project. These connections implement "shear connection devices" designed to

enable disassembly, prevent timber crushing during bolt preloading, and facilitate the optimal

preloading of high-strength bolts.

The novel shear connections have been designated as Shear Connection -Type 1 (SCT-1),

-Type 2 (SCT-2), and -Type 3 (SCT-3). Drawings with the details of the connections are pre-

sented in Figure 3.2. Detailed descriptions of the shear connection devices and the removable

components of these connections are provided in the subsequent two subsections.
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Chamfered washer M20

High strength bolt 
M20 HV grade 10.9

Shear connection device: 
Steel tube + welded round plate
Steel tube Ø35x6.3, grade S460
Round plate Ø75x10, 
hole Ø22, grade S460 

Round plate Ø75x10, 
hole Ø22, grade S460

Direct tension indicator 
(DTI) M20

Chamfered washer M20

Hex nut M20 HV

Shear Connection Type 1 (SCT-1)

Shear connection device: 
Steel tube + welded Geka
Steel tube Ø35x6.3, grade S460
Geka connector C11-80M20

Chamfered washer M20

High strength bolt 
M20 HV grade 10.9

Direct tension indicator 
(DTI) M20

Chamfered washer M20

Round plate Ø80x5, hole Ø22, 
grade S460

Geka connector C11-80M20

Hex nut M20 HV

Shear Connection Type 2 (SCT-2)

High strength bolt 
M20 HV grade 10.9

Shear connection device: 
Steel tube + welded plate
Steel tube Ø35x6.3, grade S460
Plate 160x75x15, grade S460

Direct tension indicator 
(DTI) M20

Chamfered washer M20

Round plate Ø75x10, 
hole Ø22, grade S460

Chamfered washer M20

Self-tapping screw Ø8x140, 
ASSY 4 CSMP

Hex nut M20 HV

Shear Connection Type 3 (SCT-3)

NOTES:
• All dimensions are indicated in [mm]
• L: longitudinal (grain) direction 
• T: tangential direction
• R: radial direction
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Figure 3.2: Shear connections for demountable STC flooring systems.
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3.3.2. SHEAR CONNECTION DEVICES

The shear connection devices shown in Figure 3.3, are a fundamental feature of the connection

systems developed in this research project. They consist of a steel tube made of grade S460 in

compliance with EN 10025 [125]. 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 as follows:

1. For SCT-1 it is a round steel plate (S460, EN 10025 [125]) with an outer diameter of 75

mm, a thickness of 10 mm, and an inner hole with a diameter of 22 mm.

2. For SCT-2 it incorporates a Geka connector for bolts M20 (C11-80M20) complying with

EN 912 [126].

3. For SCT-3 it consists of a rectangular steel plate (S460, EN 10025 [125]) 160×75×15 mm

with custom drills to allow the installation of timber screws ∅8×140 mm (Würth ASSY 4

CSMP, ETA-11/0190 [127]) with an inclination of 60º with respect to the horizontal.

Steel tube 
Ø35x6.3 mm
grade S460

Round plate 
Ø75x10 mm
hole Ø22 mm
grade S460

(a)

Geka connector
C11-80M20
Ø80mm

Steel tube 
Ø35x6.3 mm
grade S460

(b)

Steel tube 
Ø35x6.3 mm
grade S460

Plate 
160x75x15 mm
grade S460

(c)

Figure 3.3: Shear connection devices for: (a) SCT-1, (b) SCT-2, and (c) SCT-3.

The shear connection devices are meant to be preinstalled in the timber slabs and remain

as part of the slab during its life-span. The steel tubes must fit perfectly without clearances in

holes drilled in the timber panels to ensure perfect contact of the connection device and the

timber panel.

In these devices the tube serves three primary functions:

1. It accommodates a bolt that connects the timber panel to the steel beam.

2. It enables optimal preloading of the bolt, which is crucial because the tube takes all com-

pression forces resulting from the bolt’s preload, thus preventing compression stress and

damage to the timber in the radial direction.

3. It enhances embedment strength. By increasing the contact area, stress is distributed

over a larger surface, reducing the forces exerted on the timber.

Given the significant compression stress levels the tube undergoes from the bolt’s preload,

its design—specifically the steel grade and dimensions (i.e. wall thickness and inner diame-

ter)—must be capable of withstanding the stresses induced by the bolt’s preload. Therefore,
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the selection of the tube’s specifications is influenced by the bolt’s size, its grade, and the de-

sired preload.

For this research project, bolts M20 grade 10.9 [128] were selected, with the target preload

determined in accordance with the specifications outlined in Eurocode 3 [129] and EN 1090-2

[130]. As a result, the tube was designed to meet these specific conditions.

3.3.3. REMOVABLE COMPONENTS

The connection system includes removable components, such as bolts, nuts, and washers,

which do not constitute a permanent part of the panels. These can be removed as needed,

whether for repairs or for reusing the timber panels. 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 (∅75×10 mm, hole ∅22 mm) as the one

welded to the tube’s bottom side.

The removable components of SCT-2 include the components i to iv of SCT-1 and SCT-3 as

well as two additional components, the components are listed below:

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

ii. A 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 (∅80×5 mm, hole ∅22 mm).

vi. A Geka connector with the same specifications (C11-80M20) as the one welded to the

tube’s bottom side.

Components i to iv (i.e., bolt, DTI, washers, and nut) are common to all three connection

types and adhere to EN 14399 [128] 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.
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4
EXPERIMENTAL INVESTIGATION ON LAMINATED

VENEER LUMBER (LVL)

4.1. INTRODUCTION

Despite LVL’s increasing use in the construction industry, a comprehensive understanding of

its mechanical behaviour, including testing procedures, stress-strain responses, and failure

modes, remains crucial. The technical literature lacks comprehensive insights into these as-

pects. The mechanical properties of this engineered timber product (e.g. strength, stiffness,

stress-strain response, fracture behaviour) are fundamentally important when it is used as

load-bearing structural element in pure timber, steel-timber or timber-concrete structures.

These mechanical properties are used to determine the bearing capacity of structural mem-

bers, their load-deformation behaviour, and potential failure modes. Additionally, these prop-

erties are essential to develop numerical models of LVL members and structures (e.g. finite

element modelling). Hence, to address the existing gap of knowledge concerning the mechan-

ical characterisation of LVL-C made of Scandinavian Spruce wood, this research focuses on

panels made from this wood species.

This chapter introduces a series of mechanical tests on LVL-C specimens, including com-

pression, tension, shear, and bending, conducted to thoroughly assess the material’s mechani-

cal performance in the three orthogonal directions. It offers valuable insights into the material’s

testing procedures, and presents strength values, elasticity moduli, and shear moduli. Addi-

tionally, it details the observed stress-strain and load-deformation responses. The mechanical

properties identified through this experimental investigation were subsequently used in ana-

lytical and numerical analyses to evaluate the performance of the STC demountable flooring

system developed in this research project.

31
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4.2. MATERIAL - LAMINATED VENEER LUMBER (LVL)
For this testing campaign the specimens were produced from LVL-C panels with a thickness of

51 mm made of Scandinavian Spruce wood (i.e. Picea abies) (see Figure 4.1). This product is

commercialized by Metsä Wood under the brand name of Kerto-Q. It has 17 veneers in total,

each veneer with a thickness of 3 mm, 3 of them are cross veneers distributed within the matrix

of the section, hence, the layup is as follows: II-IIIII-IIIII-II, in which ‘I’ represents the veneers

which grain aligns to the longitudinal direction of the timber element and ‘-‘ represents the

cross veneers.

Due to its nature, timber is anisotropic, however, for engineering purposes it is considered

as an orthotropic material. The three orthogonal directions are linked to the growth directions

of the trees, longitudinally and transversely. The strongest and the stiffest direction is often re-

ferred as longitudinal direction, or grain direction, it follows the longitudinal growth of the tree.

The other two directions are the radial and the tangential direction which follow the transversal

growth of the tree. Figure 4.2 shows the definitions of the directions considered in this study

for the LVL panels, the longitudinal (L), tangential (T) and radial (R) directions are defined as

directions 1, 2 and 3 respectively.

Figure 4.1: Laminated veneer lumber (LVL) tested in this experimental investigation.

3

2
1

Radial

Tangential

Longitudinal

Figure 4.2: LVL directions considered in this investigation.
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4.3. TESTS OVERVIEW

The testing campaign includes compression (C-), tension (T-), shear (S-) and bending (B-) tests

to determine the stiffness and strength properties of crossband LVL in the three main orthogo-

nal directions.

A nomenclature was defined to label the specimens and assign IDs to the different tests, this

nomenclature (see Figure 4.3) consists of one letter followed by 2 digits separated by dashes, the

letter refers to the type of test, the first digit, which is placed after the letter, refers to the direc-

tion, and the last digit refers to the specimen number within the sample. Thus, for instance the

ID ’C-1-1’ belongs to the compression tests (C-) in the longitudinal direction (1), specimen no.

1.

Following this nomenclature, an overview of the tests is presented in Figure 4.4. This fig-

ure includes, the schematic representations of the specimens’ grain direction, the test IDs, the

direction of the applied loads, and the number of specimens tested in this experimental cam-

paign.

Figure 4.3: Nomenclature definition for test types and specimen identification.
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Figure 4.4: Overview of the tests carried-out in this experimental investigation.
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4.4. METHODS

4.4.1. GENERAL

The tests were conducted in accordance with the standards EN 408 [131] and EN 789 [132], the

strength and stiffness values were estimated following the procedures established in these stan-

dards. The coefficient of variation and the 5-percentiles (5-p) values were calculated according

to EN 14358 [133].

All the tests were carried out at room temperature conditions. The moisture content of

the LVL specimens was measured using a capacitive moisture sensor, and the air humidity and

temperature were also measured using a digital sensor. Both sensors were from Ahlborn, the

sensor FHA 696 MF for timber moisture and the sensor FHAD46-Cx for air humidity and tem-

perature. The data logger ALMEMO 2590 was used to process the signals and read the values.

The average measurements recorded were as follows: moisture content at 12%, air humidity at

46%, and room temperature at 23° C.

In accordance with standards EN 408 [131] and EN 789 [132] the loading procedures were as

follows: (i) a monotonic load was applied to all specimens in displacement-controlled mode,

and (ii) specific loading rates were defined for each test to ensure that specimen failure oc-

curred within a specific time frame of 300 ± 120 seconds.

For the tension and shear tests custom apparatus were designed. For tension tests, the

custom apparatus consist of clamping steel plates in which bolts were used to apply pressure

on the specimen, in addition, glue was applied to prevent slip which could cause drops in forces

during the tests. For shear tests, the custom apparatus consist of (i) a set of bearings that allow

to introduce the loading to the specimen with an inclination of 14° with respect to the vertical,

such that shear failure is induced through the specimen, and (ii) steel plates as recommended

in EN 408 [131], these plates were glued to the specimen in two parallel faces. Further details

of these devices have been included in the respective sections

Preliminary tests were conducted to validate the performance of the devices and to define

a suitable glue for the tension and shear tests. Two types of glue were tested: (i) two-part epoxy

glue (Würth ESK-50), and (ii) methylmethacrylate glue (Würth MAK 38). It was determined that

the two-part epoxy glue exhibited superior resistance at the glued interface and a shorter curing

time for this specific application. Consequently, the two-part epoxy glue (Würth ESK-50) was

selected for use in both tensile and shear tests to effectively bond steel and LVL surfaces.

4.4.2. COMPRESSION TESTS

The compression tests were performed in the longitudinal (C-1), tangential (C-2) and radial (C-

3) directions. The specimens’ dimensions are shown in Figure 4.5. In the tests C-1 and C-2, a

small preload of 5 kN and 2 kN respectively was applied to the specimens, then, the load was

applied at a rate of 0.6 mm/min and 1.5 mm/min respectively. In the tests C-3 no preload was

applied, the loading rate was set to 4 mm/min.

Nine specimens were tested in C-1 tests, and six specimens in C-2 and C-3 tests. In the C-1

tests, initially, six specimens were tested and these tests were stopped at a load drop of 70 kN.
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However, after analysing the results of these initial tests, it was decided to test three additional

specimens up to the point of fracture, to obtain more detailed information about fracture and

the softening branch of the stress-strain curve in the longitudinal direction.

The test setup of the compression tests is shown in Figure 4.6. The tests C-1 and C-2 were

done in a compression testing machine with a capacity of 4 MN and the tests C-3 were done in a

compression testing machine with a capacity of 300 kN, both machines from TESTING Bluhm

& Feuerherdt GmbH.

10
2

45 70

30
0

51
200

30
0

200
51

C-1 C-2

C-3

REMARK:
Dimensions in [mm]

Figure 4.5: Dimensions of the specimens tested in compression.

(a) (b)

Figure 4.6: Test setups of: (a) compression tests C-1 and C-2, and (b) tests C-3.

4.4.3. TENSION TESTS

The tension tests were performed in the three orthogonal directions, longitudinal (T-1), tan-

gential (T-2) and radial (T-3). Six identical specimens were tested for each direction. For tests

T-1 and T-2 the specimens had a coupon shape to induce failure at the central part of the spec-

imen and to measure the local displacements within a well-defined gauge length. The tests T-3

were done on rectangular prismatic specimens. The shapes and dimensions of the specimens

tested in tension are shown in Figure 4.7. The tests were conducted in a universal machine for
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compression and tension tests Form+Test UP 500 with a capacity of 100 kN.

Custom apparatus were designed and produced to carry out these tests. In the tests T-3 the

load was transferred to the specimen through custom grips and steel blocks which were bonded

to the specimen with a two-part epoxy glue (see Figure 4.8). The custom devices for the tests

T-1 and T-2 (see Figure 4.9) consist of steel plates with a thickness of 20 mm with drilled holes to

allow the installation of bolts in order to apply pressure and clamp the coupon-shape specimen

from its tabs. To prevent slip and force drops due to slip of the specimen, a two-part epoxy glue

was applied at the steel-timber interface of the custom griping plates. Pictures of the tension

tests setup are shown in Figure 4.10.

The load was applied at rates of 0.1 mm/min, 0.3 mm/min, and 0.2 mm/min, respectively

for tests T-1, T-2 and T-3. Local displacements were measured with two LVDT sensors placed

at parallel faces of the specimens. In the tests T-1 and T-2, local displacements were measured

in the gage of the specimen within a length of 100 mm. In the tests T-3 the displacements were

measured through the whole length of the specimen (i.e. 51 mm).
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Dimensions in [mm]

Figure 4.7: Dimensions of the specimens tested in tension.
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Steel block to 
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Figure 4.8: Custom devices for tension tests T-3.
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Pulling direction

Base fixture 

Top fixture

Grip plates 

 

 

 

Figure 4.9: Custom devices for tension tests T-1 and T-2.

(a) (b)

Figure 4.10: Test setups of: (a) tension tests T-1 and T-2, and (b) tests T-3.
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4.4.4. SHEAR TESTS

Six different shear tests (i.e. S-1, S-2, S-3, S-4, S-5, S-6) were performed in the direction indi-

cated in Figure 4.4. Six identical specimens were tested for each one of the directions, the di-

mensions of the specimens are shown in Figure 4.11. The specimens for tests S-4 and S-6 were

formed by stacking and gluing 5 LVL cubic-shaped pieces with dimensions 51×51×51 mm. The

tests were conducted in a universal machine for compression and tension tests Form+Test UP

500 with a capacity of 100 kN.

Custom devices were designed and produced for these tests (see Figure 4.12). The top and

bottom bearings have a channel which allows to place and remove a specimen at an inclina-

tion of 14° with respect to the vertical line of the applied load. Two steel plates (275×51×10 mm)

with the shape recommended in EN 408 [131] were glued with two-part epoxy glue to the spec-

imen in parallel faces of the specimen in the corresponding shear plane for each test. The dif-

ferential displacement between the steel plates was measured with two LVDT sensors installed

at parallel faces. The test setup is shown in Figure 4.13.

The loading rate for the tests S-1 and S-4 was set to 0.2 mm/min, for tests S-2 and S-3 it was

set to 0.4 mm/min, for tests S-5 it was 0.5 mm/min, and for tests S-6 it was set to 0.6 mm/min.

51

26
5

51 51 51

25
5

S-1
S-2
S-3
S-5

REMARK:
Dimensions in [mm]

S-4
S-6

Figure 4.11: Dimensions of the specimens tested in shear.

 

 Steel plates

Custom bearings

Figure 4.12: Custom devices for shear tests.
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Figure 4.13: Shear tests setup.

4.4.5. BENDING TESTS

Simply supported panels were tested in 4-point bending. Two different bending tests were

executed, flatwise bending parallel to the grain (B-1), and flatwise bending perpendicular to

the grain (B-2). Four identical specimens with dimensions 1200×150×51 mm (see Figure 4.14)

were tested for each type of test. The load was applied at rates of 4.2 mm/min and 4.8 mm/min

for tests B-1 and B-2 respectively. The deflection of the panels was measured at midspan at both

sides of the panels. The tests were carried out in a machine for bending tests with a capacity of

300 kN from TESTING Bluhm & Feuerherdt GmbH. The positions of the loading points and the

supports are depicted in Figure 4.15 and the test setup is illustrated in Figure 4.16.

1200

150

51 51

150

1200

B-1 B-2

Figure 4.14: Dimensions of the specimens tested in 4-point bending.
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Figure 4.15: Elevation view of the positions of the loading points
and the supports of the bending tests.

Figure 4.16: Test setup of the bending tests.

4.5. RESULTS AND DISCUSSION

4.5.1. COMPRESSION TESTS

The stress-strain curves of the compression tests in the three main orthogonal directions are

depicted in Figure 4.17 and some of the tested specimens are illustrated in Figure 4.18. The

response of the material in the longitudinal direction (tests C-1), was characterized by an initial

linear monotonic increasing stress-strain relationship, followed by a non-linear response, after

the peak a softening branch developed. Out of the nine specimens that were tested in C-1

tests, only three were brought to rupture. After reaching the peak load, crushing of the fibres

at the mid-height of the specimen, followed by delamination and opening of the veneers was

observed. In some specimens, shear failure was observed, these specimens showed an inclined

crack of crushed veneers through their thickness, with an inclination of about 45°.

The specimens tested in the tangential direction (tests C-2), also exhibited an initial linear

behaviour followed by a hardening branch and softening after the peak. The tests were stopped

before reaching the rupture. In the radial direction (tests C-3), the tested specimens showed an

initial linear behaviour followed by a hardening region of increasing stress with strain. In this

direction LVL exhibited a large deformation capacity in compression.
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Figure 4.17: Stress-strain plots of the compression tests (a) C-1, (b) C-2, and (c) C-3.

(a) (b) (c)

Figure 4.18: Pictures of specimens tested in compression (a) C-1, (b) C-2, and (c) C-3.

4.5.2. TENSION TESTS

The stress-strain plots for the tension tests conducted in the three main orthogonal direc-

tions are presented in Figure 4.19. In both the longitudinal (tests T-1) and tangential direction

(tests T-2) tensile tests, the stress-strain curves exhibited an initial linear relationship, wherein

stresses increased with strain. Subsequently, the specimens reached a maximum force, and

failure of the veneers occurred. Following this peak, the stress-strain curve underwent a sharp

turn, with stresses decreasing at varying rates across all specimens. Most of the specimens

tested in the radial direction (tests T-3) displayed an initial linear stress-strain relationship,

characterized by increasing stresses with strain. This was followed by a transition to non-linear

behaviour, along with a rapid force drop immediately after reaching the peak load, indicating

specimen failure.

Figure 4.20 depicts pictures of specimens tested in shear at the point of failure. In the case

of specimens tested in the longitudinal direction (T-1), the veneers exhibited a gradual tension

failure, occurring at various locations without localization to a specific section. Consequently,

in some specimens, the post-peak load drop was relatively gradual, and in others, a brief hard-

ening branch emerged after the load drop. In contrast, during the tensile tests conducted in the

tangential direction (T-2), in some specimens the failure was concentrated in a specific section
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due to the tension failure of the veneers. Furthermore, in the tensile tests conducted in the

radial direction (T-3), the observed failure mode was in some cases localized at a well-defined

horizontal plane. At this plane, the fibres of a specific wood layer were pulled apart. In other

cases the tensile force induced shear failure through the veneers of the specimen.
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Figure 4.19: Stress-strain plots of the tension tests (a) T-1, (b) T-2, and (c) T-3.

(a) (b) (c)

Figure 4.20: Pictures of specimens tested in tension (a) T-1, (b) T-2, and (c) T-3.

4.5.3. SHEAR TESTS

The shear stress vs. shear strain plots for the six types of shear tests conducted in this exper-

imental study (see Figure 4.4) are presented in Figure 4.21. In each of the six defined types of

shear tests (see Figure 4.4), six specimens were tested. Nevertheless, in the case of tests S-2, two

of the specimens experienced failures at the bonding steel-timber interface. Similarly, in tests

S-3, one specimen exhibited glue failure. Consequently, the results of these particular tests

were excluded from the calculations and were not considered in the final analysis.

Generally, the stress-strain responses of the tested samples followed a similar pattern. There

was an initial linear increase in stress with increasing strain, followed by a subsequent force

drop that indicated specimen failure. Notably, in tests S-1 and S-2, following this force drop,

a plateau phase was observed in which there was no further increase or decrease in load with
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increasing strain.
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Figure 4.21: Stress vs. shear strain curves of the shear tests: (a) S-1, (b) S-2, (c) S-3, (d) S-4, (e)
S-5, and (f) S-6.

Figure 4.22 presents pictures showcasing typical failure modes of the tested specimens. In

the case of tests S-1, the specimens exhibited a vertical shear plane extending from the top to

the bottom. However, this plane did not cut straight through the thickness of the specimen,

resulting in the specimen remaining in one piece, with friction between the cut veneers pre-

venting separation. In the tests S-2, the shearing planes were horizontal and followed the grain

direction. The failure mode observed in the tests S-3 was localized to a single veneer in the ver-

tical direction of the specimen, with shear failure occurring along that specific wood layer. For

specimens in tests S-4, the failure occurred along a cutting plane aligned horizontally with one

of the LVL layers. In the case of tests S-5, the failure crack due to the induced shear propagated

from one corner on the top of the specimen to the opposite corner on the bottom. Lastly, in

tests S-6, cracks appeared throughout the wood veneers of the specimen, resulting in gradual

softening and eventual rupture through some of the layers.
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(a) (b) (c)

(d) (e) (f)

Figure 4.22: Pictures of specimens tested in shear: (a) S-1, (b) S-2, (c) S-3, (d) S-4, (e) S-5, and (f)
S-6.

4.5.4. BENDING TESTS

The load-deflection curves (see Figure 4.23) for two types of bending tests are presented in

this investigation: (i) bending flatwise parallel to the grain in the longitudinal direction (B-

1 tests), and (ii) bending flatwise perpendicular to the grain in the tangential direction (B-2

tests). The peak loads achieved in these two types of tests differ significantly in magnitude,

with B-1 tests reaching peak loads approximately five times greater than those observed in B-

2 tests. Nevertheless, the specimens of both test types exhibited a similar load-slip response

pattern. Initially, midspan deflection increased linearly up to the point of peak load, followed

by a subsequent force drop attributed to the failure of some veneers.
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In some specimens, following this initial drop, the panel exhibited the ability to carry addi-

tional load, resulting in a short branch where load increased in tandem with midspan deflec-

tion. Ultimately, a sudden load drop marked the failure of the specimen.
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Figure 4.23: Load-deflection curves of bending tests (a) B-1 and (b) B-2.

Pictures of some of the tested specimens are presented in Figure 4.24. In the bending tests

in the longitudinal direction B-1, gradual failure of the bottom fibres was observed occurring

at different locations within the region of the points of load application. A similar failure mode

was observed in the bending tests conducted in the tangential direction BT-2, where the failure

initiated at the bottom fibres near one of the points of load application.

(a)

(b)

Figure 4.24: Load-deflection curves of bending tests (a) B-1 and (b) B-2.



4. EXPERIMENTAL INVESTIGATION ON LAMINATED VENEER LUMBER (LVL)

4

47

4.5.5. DERIVED MECHANICAL PROPERTIES

COMPRESSION: STRENGTH AND MODULUS OF ELASTICITY

The calculation of the strength ( fc ) and the modulus of elasticity (Ec ) in compression tests was

done according to the formulas in Equation 4.1 and Equation 4.2, as specified in EN 408 [131]

and EN 789 [132]. Figure 4.25 illustrates the parameters considered in these formulas. Table 4.1

summarizes the derived strength and modulus of elasticity values in compression for the three

tested orthogonal directions.

fc = Fmax

A
(4.1)

Ec = (F2 −F1)lc

(u2 −u1)A
(4.2)
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Figure 4.25: Plots illustrating the parameters of the formulas in Equation 4.1 and Equation 4.2
for: (a) compression tests C-1 and C-2, and (b) C-3.

The determination of the modulus of elasticity for compression tests (C-1 and C-2), was

done by considering a load increment (F2−F1) between 10% and 40% of the maximum applied

load (Fmax ) as illustrated in Figure 4.25a.

In compression in the radial direction (C-3) the load-deformation curves differ from the

typical curves obtained in C-1 and C-2 tests. In this case, the hardening branch increases

monotonically and there is no clear turning point in which a maximum load is reached fol-

lowed by softening and failure. Therefore, a different iterative procedure is defined for these

tests according to EN 408 [131] as follows:

1. Using the test results plot the load-deformation curve in the form shown in Figure 4.25b.

2. Calculate F1 (0.1Fmax ) and F2 (0.4Fmax ) and determine where these values intersect the

load-deformation curve.

3. Through these two points draw the straight line 1 as shown in Figure 4.25b.

4. Parallel to line 1, draw line 2 having its origin at load F = 0 and at a distance from it
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equivalent to a deformation of 0.1h0 as shown in Figure 4.25b, where h0 is the initial

height of the specimen.

5. The intersection between line 2 and the curve of the test results is taken as Fmax . If the

value of Fmax as determined is within 5% of the initially Fmax value estimated in step 2,

then that value may be used to determine the compressive strength; otherwise, repeat

the procedure until a value of Fmax within that tolerance is obtained.

Table 4.1: Derived strength and modulus of elasticity of LVL in compression.

Compression tests C-1

ID
fc,1

[MPa]

Ec,1

[MPa]

C-1-1 40.8 9 091.5

C-1-2 42.6 7 691.1

C-1-3 39.0 6 627.3

C-1-4 42.3 9 807.6

C-1-5 39.8 6 357.9

C-1-6 41.7 8 693.0

C-1-7 40.4 9 441.0

C-1-8 39.3 6 355.1

C-1-9 37.9 7 189.3

Mean 40.4 7 917.1

CV 3.9% 17.3%

5-p 36.1 10 626.5

Compression tests C-2

ID
fc,2

[MPa]

Ec,2

[MPa]

C-2-1 11.1 1 765.7

C-2-2 11.9 1 834.3

C-2-3 11.1 1 786.9

C-2-4 11.3 1 728.3

C-2-5 11.1 1 630.0

C-2-6 10.4 1 841.7

- - -

- - -

- - -

Mean 11.1 1 764.5

CV 4.4% 4.4%

5-p 9.8 1 737.9

Compression tests C-3

ID
fc,3

[MPa]

Ec,3

[MPa]

C-3-1 4.2 84.5

C-3-2 3.9 97.1

C-3-3 4.4 98.2

C-3-4 4.2 96.8

C-3-5 4.0 99.3

C-3-6 3.2 97.1

- - -

- - -

- - -

Mean 4.0 95.5

CV 10.6% 5.7%

5-p 3.0 93.8

TENSION: STRENGTH AND MODULUS OF ELASTICITY

The calculation of the the strength ( ft ) and the modulus of elasticity (Et ) in tension tests was

done according to the formulas in Equation 4.3 and Equation 4.4, as specified in EN 408 [131]

and EN 789 [132]. Figure 4.26 illustrates the parameters considered in these formulas. Table

4.2 summarizes the derived strength and modulus of elasticity values in tension for the three

tested orthogonal directions.

The determination of the modulus of elasticity for tension tests, was done by considering a

load increment (F2 −F1) between 10% and 40% of the maximum applied load (Fmax ) as illus-

trated in Figure 4.26.

ft = Fmax

A
(4.3)

Et = (F2 −F1)lt

(u2 −u1)A
(4.4)
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Figure 4.26: Plot illustrating the parameters of the formulas in Equation 4.3 and Equation 4.4
for tension tests.

Table 4.2: Derived strength and modulus of elasticity of LVL in tension.

Tension tests T-1

ID
ft ,1

[MPa]

Et ,1

[MPa]

T-1-1 38.1 13 898.6

T-1-2 37.5 9 708.5

T-1-3 39.3 9 841.1

T-1-4 35.2 10 901.1

T-1-5 39.4 10 425.9

T-1-6 37.2 9 304.8

Mean 37.8 10 680.0

CV 4.1% 15.7%

5-p 34.1 10 174.8

Tension tests T-2

ID
ft ,2

[MPa]

Et ,2

[MPa]

T-2-1 7.4 2 093.1

T-2-2 8.3 2 028.6

T-2-3 6.6 2 008.6

T-2-4 7.8 2 266.7

T-2-5 10.7 2 280.6

T-2-6 9.3 2 521.9

Mean 8.3 2 199.9

CV 17.7% 8.9%

5-p 5.5 2 140.8

Tension tests T-3

ID
ft ,3

[MPa]

Et ,3

[MPa]

T-3-1 0.59 75.0

T-3-2 0.69 92.5

T-3-3 0.40 50.0

T-3-4 0.45 104.5

T-3-5 0.73 116.7

T-3-6 0.51 113.7

Mean 0.56 92.1

CV 23.0% 27.9%

5-p 0.31 84.3

SHEAR: STRENGTH AND SHEAR MODULUS

The calculation of the the shear strength ( fv ) and the shear modulus (G) in shear tests was

done according to the formulas in Equation 4.5 and Equation 4.6, as specified in EN 408 [131]

and EN 789 [132]. Figure 4.27 illustrates the parameters considered in these formulas. Table

4.3 summarizes the derived shear strength and shear modulus values for the six shear planes

tested in this investigation.

The determination of the modulus of elasticity for shear tests, was done by considering a

load increment (F2 −F1) between 10% and 40% of the maximum applied load (Fmax ) as illus-

trated in Figure 4.27.

fv = Fmax ·cosαv

lv ·bv
(4.5)

G = ∆τ

∆γ
= (F2 −F1)·cosαv ·tv

lv ·bv ·(x2 −x1)
(4.6)
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The computation of the shear modulus from shear tests (S-1 to S-6) was done by consider-

ing a load increment (F2 −F1) between 10% and 40% of the maximum applied load (Fmax ) as

illustrated in Figure 4.27.
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Figure 4.27: Plot illustrating the parameters of the formulas in Equation 4.5 and Equation 4.6
for shear tests.

Table 4.3: Derived shear strength and shear modulus of LVL.

Shear tests S-1

ID
fv,21

[MPa]

Gv,21

[MPa]

S-1-1 5.2 565.9

S-1-2 4.8 568.2

S-1-3 5.0 602.7

S-1-4 5.1 571.2

S-1-5 5.1 635.5

S-1-6 4.7 553.4

Mean 5.0 582.8

CV 3.8% 5.3%

5-p 4.4 573.6

Shear tests S-2

ID
fv,12

[MPa]

G12

[MPa]

S-2-1 5.2 747.8

S-2-2 6.2 1 051.3

S-2-3 - -

S-2-4 6.4 622.3

S-2-5 - -

S-2-6 5.3 643.5

Mean 5.8 765.2

CV 10.3% 25.9%

5-p 4.2 691.2

Shear tests S-3

ID
fv,31

[MPa]

G31

[MPa]

S-3-1 1.4 113.7

S-3-2 1.3 139.7

S-3-3 1.6 124.9

S-3-4 1.8 111.4

S-3-5 - -

S-3-6 1.5 126.8

Mean 1.5 123.3

CV 12.7% 9.2%

5-p 1.0 119.5

Shear tests S-4

ID
fv,13

[MPa]

G13

[MPa]

S-4-1 1.6 324.4

S-4-2 1.6 348.6

S-4-3 1.4 347.5

S-4-4 1.6 377.7

S-4-5 1.5 336.0

S-4-6 1.7 323.7

Mean 1.6 343.0

CV 7.2% 5.9%

5-p 1.3 336.9

Shear tests S-5

ID
fv,32

[MPa]

G32

[MPa]

S-5-1 1.03 34.5

S-5-2 1.04 35.0

S-5-3 0.95 33.5

S-5-4 1.07 35.5

S-5-5 1.03 35.8

S-5-6 0.96 31.3

Mean 1.01 34.3

CV 4.6% 4.9%

5-p 0.89 33.8

Shear tests S-6

ID
fv,23

[MPa]

G23

[MPa]

S-6-1 1.20 41.0

S-6-2 1.25 51.0

S-6-3 1.21 47.3

S-6-4 1.21 43.8

S-6-5 1.20 48.8

S-6-6 1.22 44.7

Mean 1.21 49.1

CV 1.5% 7.9%

5-p 1.07 45.0
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BENDING: STRENGTH AND GLOBAL MODULUS OF ELASTICITY

The calculation of the bending strength ( fm) and the global bending modulus of elasticity (Em)

in bending tests was done according to formulas 4.7 and 4.8, as specified in EN 408 [131] and

EN 789 [132]. Figure 4.27 illustrates the parameters considered in these formulas. Table 4.4

summarizes the derived bending strength and global modulus of elasticity in bending values

for the two types of bending included in this investigation.

fm = 3aFmax

bh2 (4.7)

Em = 3al 2 −4a3

2bh3
(
2·w2−w1

F2−F1
− 6a

5Gbh

) (4.8)
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Figure 4.28: Plot illustrating the parameters of the formulas in Equation 4.7 and Equation 4.8
for bending tests.

Table 4.4: Derived bending strength and global modulus of elasticity in bending of LVL.

Bending tests B-1

ID
fm,1

[MPa]

Em,1

[MPa]

B-1-1 44.9 10 390.8

B-1-2 48.8 9 989.0

B-1-3 51.9 10 308.9

B-1-4 50.5 10 086.2

Mean 49.0 10 193.7

CV 6.2% 1.8%

5-p 40.8 10 003.1

Bending tests B-2

ID
fm,2

[MPa]

Em,2

[MPa]

B-2-1 9.0 1 894.6

B-2-2 10.4 2 157.7

B-2-3 9.1 2 128.0

B-2-4 9.5 1 839.6

Mean 9.5 2 005.0

CV 6.5% 8.0%

5-p 7.8 1 944.7
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4.5.6. SUMMARY OF DERIVED MECHANICAL PROPERTIES

A summary of the calculated strength and stiffness properties is summarized in Table 4.5 and

Table 4.6 respectively. The values were computed according to EN 408 [131] and EN 789 [132].

Table 4.5: Summary of strength properties.

Strength property Notation
From

Figure 4.4

Strength [MPa]

Mean 5-p CV [%]

Compression strength parallel to the
grain, edgewise (in the longitudinal
direction)

fc,1 A 40.41 36.11 3.91

Compression strength perpendicular to
the grain, edgewise (in the tangential
direction)

fc,2 B 11.14 9.83 4.44

Compression strength perpendicular to
the grain, flatwise (in the radial direction)

fc,3 C 3.99 2.99 10.64

Tension strength parallel to the grain,
edgewise (in the longitudinal direction)

ft ,1 D 37.76 34.10 4.11

Tension strength perpendicular to the
grain, edgewise (in the tangential
direction)

ft ,2 E 8.33 5.47 17.68

Tension strength perpendicular to the
grain, flatwise (in the radial direction)

ft ,3 F 0.56 0.31 23.04

Shear in the LR-plane with force in the
longitudinal direction (edgewise shear
parallel to the grain)

fv,21 G 4.98 4.40 3.79

Shear in the LT-plane with force in the
longitudinal direction (flatwise shear
parallel to the grain)

fv,31 H 1.50 1.03 12.69

Shear in the TL-plane with force in the
tangential direction (flatwise shear
perpendicular to the grain)

fv,32 I 1.01 0.89 4.57

Shear in the TR-plane with force in the
tangential direction (edgewise shear
perpendicular to the grain)

fv,12 J 5.76 4.16 10.28

Shear in the RT-plane with force in the
radial direction (edgewise shear
perpendicular to the grain)

fv,13 K 1.58 1.32 7.17

Shear in the RL-plane with force in the
radial direction (edgewise shear
perpendicular to the grain)

fv,23 L 1.21 1.07 1.51

Bending parallel to the grain in the
longitudinal direction (flatwise bending
parallel to the grain)

fm,1 M 49.01 40.82 6.16

Bending perpendicular to the grain in the
tangential direction (flatwise bending
perpendicular to the grain)

fm,2 N 9.51 7.83 6.53

The longitudinal direction of the LVL-C tested in this study, exhibited the best performance

in terms of strength and stiffness for both tension and compression, followed by the tangential

direction, and the radial direction which showed a very low stiffness and turned into non-linear

plastic behaviour at quite small stresses. Similarly, the panels tested in bending performed the
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best in the flatwise bending tests parallel to the grain, the bending strength and stiffness of the

panels tested in flatwise bending perpendicular to the grain were about one fifth of the values

obtained in the bending parallel to the grain.

Table 4.6: Summary of stiffness properties.

Stiffness property Notation
From

Figure 4.4

Stiffness [MPa]

Mean 5-p CV [%]

MoE in compression parallel to the grain,
edgewise (in the longitudinal direction)

Ec,1 A 7 917.08 7 626.51 17.29

MoE in compression perpendicular to the
grain, edgewise (in the tangential
direction)

Ec,2 B 1 764.47 1 737.85 4.44

MoE in compression perpendicular to the
grain, flatwise (in the radial direction)

Ec,3 C 95.49 93.83 5.74

MoE in tension parallel to the grain,
edgewise (in the longitudinal direction)

Et ,1 D 10 680.01 10 174.84 15.67

MoE in tension perpendicular to the
grain, edgewise (in the tangential
direction)

Et ,2 E 2 199.90 2 140.77 8.91

MoE in tension perpendicular to the
grain, flatwise (in the radial direction)

Et ,3 F 92.05 84.30 27.88

Shear modulus in the LR-plane with force
in the longitudinal direction (edgewise
shear parallel to the grain)

Gv,21 G 582.82 573.59 5.25

Shear modulus in the LT-plane with force
in the longitudinal direction (flatwise
shear parallel to the grain)

Gv,31 H 123.26 119.48 9.23

Shear modulus in the TL-plane with force
in the tangential direction (flatwise shear
perpendicular to the grain)

Gv,32 I 34.27 33.75 4.86

Shear modulus in the TR-plane with force
in the tangential direction (edgewise
shear perpendicular to the grain)

Gv,12 J 765.22 691.18 25.87

Shear modulus in the RT-plane with force
in the radial direction (edgewise shear
perpendicular to the grain)

Gv,13 K 342.96 336.90 5.86

Shear modulus in the RL-plane with force
in the radial direction (edgewise shear
perpendicular to the grain)

Gv,23 L 49.09 44.99 7.90

Global MoE in bending parallel to the
grain in the longitudinal direction
(flatwise bending parallel to the grain)

Em,1 M 10 193.74 10 003.05 1.84

Global MoE in bending perpendicular to
the grain in the tangential direction
(flatwise bending perpendicular to the
grain)

Em,2 N 2 004.94 1 944.65 8.04
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4.5.7. MEAN STRESS-STRAIN CURVES FOR COMPRESSION AND TENSION

To compare the magnitude of the stresses and the stress-strain response in compression and

tension in the three orthogonal directions, Figure 4.29 shows the mean stress-strain curves of

the compression and tensile tests in the longitudinal, tangential, and radial directions. These

curves were constructed by averaging the stress values for equal strains. Therefore, the maxi-

mum values presented in the plot do not necessarily match the compressive or tensile strength

values presented in Table 4.5. This discrepancy occurs because the maximum stress values,

which are considered for the computation of the strength, are not always reached at the same

strains. Nevertheless, there is no apparent large deviation.

This plot clearly shows that the strongest direction in both tension and compression is

the longitudinal direction, followed by the radial direction. Timber in the radial direction can

withstand large deformations, but its strength in this direction is negligible compared to the

strength in the longitudinal direction.
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Figure 4.29: Mean curves for compression and tension in the three orthogonal directions.
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5
EXPERIMENTAL PUSH-OUT TESTS ON THE

DEVELOPED SHEAR CONNECTIONS

5.1. INTRODUCTION

Shear connections constitute a critical component of composite structures, ensuring the in-

tegrity and effectiveness of composite action. The connectors maintain the components to-

gether, reduce their relative slip, transfer the shear forces, and enhance the overall stiffness and

strength of the system.

The three demountable connections developed in this research project allow for disassem-

bly and prevent crushing of the timber in the radial direction while optimal preloads of high-

strength bolts can be attained. A detailed description of the connections is presented in Chap-

ter 3, Section 3.3.

The load-bearing behaviour of the newly developed connections was investigated experi-

mentally through push-out tests with a double-symmetric test setup, implementing LVL plates

connected to HEB steel profiles. Three identical specimens were tested to assess each con-

nection type, hence, a total of nine push-out tests were carried out. This chapter presents the

details of the experimental campaign as well as the results and the discussion of the tests re-

sults.

5.2. OVERVIEW OF THE EXPERIMENTAL TESTING CAMPAIGN

The evaluation of the connections’ performance involved a series of push-out tests aimed at

assessing the load-slip characteristics of the three types of demountable shear connectors and

determining their respective failure modes. The test setup was designed following the guide-

lines outlined in Eurocode 4 (EN 1994–1-1) [94] for push-out tests of steel-concrete connec-

tions, leading to the execution of double-symmetric push-out tests.

The experimental testing campaign consists of three series of push-out tests (POT), with

each series corresponding to one shear connection type. Each series comprises three identical

specimens, an overview of the tests is shown in Table 5.1. Specifically, POT1 covers connection

type 1, POT2 tests connection type 2, and POT3 examines connection type 3.
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Table 5.1: Overview of push-out tests carried out in this investigation.

Test series
Shear

Connection
Test IDs Specimen IDs

Push-out test

series 1

Type 1

(SCT-1)
POT1

POT1-1

POT1-2

POT1-3

Push-out test

series 2

Type 2

(SCT-2)
POT2

POT2-1

POT2-2

POT2-3

Push-out test

series 3

Type 3

(SCT-3)
POT3

POT3-1

POT3-2

POT3-3

5.3. MATERIALS

5.3.1. LAMINATED VENEER LUMBER (LVL)

LVL is an engineered wood product formed by bonding and layering 3 mm thick wood veneers,

creating wood panels with various dimensions and layups. Two standard layups are distin-

guished [13]: LVL-P, where veneer layers run parallel to each other, and LVL-C, with approxi-

mately 20% of veneer layers oriented perpendicular to the grain.

In this experimental investigation, crossband LVL-C from MetsäWood (i.e. Kerto-Q) [134]

with a thickness of 144 mm were used to produce the timber plates (650×300×144 mm) of the

push-out tests specimens. The layup of the panels consists of 48 veneers with a thickness of

3 mm as follows: II-IIIII-III-III-IIIII-II-IIIII-III-III-IIIII-II, where ’I’ represents the veneers with

the grain aligned in the longitudinal direction and ’-’ represents the cross veneers (i.e. veneers

with the grain placed perpendicular to the grain of the ’I’ veneers), Figure 5.1 shows the layup

of the LVL used for the push-out tests. This LVL product is crafted with Scandinavian Spruce

(i.e. Picea abies) wood. The cross veneers in the LVL matrix enhance the strength and stiffness

of the timber elements in the direction perpendicular to the grain.

Figure 5.1: Layup of the crossband LVL with a thickness of 144 mm.
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LVL and CLT are among the most suitable engineered wood products for steel-timber com-

posite flooring applications. However, LVL was chosen for this study due to its low variabil-

ity in properties, enhanced strength and stiffness, and efficient utilization of smaller diameter

logs and low-grade timber. Additionally, since the shear connections were positioned near the

timber’s edge, which is susceptible to splitting failure, the cross veneers reinforce this region,

preventing such failure.

The strength and stiffness properties of the LVL were obtained experimentally, the results

are presented in Chapter 4, in Section 4.5. The mean density of these LVL panels is 510 kg/m3.

Before the preparation of the plates for the assembly of the specimens the LVL panels were

stored indoors at room temperature. The average moisture content of the LVL plates was 12%,

it was measured using a capacitive moisture sensor from Ahlborn (sensor ID: FHA 696 MF) and

data logger ALMEMO 2590.

5.3.2. STEEL PROFILES

The steel profiles used for the push-out test specimens were crafted from an I-shaped European

hot-rolled section HEB 260 with steel grade S355 in accordance with EN 10025 [125], without

coating or painting. The length of the steel profile was 700 mm in all the specimens. A capping

steel plate S355 was welded to one end of the steel profile to transfer the load from the jack

to the specimen. Eight coupon shape specimens were tested in tension, and were conducted

according to EN ISO 6892–1 [135] in order to determine the mechanical properties of the struc-

tural steel S355 of the steel profiles. A mean yield strength of 399 MPa with a 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.

5.3.3. SHEAR CONNECTION DEVICES AND ROUND STEEL PLATES

The shear connection devices described in section 2 are depicted in Figure 5.2, they consist of

a steel tube grade S460 according to EN 10025 [125] with an external diameter of 35 mm and

a wall thickness of 6.3 mm. These tubes were welded to steel elements that differed based on

the shear connection type. For SCT-1, a round steel plate was employed, while SCT-3 featured

a rectangular plate, both made from steel grade S460. SCT-2 incorporated a Geka connector

welded to the tube. None of these steel tubes or plates had coatings or paint.

Round steel plates, made of S460 steel, were placed beneath the bolt head and below stan-

dard washers to prevent uplift of the timber panels. SCT-1 and SCT-3 featured round plates

with an outer diameter of 75 mm and a thickness of 10 mm, while SCT-2 utilized round plates

with an outer diameter of 80 mm and a thickness of 5 mm. Four coupon shape specimens

were tested in tension, and were conducted according to EN ISO 6892–1 [135] in order to de-

termine the mechanical properties of the steel S460 of the shear connection devices. A mean

yield strength of 526 MPa with a CV of 0.2%, a mean ultimate strength of 581 MPa with a CV of

0.3%, and a mean modulus of elasticity of 203 GPa with a CV of 1.6%, were obtained.
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Figure 5.2: Components of the shear connections.

5.3.4. GEKA CONNECTORS

Connectors type C11 (i.e. Geka connectors) for bolts M20 (C11–80M20) complying with EN 912

[126] were used in shear connection type 2 (SCT-2), these connectors are shown in Figure 5.2.

One Geka connector was welded to the steel tubes described in Section 5.3.3 and another con-

nector was placed underneath the bolt head and the round steel plate. The Geka connectors

were made of galvanized cast iron, they had an outer diameter of 80 mm, a hole with a diameter

of 21 mm, and a total height (teeth and plate) of 15 mm.

5.3.5. SCREWS

Universal partial-thread screws (see Figure 5.2) were installed only in shear connection type 3

(SCT-3). The screws fix the shear connection device to the timber and make the connection

more robust, they help to reduce slip and prevent crushing of wood at early loading stages.

These universal partial-thread screws (ASSY 4 CSMP) made of stainless steel from Würth (ETA

11/0190) [127] with a diameter of 8 mm and a length of 140 mm were installed with an inclina-

tion of 60º with respect to the horizontal. According to the European technical approval (ETA)

of the product (ETA 11/0190) [127], the characteristic tensile strength ( ft ,k ) is 21.5 kN and the

characteristic yield moment (My,k ) is 23 N·m.
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5.3.6. BOLTS, WASHERS AND NUTS

High-strength partially threaded bolts M20 10.9 HV according to EN 14399 [128] (see Figure

5.2), with a diameter of 20 mm and a length of 210 mm, were used in the three shear connec-

tions. The tensile mechanical properties of the bolts were determined through tensile tests

carried out on four coupon specimens

A flat washer with chamfer for high strength fittings and hot dip galvanisation in accordance

with EN 14399 [128] was positioned under the head of the bolt and another washer was placed

under the nut, the washers are shown in Figure 5.2. The washer has an outer diameter of 37

mm, an inner diameter of 21 mm and a thickness of 4 mm. The hexagon nuts (see Figure 5.2)

used in the assemblies comply with EN 14399 [128], and were made with hot-dip galvanised

steel class 10Z, the nuts had a height of 16 mm.

5.3.7. DIRECT TENSION INDICATORS (DTI)

The direct tension indicators (DTI) (see Figure 5.2) made of galvanized steel and manufactured

by Turna-Sure, were placed under the washer at the bolt head side to ensure the minimum

preload requirement was met. Before preloading the bolt, the protrusions of the DTI leave a

gap be-tween the DTI and the element placed next to it (e.g. washer, nut, bolt head), during the

preloading the gap reduces (see Figure 5.3c), this gap is checked with a feeler gauge which has

a calibrated thickness. The minimum preload has been reached when the minimum number

of feeler gauge refusals as defined in EN 14399–9 [128] is observed.

5.4. BOLT PRELOAD CALIBRATION

In accordance to Eurocode 3 [129] and EN 1090–2 [130] the bolts were preloaded at 70% of its

ultimate strength. The minimum preload of bolted assemblies (Fp,C ) is estimated according to

Equation 5.1:

Fp,C = 0.7 fub As (5.1)

This level of preload is required for slip resistant connections and for all other preloaded

connections unless a lower level of preload is specified. In all the connection assemblies of this

research project, the target was to achieve the minimum preload specified above (i.e. 70% of

the ultimate strength of the bolt). Therefore, the required preload Fp,C for the M20 10.9 bolts

used in this investigation’s connection assemblies was 172 kN.

There are different methods to ensure the minimum required preload for slip resistant con-

nections is attained: (i) torque method, (ii) combined method, (iii) HRC method, and (iv) direct

tension indicator method (DTI method). Some details of these methods are as follows:

i. Torque method: the bolted assembly is tightened using a calibrated torque wrench.

ii. Combined method: this method consists of two steps, in the first tightening step the

torque wrench is set at 75% of the required torque moment, in the second step a specified

rotation is applied to the nut or the bolt head (preferably the nut), the rotation values
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depend on the bolt diameter and grade, reference values are given in EN 1090-2-2018

[130].

iii. HRC method: the high resistance calibrated (HRC) bolts are tightened using a specific

shear wrench equipped with two co-axial sockets, which react by torque one against the

other.

iv. DTI method: this method requires the use of special washers called direct tension in-

dicators in accordance with EN 14399-9 [128]. These indicators work as springs, they

have protrusions that deform while the preload is being applied to the bolt, the preload

is achieved when a certain gap in the protrusions is achieved.

In this study, the DTI method and the combined method (i.e. torque + nut rotation) were

implemented to ensure that the minimum preload of the bolted assemblies was reached.

To identify a suitable torquing procedure, tests were conducted on a connection assembly

of SCT-1. The test setup shown in Figure 5.3, consists of all elements of SCT-1, however, the

shear connection device (i.e. the tube welded to a round plate) was shortened in order to ac-

commodate a load-cell washer, which was placed between the shear connection device and the

flange of the beam to measure the applied force while tightening the nut. The load cell used

to measure the preload of the bolts in the tests was an HBM washer load cell 1-KMR/300KN

(see Figure 5.3b). The bolts, nuts and washers were used as delivered and no lubricants were

applied to any part of the assembly.

28
11

6
18

n46

10Bolt M20x210 10.9 HV
Washer + DTI

Round plate Ø75x10
Steel tube Ø35x6.3 
welded to round plate

Load cell

Washer
Hex nut M20

Steel profile HEB 260

REMARK:
Dimensions in [mm]

(a) (b)

(c)

Figure 5.3: Preload calibration tests: (a) test setup components; (b) test setup picture and
washer load cell; (c) set of pictures showing the DTI’s gap closing as the nut is tightened.
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The tightening procedure followed during these tests involved the following steps:

1. Initially, the nut was tightened with a torque wrench with the torque cut-out set to 240

N·m, during this step and subsequent steps, the bolt head was secured with a wrench to

prevent its rotation;

2. After the initial torquing step, the preload was applied gradually by increasing the torque

cut-out of the torque wrench;

3. The torque cut-out value, the nut rotation, and the force readings from the washer load

cell were recorded for each torque cut-out increment;

4. The test was finished when a load between 170 kN and 190 kN was reached.

This procedure was repeated for five new bolts. Additionally, the gap between the DTI and

the washer was measured with a feeler gauge to determine the number of refusals, as defined

in EN 14399–9 [128].

The data collected during the preload tests was used to construct the plots displayed in

Figure 5.4. The two plots show the values from an initial point at which a torque of 240 N·m was

applied, meaning that, for a nut rotation of 0° as indicated in the plot of Figure 5.4b, a torque of

240 N·m had already been applied. The correlation between force and torque was 70.4%, and

the correlation between force and nut rotation was 92.9%. Since the correlation between force

and nut rotation was significantly stronger, the full torque-based method was discarded, and

a combined torque+nut rotation method for tightening the bolts of this testing campaign was

defined as follows: (i) an initial torque of 240 N·m was applied, then (ii) the nut was turned 260°

to ensure the required preload. Once the specified rotation of the nut was reached, the gap of

the DTI was measured with a feeler gauge to verify the number of refusals.
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Figure 5.4: Results of preload calibration tests: (a) force vs. torque, and (b) force vs. nut rotation.
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5.5. SPECIMEN DETAILS

According to the literature presented in Chapter 2, the double symmetric push-out test setup

is the preferred testing setup to determine the mechanical properties of steel-to-timber con-

nections. In this investigation, the specimen’s arrangement and its components sizes were

defined following the recommendations for push-out tests established in Eurocode 4 [94] for

steel-concrete composites.

All the POT specimens of this testing campaign shared basic components, materials, di-

mensions and connections arrangement, the difference between them lies only in the shear

connection, which is different for each test series. Hence, the POT specimens have the follow-

ing main components (see Figure 5.5 and Figure 5.6):

i. A hot rolled steel section HEB 260 with steel grade S355 as described in Section 5.3.2,

the holes drilled in the flanges for the bolts had a diameter of 24 mm, oversized holes

with a diameter of 24 mm instead of 22 mm have been chosen to give tolerances during

the assembly of the STC slabs and because the target of the connections is to be used in

demountable and reusable flooring systems where tolerances are important.

ii. Four LVL plates with dimensions 650×300×144 mm, two plates were connected to each

flange of the steel profile leaving a gap of 10 mm between adjacent timber plates, the

orientation of the grain was parallel to the application of the load, the holes to accom-

modate the shear connection devices had exactly the diameter of the steel tubes (∅35

mm) so that there was no gap.

iii. A total of eight shear connectors to attach the timber plates to the steel profile, two rows

of connectors were placed on each flange of the beam with a longitudinal spacing of 250

mm and transversal spacing of 120 mm.

Figure 5.5: Main components and dimensions of the push-out test specimen.
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The timber plates were cut and drilled in the Luxembourg’s based company Prefalux using

a Hundegger Robot-Drive machine, the connection devices were also installed at Prefalux, and

then brought to the University’s workshop to finalize the assembly of the POT specimens.

The assembly of the specimens was carried out at the University of Luxembourg, during

this process, the shear connections introduced in this research project demonstrated ease of

installation and facilitated the overall component assembly process.

Figure 5.6: Pictures of a push-out test specimen.

5.6. TEST SETUP AND INSTRUMENTATION

The testing setup is depicted in Figure 5.7 and Figure 5.8, it consists of the specimen with the

components described in Section 5.5, sensors to measure displacements, and additional ele-

ments to secure the specimen and restrain the displacement of the LVL plates.

Steel profile HEB 260 and cap plate

LVDT sensors

Filler steel plate to prevent gap closing

LVL plates (650x300x144 mm)

Shear connectors

L-profiles in parallel faces (3 mm gap)

Neoprene strips at the base

L-profiles to restrain gap opening

Load (P)

Figure 5.7: Push-out test setup components.



5

66 5. EXPERIMENTAL PUSH-OUT TESTS ON THE DEVELOPED SHEAR CONNECTIONS

LVDT sensors were installed in the specimen to measure the relative displacement (i.e. slip)

between the steel profile and each one of the four LVL plates. To prevent the gap between

adjacent plates from closing, steel plates were placed in the gap. Additionally, steel L-profiles

fixed with threaded rods were positioned at the lower part of the specimen on two sides of the

specimen to prevent the gap from opening. Similar steel L-profiles, also fixed with threaded

rods, were used to prevent components from separating once the connection was lost, in this

case, a gap of 3 mm was left between the L-profiles and the timber plates.

The specimen was placed on a steel block covered by neoprene strips. The load was applied

vertically using the test portal PP 4000 HK-2DH from Form+Test, with a capacity of 4000 kN.

Figure 5.8: Pictures of the push-out test setup.

5.7. LOADING PROCEDURE

The time history of the load applied in the push-out tests is illustrated in Figure 5.9. Due to

the lack of testing standards targeting steel-timber composite structures, the loading protocol

implemented in this study considers the loading procedure for push-out tests of Eurocode 4

(EN 1994–1-1) [94] presented in Annex B and the loading protocol of EN 26891 [136].

The loading procedure had two main phases, in the first phase the loading was carried out

in force control mode, and in the second phase the loading was in displacement control mode.

In the first phase the specimen was loaded up to 480 kN which is about 40% of the estimated

maximum load (Pest ), then unloaded to 60 kN (~0.05Pest ), similar to what is established in the

initial loading-unloading phase of EN 26891 [136]. After this initial step, 25 loading-unloading

cycles within 60 kN and 480 kN were applied at a frequency of 1 cycle per minute, this was done

as it is recommended in Eurocode 4 for push-out tests of SCC connections.

After the 25TH cycle, the system was switched to displacement control. Then, subsequent

loading-unloading steps were carried out at 660 kN, 840 kN, 1020 kN and 1200 kN. After loading

the specimen up to each one of these load levels there was a waiting period of five minutes,

followed by unloading to 60 kN, when this load was reached there was a waiting period, which
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was of 30 seconds after the loading step at 660 kN and of five minutes in all subsequent steps.

In the last loading step, after loading at 1200 kN and unloading at 60 kN, the specimen

was either loaded up to failure of the connections or stopped when the maximum available

deformation of the testing setup (~140 mm) was reached.

Only one push-out test specimen of each type of shear connection was tested up to a dis-

placement of about 40–45 mm, when this slip was reached the test was halted to later do cut-

tings of these specimens and observe the state of the connections at this level of deformation.

This approach was applied to specimens POT1–1, POT2–3 and POT3–3. The other two speci-

mens of each series were tested until the shear connectors fractured or stopped when the max-

imum available deformation of the testing setup was reached.
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Figure 5.9: Time history of the applied load.

5.8. RESULTS AND DISCUSSION

5.8.1. LOAD-SLIP RESPONSE

LOAD BEARING MECHANISM AND SEQUENCE

The load-slip (P−δ) response of the three types of shear connectors exhibited nonlinearity with

significant deformation capacity. Despite differences in the magnitude of loads and bearing

stiffness, the load-slip patterns were similar among the three types of shear connections and

can be described as follows (see Figure 5.10):

1. An initial stiff response due to the friction provided by the preload of the bolt (i.e. slip

resistance), which ends when the slip resistance is overcome. The preload increases the

friction between the surface of the steel beam flange and the shear connection device,

nevertheless, there is a small displacement which can be attributed to a combination of

both, a relative displacement between the flange and the shear connection device, and

initial embedment of the shear connection device in the timber.

2. When the slip resistance was overcome, and due to the clearance between the bolt and

the hole in the flange of the beam, the sliding friction mechanism came into effect until

the flange and the bolt were in full contact.
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3. When contact between the bolt and top flange of the beam occurred, the load was trans-

ferred via shear in the bolt and respective bearing pressure at the contact point in the top

flange. Due to the pressure of the bolt on the shear connection device there was embed-

ment of the shear connection device in the wood, resulting in a nonlinear, monotonically

increasing response.

4. In the next branch the stiffness of the system reduced considerably due to yielding of

the connection, there was bearing and shear of the bolt as well as embedment of the

shear connection in the timber, this branch also exhibited a monotonically increasing

response.

4    Bearing and shear of the bolt, 
      embedment of the connection in the 
      timber, and development of one 
      plastic hinge in the connection.

2    Slip until the flange and the bolt are 
      in full contact.

3    Bearing and shear of the bolt, 
      and embedment of the connection 
      device in the timber.

1    Slip resistance given by the friction 
      due to the preload of the bolt.

4

3

2

1

Lo
ad

, P

Slip, δ

(a)

1 2 3 4

(b)

Figure 5.10: Load bearing sequence: (a) generalized load-slip curve; (b) schematic
representation of the main stages of the load bearing sequence.

CHARACTERISTICS OF THE LOAD-SLIP CURVES

The detailed load-slip curves of the three test series are shown in Figure 5.11, and a comparison

of the mean curves is depicted in Figure 5.12. Table 5.2 gives a summary of different parameters

calculated for the curves, these parameters are illustrated in Figure 5.13. The load-slip curves

of each specimen were obtained by averaging the slip recorded by the four LVDTs on the top

side of the specimen, then the load applied to the specimen was divided by eight, which is the

number of connectors in each specimen. In this way the load-slip curves presented in Figure

5.11 display the average load taken by each connector and the respective average slip.

The mean curves of each test series (Figure 5.12) were obtained as the average of the force

values for constant slip values. The results of the tests show that the connection type, the po-
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sition of the bolt inside the hole, and the bolt preload have relevant influence on the load-slip

response.
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Figure 5.11: Load-slip curves of the test series: (a) POT1 for SCT-1, (b) POT2 for SCT-2, and (c)
POT3 for SCT-3.
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Figure 5.12: Mean load-slip curves of the three push-out test series.
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Figure 5.13: Parameters derived from the load slip curves.

Table 5.2: Summary of parameters derived from the load-slip curves of the push-out tests
according to Figure 5.13.

Part A

Series Specimen
Pµ [kN] P6 mm [kN] P15 mm [kN]

Test Mean1 Test Mean1 Test Mean1

POT1

POT1-1 46.2
43.3

(6.9)

84.6
95.7

(10.1)

122.9
124.9

(1.5)
POT1-2 40.3 102.4 125.3

POT1-3 43.3 100.0 126.6

POT2

POT2-1 34.9
32.9

(8.7)

113.8
104.4

(7.9)

122.8
124.0

(1.1)
POT2-2 34.3 98.3 123.8

POT2-3 29.6 101.3 125.5

POT3

POT3-1 37.5
36.8

(5.6)

126.5
120.2

(4.6)

149.6
149.1

(0.4)
POT3-2 34.5 116.6 148.4

POT3-3 38.4 117.5 149.2

Part B

Series Specimen
Pmax [kN] K1 [kN/mm] K2 [kN/mm]

Test Meana Test Meana Test Meana

POT1

POT1-1 -
161.4

(7.6)

49.7
61.9

(17.5)

15.1
16.4

(11.9)
POT1-2 152.7 65.5 18.7

POT1-3 170.1 70.4 15.5

POT2

POT2-1 172.0
173.1

(0.9)

86.2
82.8

(21.5)

21.5
20.4

(6.4)
POT2-2 174.2 63.5 18.9

POT2-3 - 98.7 20.7

POT3

POT3-1 164.7
163.8

(0.7)

92.6
87.9

(5.7)

24.5
23.5

(6.6)
POT3-2 163.0 88.5 21.7

POT3-3 - 82.6 24.3

a The values in parentheses indicate the coefficient of variation.



5. EXPERIMENTAL PUSH-OUT TESTS ON THE DEVELOPED SHEAR CONNECTIONS

5

71

SLIP RESISTANCE AND INITIAL STIFFNESS

The bolts preloading procedure explained in Section 5.4 was developed to ensure consistent

preload and slip resistance in the test specimens with the same type of shear connection. Hence,

the first branch of the load-slip curve exhibits a high stiffness due to the friction between the

shear connection device and the flange of the steel beam, which is enhanced by the preload of

the bolts.

The average slip resistances (Pµ) obtained in each test series were 43.3 kN, 32.9 kN, and

36.8 kN for SCT-1, SCT-2, and SCT-3 respectively, with a CV of 6.9%, 8.7% and 5.6%, respectively

for each shear connection type. The stiffness (K1) of the initial branch of the load-slip curve

was estimated as the slope of a secant line intersecting the curve at 2/3Pµ, the average values

obtained respectively for each shear connection type were 61.9 kN/mm, 82.8 kN/mm and 87.9

kN/ mm with coefficients of variation of 17.5%, 21.5% and 5.7%.

INFLUENCE OF THE POSITION OF THE BOLT IN THE HOLE

The diameter of the bolt in the three types of shear connection was 20 mm and the diameter of

the holes in the flanges was 24 mm in all the specimens, this means that the bolt could have a

clearance within the hole of up to 4 mm, hence, the initial slip before the contact between the

bolt and the flange of the beam (i.e. before the bolt starts to work in bearing and shear) could

be up to 4 mm.

During the assembly of the specimens the intention was to place the bolt at the center of the

hole, this was achieved in most of the specimens, which in general showed a slip of about 2 mm

at the end of the second branch of the load-slip curves (branch 2 from Figure 5.10b), however,

the specimen POT2–1 and POT2–2 had a very small initial slip (~1 mm) in the bolt hole before

starting the bearing branch, and the specimen POT1–1 showed almost 4 mm of initial slip in

the bolt hole. This demonstrates the influence of the position of the bolt inside the hole of the

flange on the load-slip response, which causes a horizontal shift of the bearing branch (branch

3 from Figure 5.10b) in the load-slip curves, hence, depending on the position of the bolt, this

bearing branch starts to develop within the range of 0 to 4 mm of slip.

LOADS REACHED AT 6 MM SLIP

It is expected that the connections work at slip values smaller than 6 mm, this is to avoid dam-

ages of the connections and in the timber. This is in line with the assumptions made in Eu-

rocode 4 [94] for shear connections of steel-concrete composite structures, in which the con-

nectors are required to have a slip capacity of at least 6 mm, so that beams reach their capacity

when a slip of about 6 mm occurs. Hence, the loads corresponding to a slip of 6 mm (P6 mm)

were also obtained for each test. The average loads for each type of shear connection were 95.7

kN, 104.4 kN and 120.2 kN for SCT-1, SCT-2 and SCT-3 respectively, with their corresponding

coefficients of variation of 10.1%, 7.9% and 4.6%.

LOADS REACHED AT 15 MM SLIP

According to EN 26891 [136] the load reached at 15 mm (P15 mm) shall be recorded as the max-

imum load in the tests of steel-to-timber connections. In the push-out tests carried-out in this
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investigation, the connections reached the maximum loads at slip values which exceed consid-

erably the 15 mm limit established in EN 26891 [136]. Nevertheless, the parameter P15 mm has

been included in this analysis as a reference value.

It was observed that regardless of the initial slip before the bearing branch, the load-slip

curves reach values of the same order of magnitude at a slip of 15 mm, this is a point at which

they nearly converge. The load corresponding to this slip was taken as a reference for compar-

ison of the different types of connections and for the definition of the lower and upper bounds

for the evaluation of the stiffness of the bearing branch.

The average loads P15 mm for each type of shear connection were 124.9 kN, 124.0 kN and

149.1 kN for SCT-1, SCT-2 and SCT-3 respectively, with their corresponding coefficients of vari-

ation of 1.5%, 1.1% and 0.4%, which validates the near-convergence of curves at this point.

SCT-1 and SCT-2 reached similar load levels, whereas the load reached by SCT-3 were about

20% higher. This confirms that the implementation of screws to reinforce the connections can

significantly increase the load-carrying capacity of the connections.

STIFFNESS OF THE CONNECTION IN THE BEARING BRANCH

The stiffness (K2) of the connection in the bearing branch (branch 3 from Figure 5.10b) was

obtained through linear regression analyses. These regression analyses were done in a region

enclosed by the points corresponding to 0.4P15 mm and 0.8P15 mm . The average stiffness values

obtained in each test series were 16.4 kN/mm, 20.4 kN/mm and 23.5 kN/ mm, with a CV of

11.9%, 6.4% and 6.6% for SCT-1, SCT-2 and SCT-3 respectively. Moreover, in all the regression

analyses, correlation coefficients (R2) greater than 0.97 were obtained. The SCT-2 and SCT-3

had larger stiffness than SCT-1, this could be due to the use of Geka connectors in SCT-2 and

inclined screws in SCT-3 along with a thicker plate. In terms of stiffness of the bearing branch

K2, the SCT-3 had the best performance.

POST-YIELDING RESPONSE

In the bearing branch there was yielding of the connection, at this point the initial bearing

stiffness reduced significantly and the branch 4 from Figure 5.10b developed. The yielding of

the connection is owed to a combination of non-reversible timber crushing / embedment of

the shear connection device, and plastic yield deformation of the bolt and the shear connection

device. SCT-1 exhibited hardening from the yielding point, whereas in the SCT-2 and the SCT-3

this branch was close to a plateau between a slip of 10 mm and 35 mm. From a slip of 35 mm

SCT-2 and SCT-3 displayed hardening, in SCT-3 hardening was very small, and the post-yielding

branch was close to a plateau. This hardening was related to the densification of timber and

hardening of the steel components of the connection (i.e. shear connection devices and bolt).

For the specimens that were tested up to rupture of the connectors or up to the maximum

available deformation of the testing setup, the maximum loads (Pmax ) were obtained from the

load-slip data. The average values for SCT-1, SCT-2 and SCT-3 were 161.4 kN, 173.1 kN, and

163.8 kN respectively. After reaching this peak load, these specimens of SCT-2 and SCT-3 ex-

hibited a post-peak softening branch, while the specimens of SCT-1 experienced rupture of the

bolts.
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5.8.2. FAILURE MODE

The three types of shear connection showed a similar failure mode as shown in Figure 5.14.

In these connections, there was timber crushing due to embedment of the shear connection

device and one plastic hinge developed in the steel components at the steel-timber interface.

(a)

(b)

(c)

Figure 5.14: Cuttings of shear connections from tests that were stopped at 40-45 mm slip: (a)
SCT-1, (b) SCT-2, and (c) SCT-3.

In the specimens that were not tested up to rupture (i.e. POT1–1, POT2–3 and POT3–3),

pictures shown in Figure 5.14 (connections’ cuttings) and Figure 5.15 (specimens), it can be

noticed that there was rotation of the connection and embedment of the steel tube in the tim-

ber as well as little but noticeable embedment of the round steel plate—placed under the bolt

head—in the timber plate surface.
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(a)

(b)

(c)

Figure 5.15: Pictures of the specimens tested up to a slip of 40–45 mm: (a) SCT-1, (b) SCT-2, and
(c) SCT-3.

The three connections exhibited a large deformation capacity post-yielding. In the case of

SCT-1, the post peak behaviour was characterized by softening followed by rupture of the bolts

which did not fail simultaneously, this can be seen in the load-slip plots of SCT-1 (see Figure

5.11), the failure of each bolt caused a sudden drop in the post-peak branch, hence, this branch

has several load drops. One of the bolts that experienced rupture is depicted in Figure 5.16a.

The SCT-2 and SCT-3 were stopped when the maximum available deformation of the testing

setup was reached (i.e. ~140 mm), up to this point there was no rupture of the bolts, neverthe-

less, in both cases a softening branch post-peak was observed.

At large deformations (e.g. ~140 mm), in the specimens tested up to rupture, the head of the

connections was fully embedded in the timber as depicted in Figure 5.16. In the specimens of

SCT-1 (Figure 5.16a) the round plate placed under the bolt head was embedded in the surface

of the timber plates. Additionally, in some timber plates with SCT-1, downwards pulling of the

wood was observed at their top side. Similarly, in specimens of SCT-2 (see Figure 5.16b) the
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Geka and the round plate placed under the head of the bolt was fully embedded but, in this

case, the downwards pulling of veneers at the top of the timber plates was more evident, this

is related to the anchoring effect of the Geka teeth which pull downwards the veneers near the

surface of the timber plates. The SCT-3 (see Figure 5.16c), exhibited a similar but more visible

downwards pulling effect, which is larger at the veneers located near the face next to the flange

of the steel profile, this is due to the pulling effect of the inclined screws placed in that side of

the timber plate.

(a)

(b)

(c)

Figure 5.16: Pictures and details of specimens tested up to bolt rupture for (a) SCT-1, and up to
the maximum available deformation (~140 mm) of the testing setup for (b) SCT-2 and (c) SCT-3.
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6
EXPERIMENTAL FULL-SCALE STC BEAM TESTS

6.1. INTRODUCTION

The newly developed shear connections (see Chapter 3, Section 3.3) have been tested through

push-out tests (see Chapter 5) to assess their load-deformation behaviour and capacity. How-

ever, 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

research project included an 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. This chapter outlines the testing methodology, and presents the

results along with their corresponding discussions.

6.2. OVERVIEW OF THE EXPERIMENTAL TESTING CAMPAIGN

The flexural response of the STC beams was investigated through experimental six-point bend-

ing 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 (IPE 400) and LVL slabs on top with a thickness of 144

mm, connected using shear connectors that enable demountability and reuse (see Chapter 3,

Section 3.3). Table 6.1 presents an overview of the beam tests carried out in this investigation.

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 imple-

mented SCT-1, and BT-2 implemented SCT-3. SCT-1 was chosen due to its simplicity and ease

of fabrication compared to SCT-2, whereas SCT-3 was chosen due to its enhanced performance

and load-bearing capacity demonstrated in the push-out tests (see Chapter 5).

The two specimens had a total length of 10.6 m, a span (L) of 10 m, and a slab width (bsl ab)

of 2.51 m (see Figure 6.1). 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%.

79
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Table 6.1: Overview of beam tests carried out in this investigation.

Test Test ID
Shear

connection
Span [m]

Slab

width [m]

No. of

Specimens

Beam test 1 BT-1
Type 1

(SCT-1)
10 2.51 1

Beam test 2 BT-2
Type 3

(SCT-3)
10 2.51 1

6.3. MATERIALS

6.3.1. LAMINATED VENEER LUMBER

The slab panels of the two STC beams were made with crossband LVL-C from MetsäWood (i.e.

Kerto-Q) [134] with a thickness of 144 mm. It is the same engineered timber product used in the

push out tests and the same layup, it consists of 48 veneers with a thickness of 3 mm 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. Figure 5.1 shows the layup of the LVL used for both

the push-out tests and the beam tests. This LVL product is crafted with Scandinavian Spruce

(i.e. Picea abies) wood. The cross veneers in the LVL matrix enhance the strength and stiffness

of the timber elements in the direction perpendicular to the grain.

6.3.2. STEEL BEAMS

The steel beams used in the two STC beams were hot-rolled IPE 400 with steel grade S355 in

accordance with EN 10025 [125], without coating or painting. The length of the steel profile

was 10.6 m in the two specimens. Stiffeners were welded at different locations of the beam

and extension legs were welded at the supports, these elements were also produced with steel

plates grade S355.

Eight coupon shape specimens were tested in tension, and the tests were conducted ac-

cording to EN ISO 6892–1 [135] in order to determine the mechanical properties of the struc-

tural steel S355. A mean yield strength of 399 MPa with a 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.

6.3.3. SHEAR CONNECTION DEVICES AND ROUND PLATES

The shear connection devices of SCT-1 and SCT-3, as outlined in Chapter 3 in Section 3.3, con-

sist of a steel tube grade S460 according to EN 10025 [125] with an external diameter of 35 mm

and a wall thickness of 6.3 mm. These tubes were welded to steel elements that differed based

on the shear connection type. For SCT-1, a round steel plate was employed, while SCT-3 fea-

tured a rectangular plate, both made from steel grade S460.

Round steel plates, made of S460 steel, were placed beneath the bolt head and below stan-

dard washers to prevent uplift of the timber panels. SCT-1 and SCT-3 featured round plates
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with an outer diameter of 75 mm and a thickness of 10 mm.

Four coupon shape specimens were tested in tension, and were conducted according to

EN ISO 6892–1 [135] in order to determine the mechanical properties of the steel S460 of the

shear connection devices. A mean yield strength of 526 MPa with a CV of 0.2%, a mean ultimate

strength of 581 MPa with a CV of 0.3%, and a mean modulus of elasticity of 203 GPa with a CV

of 1.6%, were obtained.

6.3.4. SCREWS

Universal partial-thread screws (see Figure 5.2) were installed in shear connection type 3 (SCT-

3) of BT-2. These universal partial-thread screws (ASSY 4 CSMP) made of stainless steel from

Würth (ETA 11/0190) [127] with a diameter of 8 mm and a length of 140 mm were installed with

an inclination of 60º with respect to the horizontal. According to the ETA of the product (ETA

11/0190) [127], the characteristic tensile strength ( ft ,k ) is 21.5 kN and the characteristic yield

moment (My,k ) is 23 N·m.

6.3.5. BOLTS, WASHERS AND NUTS

High-strength partially threaded bolts M20 10.9 HV according to EN 14399 [128] (see Figure

5.2), with a diameter of 20 mm and a length of 210 mm, were used in the shear connections

of the specimens of BT-1 and BT-2. The tensile mechanical properties of the bolts were deter-

mined through tensile tests carried out on four coupon specimens.

A flat washer with chamfer for high strength fittings and hot dip galvanisation in accordance

with EN 14399 [128] was positioned under the head of the bolt and another washer was placed

under the nut, the washers are shown in Figure 5.2. The washer has an outer diameter of 37

mm, an inner diameter of 21 mm and a thickness of 4 mm. The hexagon nuts (see Figure 5.2)

used in the assemblies comply with EN 14399 [128], and were made with hot-dip galvanised

steel class 10Z, the nuts had a height of 16 mm.

6.3.6. DIRECT TENSION INDICATORS

The direct tension indicators (DTI) (see Figure 5.2) made of galvanized steel and manufactured

by Turna-Sure, were placed under the washer at the bolt head side to ensure the minimum

preload requirement was met, this was done by following the procedure established in EN

14399–9 [128].

6.3.7. MORTAR

High strength mortar (PAGEL V1/30 HF [137]) was used to fill the transversal gaps between ad-

jacent panels. This enables the effective transfer of compressive forces from the central panels

to the edge panels, consequently activating the connectors installed in the edge panels. This

mortar reaches a compressive strength of at least 70 MPa in 24 hours according to the technical

specifications of the supplier [137].
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6.4. SPECIMEN DETAILS

The dimensions and details of the specimens are depicted in Figure 6.1 and Figure 6.2. The

two STC beam specimens of this testing campaign consist of a downstanding steel profile IPE

400 S355 in accordance with EN 10025 [125] with a length of 10.6 m (Figure 6.2, part 3), and six

crossband LVL (LVL-C, Kerto-Q [134]) panels with a thickness of 144 mm, the two central panels

(Figure 6.2, part 2) have dimensions 4040×1250×144 mm, and the four edge panels (Figure 6.2,

part 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 Chapter 3, Section 3.3.
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Figure 6.1: Dimensions of the tested specimens.
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Stiffeners (Figure 6.2, part 11) were welded to the steel beam at the points where the load

was applied, and at the two supports, stiffeners and extensions of the base to the two sides

of the beam (Figure 6.2, part 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 (Figure 6.2, part

9) were filled with high strength mortar (PAGEL V1/30 HF [137]) 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 (Figure 6.2, part 5) to prevent its closure during

the test at large deformations.

Figure 6.2: Components of the STC beam specimens.

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 (Figure 6.2,

part 7). It is important to note that these plates are only necessary for testing purposes. In the
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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 (Figure 6.2, part 6). The SCT-1 connectors were implemented

in BT-1, while SCT-3 connectors were implemented in BT-2. Both types of connections incor-

porated bolts M20 grade 10.9, in accordance with Eurocode 3 [129] and EN 1090-2 [130], 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 assem-

blies 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 tighten-

ing procedure, established after testing eight SCT-1 connection assemblies instrumented with a

load cell, following a testing approach outlined in Chapter 5, Section 5.4. The tightening proce-

dure 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, followed by (ii) a 180-degree

rotation of the bolt head using a pneumatic wrench. This approach, involving bolt head rota-

tion, 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 (Figure 6.2, part 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.

6.5. ASSEMBLY PROCESS

The assembly process of the STC beam specimens is crucial for understanding the actual floor-

ing system’s assembly and identifying potential improvements in efficiency, cost, and execu-

tion 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 con-

nection 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 Figure 6.3.
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(a) (b)

(c) (d)

Figure 6.3: Pictures of the preliminary woodworks: drill details of the two types of connection
(a) SCT-1 and (b) SCT-3, and installation of the shear connection devices of (c) SCT-1 and (d)

SCT-3.

The assembly process was the same for the two STC beam specimens, pictures of the pro-

cess are shown in Figure 6.4. The procedure for assembling both STC beam specimens consists

of the following main steps:

(a) Initially, the IPE 400 steel beam was moved to the strong floor in the laboratory hall and

positioned on two supports (Figure 6.4a).

(b) During assembly, ratchet straps secured the specimen to these supports, and were later

removed just before starting the test (Figure 6.4b).

(c) The supporting braces were connected to the beam’s web with bolts, ensuring alignment

of the support arm with the beam’s top flange surface (Figure 6.4c).

(d) Subsequently, LVL panels were sequentially placed on the top flange of the steel beam.

At this stage, bolts were inserted but not tightened (Figure (Figure 6.4d)).

(e) After positioning all timber panels, the bolts were installed and tightened (Figure 6.4e).

(f) Wheels were installed at midspan to guide vertical movement of the specimen during

testing, their displacement is guided by a channel steel section attached to the portal

frame (Figure 6.4f).

(g) Next, the timber was protected with plastic film at the gaps, then, the mortar was poured
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using manual tools to ensure even distribution and removal of air pockets (Figure 6.4g).

(h) Finally, steel plates were placed at the gaps and near the panel edges to ensure horizontal

alignment of the timber slabs (Figure 6.4h).

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 6.4: Pictures showing the assembly steps: (a) positioning of steel beam; (b) installation of
ratchet straps; (c) installation of supporting braces; (d) placement of LVL panels; (e) preloading

of bolts; (f) installation of wheels at midspan; (g) filling transversal gaps with mortar; (h)
placement of steel plates to achieve horizontal alignment of slabs.
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6.6. TEST SETUP AND INSTRUMENTATION

The test setup and the instrumentation of the steel beams is depicted in Figure 6.5. The in-

strumentation layout is illustrated in Figure 6.6. The tests were carried out at the Laboratory

of Engineering Structures of the University of Luxembourg in a Test portal PP 4000 HK-2DH

(Form+Test) equipped with a hydraulic jack to apply the load vertically, it has a capacity of 4

MN.

Figure 6.5: Test setup and instrumentation of the STC beams.
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Figure 6.6: Test setup and instrumentation of the STC beams.

The two STC beam specimens were simply supported at two points and the load was trans-

ferred 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 Figure 6.5, part 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 transformers (LVDTs) and laser sensors that were placed

at different locations to monitor relevant displacements. At different sections of the LVL slabs,

LVDTs were placed at the top and at the soffit, to monitor local deformations 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 LVDTs 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



6. EXPERIMENTAL FULL-SCALE STC BEAM TESTS

6

89

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.

6.7. 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 Figure 6.7. 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.

300 2000 2000 2000 2000 2000 300
10000

855 800 855
2510

P/4 P/4 P/4 P/4

P

REMARK:
Dimensions in [mm]

Figure 6.7: Details of the load introduction.

Due to the lack of testing standards targeting specifically STC structures, the loading proce-

dure implemented in this study was based on the loading procedures established in EN 26891

[136] and Eurocode 4, Annex B [94]. The loading procedure presented schematically in Figure

6.8, shows that the specimens were initially loaded to around 40% of the estimated maximum

load (Pest ) and unloaded to 10% of Pest as established in the initial loading-unloading cycle of

EN 26891 [136]. To assess the response of the STC system in the elastic range (e.g. serviceability

conditions), 25 cycles within 0.1Pest and 0.4Pest were applied. Then, the specimen was grad-

ually loaded in several incremental steps, the load values corresponding to the different load

levels indicated in Figure 6.8 are presented in Table 6.2. 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 spec-

imen was unloaded after reaching a load of 674 kN and a midspan deflection of ~400 mm be-

cause 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).
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Figure 6.8: Schematic representation of the time history of the applied load.

6.8. RESULTS AND DISCUSSION

6.8.1. LOAD-DEFLECTION OF THE STC BEAMS

The moment-midspan deflection and load-midspan deflection curves obtained from BT-1 and

BT-2 are presented in Figure 6.9a and Figure 6.10a, and the deflection along the beam, mea-

sured with LVDT and laser sensors, for different loading stages is shown in Figure 6.9b and

Figure 6.10b. Additionally, the load and the corresponding midspan deflection values at dif-

ferent loading stages are presented in Table 6.2. Pictures showing an STC beam at different

loading stages are depicted in Figure 6.11. In Figure 6.9a, Figure 6.10a and in Table 6.2, the mo-

ment (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 ) corre-

sponds to the total force applied to the specimen. Hence, the moment in kN·m was estimated

as M = 6·P ·L/40. The forces, the moment at midspan, and the deflections reported here do not

include the effects of the self-weight which cause an additional bending moment at midspan

(Msw ) of approximately 38 kN·m.

In general, both beams exhibited similar response in terms of load-deflection. The re-

sponse 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 sec-

tion (section E), which occurred between loading stages III and IV. The yielding of the bottom

flange was identified when the strain exceeded 1.9‰. Additionally, 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 moment 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 (see Section 6.3.2).

In BT-2, after loading stage VIII, in the subsequent loading phase, a sudden drop of the load

was observed. This drop was linked to mortar crushing in one of the gaps and delamination of
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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 important to highlight that the termination of both tests

was dictated by the maximum deformation capacity of the test setup, rather than the complete

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.
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Figure 6.9: Load-deformation response of BT-1: (a) moment/load-deflection curve; (b)
deflection curves; (c) slip distribution along beam.
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Table 6.2: Parameters obtained at different loading stages.

Test
Loading

Stage

Load Moment
Midspan

Deflection

Maximum

Slip

Strainsa

Section A Section C Section E

P

[kN]

M

[kN·m]

w

[mm]

δ

[mm]

εt i mber

[‰]

εsteel

[‰]

εt i mber

[‰]

εsteel

[‰]

εt i mber

[‰]

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

(0.40)

-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)

-1.10

(2.20)

-3.78

(2.35)

-1.13

(3.90)

-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)

-0.60

(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)

a The values in parentheses indicate the strain values at the bottom of the component and the values that are not in

parenthesis correspond to the strain values at the top of the component.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 6.11: Pictures taken during the beam test at different loading stages: (a) Loading stage II;
(b) loading stage III; (c) loading stage IV; (d) loading stage V; (e) loading stage VI; (f) loading

stage VII; (g) loading stage VIII; (h) loading stage IX.
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6.8.2. 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 dis-

placements 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 Figure 6.9a and Figure

6.10a it is evident that there was no loss of stiffness during the 25 loading-unloading cycles

within the elastic range (i.e. service conditions). In the 25th loading cycle, the slope kel values

were recorded at 7.7 kN/mm for BT-1 and 8.0 kN/mm for BT-2.

6.8.3. 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 Figure 6.6 and Figure 6.6). The slip distribution for different load-

ing stages is illustrated in Figure 6.9c and Figure 6.10c for BT-1 and BT-2, respectively. In gen-

eral, 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 connectors at both ends of the beam (see

Figure 6.9c). Table 6.2 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 transferred 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 connections observed in the push out tests (see Chapter 5), this showcases the

reuse potential 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 undamaged, with an observed embedment of approximately 1 mm in

the timber, demonstrating the connections’ robustness.
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6.8.4. STRAINS IN THE TIMBER SLABS AND EFFECTIVE WIDTH

STRAINS IN THE TIMBER SLABS

The strains were measured at sections A, C, D, and E (see Figure 6.6) of the slabs in the top and

the soffit. The strains recorded in these sections for different loading stages are shown in Figure

6.12 for BT-1 and Figure 6.13 for BT-2.
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Figure 6.12: Strain measurements in the timber slab of BT-1: (a) section A-A at the top; (b)
section A-A at the soffit; (c) section C-C at the top; (d) section C-C at the soffit; (e) section D-D at

the top; (f) section E-E at the top; (g) section E-E at the soffit.

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
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the longitudinal axis of the beam and decrease towards the free edge of the panels. This indi-

cates 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. According to the

measurements, the effective width might vary with load changes. 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.
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Figure 6.13: Strain measurements in the timber slab of BT-2: (a) section A-A at the top; (b)
section A-A at the soffit; (c) section C-C at the top; (d) section C-C at the soffit; (e) section D-D at

the top; (f) section E-E at the top; (g) section E-E at the soffit.
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EFFECTIVE WIDTH

Due to shear deformations appearing in the plane of the timber slab and acting in the longi-

tudinal direction of the steel beam, the slab does not deform uniformly throughout its entire

width, therefore, the normal stresses lag from those appearing near the steel beam. The current

Eurocode 5 [69] 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) [13] as indicated in Eu-

rocode 5 [69] for plywood. Nevertheless, background supporting this assumption is lacking.

Further to this, little has been mentioned in the literature concerning the definition of an ef-

fective width for STC beams. There are studies on the effective width of CLT slabs connected

to timber beams, for instance Masoudnia et al. [138] proposed a formulation that depends on

several parameters such as the thickness of the layers, the span, and the modulus of elastic-

ity. Similarly, Kleinhenz et al. [139] 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 author

of this contribution is aware.

Considering the measurements of strains at midspan in section E, at the top of the timber

slab, an effective width was estimated according to equation 6.1:

be f f =
∫
εxx d y

εxx,max
(6.1)

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. Figure 6.14 shows the strain distributions considered for BT-1 and BT-2

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. Additionally, the effective width was determined for loading stage III,

which corresponds approximately to the proportional limit of the STC beam, obtaining effec-

tive widths of 2002 mm for BT-1 and 2016 mm for BT-2.
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Figure 6.14: Strain distribution and effective width at the top of the slab in section E-E of the
STC beams of (a) BT-1 and (b) BT-2.
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6.8.5. STRAIN DISTRIBUTION THROUGH THE DEPTH OF THE STC BEAM

The strain distribution through the depth of the STC beam is shown in Figure 6.15 for BT-1 and

Figure 6.16 for BT-2, in subfigures (a), (b) and (b) respectively for sections A, C and E. These

plots were built considering the measurements of the sensors located at axis 4 (see Figure 6.6)

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 6.2. 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.
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Figure 6.15: Strain distribution of BT-1 at (a) section A; (b) section C; and (c) section E.
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Figure 6.16: Strain distribution of BT-2 at (a) section A; (b) section C; and (c) section E.

Experimental results of the LVL showed that the proportional limit of the timber is reached

at a strain of about 5‰, whereas the strain corresponding to the proportional limit of the steel

S355 obtained experimentally is 1.9‰. According to this, the timber remained within the elastic

range throughout the test and the steel beam surpassed its proportional 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 shown

in Figure 6.9 and Figure 6.10.
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In BT-2 there was a redistribution of stresses which developed from loading stage VI on-

wards. From this loading stage the strains in the bottom flange of the steel beam increased sig-

nificantly 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 in tension at the bottom

flange of the steel beam 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, at Section E (midspan) as shown in

Figure 6.16c and Table 6.2 for loading stages VII, VIII, and IX, overlap, indicating that there is no

significant increase in stress within the steel profile at the midspan section. This suggests that

there was a redistribution of stresses in which the regions near the transversal gaps filled with

mortar became the most stressed regions of the beam.

According to these observations, when the the STC beams reach their capacity, 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 capac-

ity. 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 (transversal gaps).

6.8.6. GAP OPENING MEASUREMENTS

LVDT sensors were positioned at section B-B (see Figure 6.6) at the gap’s location to monitor the

opening of the gap at the soffit as the load increased. The measurements obtained at various

loading stages are depicted in Figure 6.17. 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.
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Figure 6.17: Gap opening measurements (section B-B) of (a) BT-1 and (b) BT-2.

For both beams, the gap openings were smaller near the center of the slab, close to the

slab-to-beam connection, and gradually expanded towards the free edge, where larger dis-

placements 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. loading stage

IX), the gap opening was around 8 mm near the connection and approximately 34 mm towards

the free edge.
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6.8.7. BEAM’S BENDING STIFFNESS

The results of the tests revealed that maximum bending moments were reached at deflection

values that are several times the deflections observed by the end of the the linear-elastic branch

of the moment-deflection curve. This indicates that the design of the demountable STC beams

is likely to be governed by deformation limitations rather than their ultimate capacity.

The deflection of an STC beam is depends on its effective bending stiffness ((E I )e f ). It is an

important parameter that can be used to determine the deflection of a beam within its linear-

elastic range. The experimental bending stiffness ((E I )exp ) of the STC beams was estimated for

the load and deflections measured at loading stages I and III (see Figure 6.9 and Figure 6.10).

To simplify the calculations, an equivalent system with a uniformly distributed load has

been considered. Since it was a six-point bending test with equidistant loads, and assuming

equal magnitude for the 4 loads applied on top of the beam, the moment distribution can be

approximated by an equivalent uniformly distributed load (q) according to Equation 6.2, where

the load P is the total applied load in the system with 4 concentrated loads with a magnitude

of P/4 for each load. Figure 6.18 shows the two equivalent systems, the two systems have equal

moment at midspan and nearly identical moment distribution.

q = 6 ·P

5 ·L
(6.2)

q = 6·P
5·L

P/4 P/4 P/4 P/4

LL/5

Mmax =  6·P·L
40

≈

Mmax =  6·P·L
40

L/5 L/5 L/5 L/5

Figure 6.18: Equivalent systems and the respective bending moments resulting from four point
loads P/4 as in the test setup and from a distributed load q = 6·P

5·L

The deflection curve of a beam, also known as the elastic curve (w(x)), can be obtained

by double integration of the curvature, which is represented by the second order differential

equation presented in Equation 6.3.

κ(x) = d 2w

d x2 = M(x)

(E I )e f
(6.3)

After double integration of this equation for the moment function M(x) corresponding to

a uniformly distributed load q(x), considering boundary conditions for a simply supported

beam, and solving for x = L/2 to find the maximum elastic deflection (wel ), equation 6.4 is ob-

tained. The experimental bending stiffness of the tested beams was obtained from this equa-

tion after solving for the bending stiffness as shown in equation 6.5. Thus, the experimental

bending stiffness values for BT-1 were 107 552 kN·m at loading stage I and 101 372 kN·m at
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loading stage III, and for BT-2 the bending stiffness values were 112 305 kN·m at loading stage

I and 104 748 kN·m at loading stage III. The efficiency of the composite action in terms of the

bending stiffness (ηE I ) was estimated according to Equation 6.6, considering the experimental

stiffness values for loading stage III. The ηE I values obtained for the tested beams, indicate an

enhancement in stiffness of 76.1% for BT-1 and 82.6% for BT-2.

wel =
5 ·q ·L4

384(E I )e f
(6.4)

(E I )exp = 5 ·q ·L4

384wel
(6.5)

ηE I =
E Iexp −E IK0

E IK∞ −E IK0

(6.6)

Möhler [93] studied the bending stiffness of composite beams with semi-rigid shear con-

nections and proposed an analytical model to estimate (E I )e f . The method was developed for

simply supported beams subjected to loads giving a sinusoidal bending moment, because for

that case the differential equation of partial composite action has a simple analytical solution.

Nevertheless, this method can be used for loads giving a bending parabolic bending moment

because the differences between the simplification and the exact solution of the differential

equation are not significant.

Möhler’s approach, also known as the "γ-method", has been included in Eurocode 5 [69]

for timber composite members in bending. Although, the method was originally developed

for timber-timber composite members (TTC), it has been used for other applications such as

timber-concrete composite (TCC) beams for instance by Frangi et al. [140] and by Bathon et

al. [141], and it has been also implemented for steel-timber composite beams by Loss et al.

[85] and Aspila et al. [91], giving a good approximation to the experimental bending stiff-

ness. Therefore, in this study the bending stiffness was calculated analytically with Möhler’s

approach, as specified in Annex B of Eurocode 5 [69]. Hence, (E I )e f was calculated according

to Equations 6.7 to 6.10, with the definitions of the different parameters presented in Figure

6.20.

(E I )e f = E1 · I1 +E2 · I2 +γ1 ·E1 · A1 ·a2
1 +γ2 ·E2 · A2 ·a2

2 (6.7)

where:

γ1 = 1

1+ π2·E1·A1·S
K ·L2

(6.8)

γ2 = 1 (6.9)

a2 = γ1 ·E1 · A1 · (h1 +h2)

2(γ1 ·E1 · A1 +γ2 ·E2 · A2)
(6.10)
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To estimate the bending stiffness of the tested beams with Möhler’s approach, the connec-

tor’s spacing S, was determined as the number of connectors per unit length. For comparison,

the bending stiffness was estimated considering two different assumptions for the shear con-

nection stiffness K (see Figure 6.19) as follows:

1. Initial stiffness of the connector, K1: If it is assumed that the shear connections have not

reached the bearing branch, then, the stiffness of the connectors is their initial stiffness

K1 as estimated from the load-slip curves obtained in the push-out tests (see Section

5.8.1).

2. Stiffness in the bearing branch, K2: When it is assumed that the connectors are in full

contact with the flanges and the timber, the stiffness of the connectors is governed by

the embedment of the connection in the timber, as observed in the push-out tests for the

bearing branch (K2) (see Section 5.8.1).
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ad

, P

Slip, δ

Figure 6.19: Shear connection stiffness values considered for the analytical estimation of the
beams’ bending stiffness.
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Figure 6.20: Idealisation of the steel-timber composite beam system and cross-section geometry
definitions.
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Table 6.3: Summary of analytical and experimental beam stiffness and deflections at midspan
for the tested beams.

Beam

test

Shear

connection

Connector’s stiffness Beam’s bending stiffness Midspan deflection

Notation
Value

[kN/mm]

(E I )e f
a

[kN·m2]

(E I )exp
b

[kN·m2]

(E I )exp
c

[kN·m2]

wel
d

[mm]

wel
b

[mm]

wel
e

[mm]

wel
c

[mm]

BT-1 SCT-1

K1 61.9 108 536

107 552 101 372

11.9

12.0

57.4

61.5
K2 16.4 87 947 14.7 70.9

K0 0.0 51 816 24.9 120.3

K∞ ∞ 125 040 10.3 49.9

BT-2 SCT-2

K1 87.9 112 237

112 305 104 748

11.2

11.2

55.2

59.1
K2 23.5 94 260 13.3 65.7

K0 0.0 51 816 24.3 119.5

K∞ ∞ 125 040 10.1 49.5

a Analytically obtained bending stiffness based on the connector’s stiffness.
b Experimentally obtained values for loading stage I (i.e. beggining of the linear-elastic-branch).
c Experimentally obtained values for loading stage III (i.e. end of the linear-elastic branch).
d Analytical prediction of the midspan deflection for loading stage I (i.e. beggining of the linear-elastic-branch).
e Analytical prediction of the midspan deflection for loading stage III (i.e. end of the linear-elastic branch).
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Figure 6.21: Moment-midspan deflection curves and beam stiffness for different shear
connection scenarios for: (a) BT-1 and (b) BT-2.



6

104 6. EXPERIMENTAL FULL-SCALE STC BEAM TESTS

A summary of the experimental and analytical bending stiffness values obtained for the

tested beams is presented in Table 6.3 and represented graphically in Figure 6.21. From these

results, it can be noticed that considering the initial stiffness of the connectors K1, leads to

bending stiffness (E I )e f values which are in good agreement with the initial bending stiffness

of the two beams, when the load at loading stage I is considered in the computation of (E I )exp .

According to the plots, this trend continues up to a load of 300 kN and a corresponding mo-

ment of 450 kN·m. However, when the calculations of (E I )exp are done considering the load

reached at loading stage III, the bending stiffness (E I )e f calculated with the gamma method

for K1 overestimates the stiffness observed in the tests, leading to an underestimation of the

midspan deflection.

When the stiffness of the bearing branch K2 is considered to compute the bending stiffness

(E I )e f , the values underestimate the experimental bending stiffness (E I )exp for both beams,

leading to midspan deflection values larger than the deflections measured in the tests. This

indicates that, at this loading stage, the stiffness of the connectors might not be governed by

the stiffness of the bearing branch K2 as the connectors have reached very small slip values of

less than 1 mm, and therefore, the bolts might not yet be working in bearing.

These results indicate that using Möhler’s approach for the calculation of the bending stiff-

ness of the tested STC beams gives reasonable results that are consistent with the experimental

observations.

6.8.8. 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 Figure 6.22c and Figure 6.22e), 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 con-

nections remained undamaged, no noticeable damage was observed in the timber and in the

holes of the beam flange (see Figure 6.23.

In the specimen of BT-2 the steel beam also plasticized, though to a larger degree as it un-

derwent larger deformations. Similar to the specimen 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 Figure 6.23).

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 defor-

mations 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 Figure 6.22d and Figure 6.22f). Notwithstanding the large

deformations underwent by this specimen and the delamination of some layers of timber, the
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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 plasticiza-

tion of the steel section at midspan and at the joint sections where the slabs have a transver-

sal discontinuity. The presence of these discontinuities (i.e. gaps filled with mortar) creates

two additional 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 de-

formations 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.

(a) (b)

(c) (d)

(e) (f)

Figure 6.22: 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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(a) (b) (c)

Figure 6.23: (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.



7
NUMERICAL INVESTIGATIONS ON STC BEAMS

7.1. INTRODUCTION

Non-linear 3D finite element (FE) models of STC beams were developed using ABAQUS [142]

to extend the findings of the experimental tests. The results of the numerical models were

compared with the experimental results to validate the finite element models. Using these

validated models, the influence of various parameters on the mechanical response of the STC

beams was investigated. The parameters studied were: (i) the steel grade of the steel beam, (ii)

the presence or absence of transversal gaps, including the effect of filling them, and (iii) the

connectors’ spacing and the degree of shear connection.

7.2. MODELLING STRATEGY

7.2.1. GENERAL

The 3D continuum finite element models were developed in the software ABAQUS [142] and

the implicit static solver was used to compute the simulations. The modelling strategy outlined

in this section refers to the models of the STC beams tested in the experimental investigation,

which were developed to validate the numerical models. Therefore, the geometry of the STC

beams, properties of materials, support conditions, and loading, correspond to those of the

STC beams tested experimentally.

Simply supported beams in 6-point bending consisting of an LVL slab, steel beam, and two

rows of shear connectors as described in Chapter 6, were modelled using 8-node brick elements

with reduced integration (C3D8R) for the slab, the steel beam, steel plates and half-rods. The

connectors were modelled as mesh-independent point-based fasteners.

The geometry and the features of the model are depicted in Figure 7.1, the dimensions are

illustrated in Figure 6.1. The total length of the STC beams was set to 10.6 m, the distance be-

tween supports was set to 10 m. The steel beams were modelled as IPE 400 profiles steel grade

S355, the stiffeners welded to the beam at the load introduction points and at the supports

have been included in the model. The six LVL panels of the tested beams were modelled with

properties of Kerto-Q LVL and the 10 mm gaps between them were included in the model. The

107



7

108 7. NUMERICAL INVESTIGATIONS ON STC BEAMS

mortar of the transversal gaps was considered in the model. The overall width of the panels

was 2.51 m. The load was applied as displacement at four points on top of the slab through half

rods and steel plates. Two models have been developed for the validation of the finite element

models, one for BT-1 implementing SCT-1, and another one for BT-2 implementing SCT-3.

Figure 7.1: Assembly of the STC beam modelled in ABAQUS [142], and details of the
components.

7.2.2. MATERIAL PROPERTIES

STEEL

The model incorporated the properties of the structural steel S355 obtained experimentally. A

quad-linear stress-strain relationship as proposed by Yun and Gardner [143] was implemented

in the FE model. The elasticity modulus E was set to 207 000 MPa, the yield strength fy was set

to 399 MPa, the ultimate strength fu to 512 MPa, and the Poisson’s ratio ν was set to 0.3. The

quad-linear stress-strain relationship [143] is defined by the function presented in Equation

7.1, the ultimate strain (εu), the hardening strain (εsh), the parameter C1 and the slope of the

hardening branch (Esh) are calculated according to Equations 7.2, 7.3, 7.4, and 7.5, respectively.

f (ε) =



E ·ε for ε≤ εy

fy for εy < ε≤ εsh

fy +Esh(ε−εsh) for εsh < ε≤C1 ·εu

fC1εu +
fu− fC1εu

εu−C1·εu
(ε−C1 ·εu) for C1 ·εu < ε≤ εu

(7.1)

εu = 0.6

(
1− fy

fu

)
, but εu ≥ 0.06 (7.2)
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εsh = 0.1
fy

fu
−0.055, but 0.015 ≤ εsh ≤ 0.03 (7.3)

C1 = εsh +0.25(εu −εsh)

εu
(7.4)

Esh = fu − fy

0.4(εu −εsh)
(7.5)

The values of the key parameters calculated from these expressions for the steel S355 tested

experimentally are given in Table 7.1.

Table 7.1: Summary of mechanical properties and key parameters defining the quad-linear
stress-strain relationship implemented in the FE model for steel S355.

Steel

grade

E

[MPa]

fy

[MPa]

fu

[MPa]

εy

[‰]

εsh

[‰]

εu

[‰]

Esh

[MPa]

C1

[-]

ν

[-]

S355 207 000 399 512 1.9 22.9 132.4 2 580 0.38 0.3

TIMBER - LVL

The grain direction of the LVL panels was considered as parallel to the longitudinal direction

of the beam. The mechanical properties of Kerto-Q LVL [134], a cross-banded LVL product

manufactured by Metsä Wood, were determined experimentally as shown in Chapter 3, mean

values were incorporated in the FE model. The Poisson’s ratios were obtained from Winter et

al. [144].

The orthotropic material was modelled through engineering constants, the yield and plas-

ticity were defined through Hill’s criterion [145, 146]. This modelling approach was chosen as

it has been used by other researchers to model steel-timber composite beams [86] with the

results showing good agreement with the experimental tests. The mechanical properties im-

plemented in the finite element model and the parameters to define Hill’s yield function are

summarized in Table 7.2.

Table 7.2: Summary of key properties and parameters implemented in the FE model for LVL.

Property Units
LVL directions i and i j

1 2 3

Ei [MPa] 7 920 1 765 1765

fy,0 [MPa] 40.4

fy,i [MPa] 40.4 11.1 11.1

12 13 23

fy,i j [MPa] 5.8 1.6 1.6

Gi j [MPa] 765 765 49

νi j [-] 0.44 0.44 0.23

According to the results full-scale beam tests presented in Chapter 6, the stresses in LVL

elements due to bending remained within the elastic range, even at the large deformations
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observed in the last loading stages. Nevertheless, the behaviour of LVL beyond the elastic range

was incorporated in the model, it was defined through Hill’s yield criterion [145, 146] according

to the potential function in Equation (7.6):

f (σ) =
√

F (σ22 −σ33)2 +G (σ33 −σ11)2 +H (σ11 −σ22)2 +2Lσ23
2 +2Mσ31

2 +2Nσ12
2 (7.6)

Where F , G , H , L, M , and N are constants defined in function of yield stress ratios (Ri j ) as

follows:

F = 1

2

(
1

R2
22

+ 1

R2
33

− 1

R2
11

)
(7.7)

G = 1

2

(
1

R2
33

+ 1

R2
11

− 1

R2
22

)
(7.8)

H = 1

2

(
1

R2
11

+ 1

R2
22

− 1

R2
33

)
(7.9)

L = 3

2R2
23

(7.10)

M = 3

2R2
13

(7.11)

N = 3

2R2
12

(7.12)

The six yield stress ratios (R11, R22, R33, R12, R13, and R23) are defined as follows:

R11 =
fy,1

fy,0
(7.13)

R22 =
fy,2

fy,0
(7.14)

R33 =
fy,3

fy,0
(7.15)

R12 =
p

3 fy,12

fy,0
(7.16)

R13 =
p

3 fy,13

fy,0
(7.17)

R23 =
p

3 fy,23

fy,0
(7.18)
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MORTAR

The mortar used to fill the transversal gaps in the full-scale beam tests was considered in the

FE model. During the tests, it was observed that mortar remains undamaged at large defor-

mations. Its behaviour was modelled through a bi-linear elastic perfectly plastic stress strain

relationship. The strength and stiffness values of the high-strength mortar Pagel V1/30HF were

obtained from the technical specifications provided by the manufacturer. The strength ( fcm)

was set to 100 MPa and the modulus of elasticity (Ecm) was set to 40 000 MPa.

7.2.3. SHEAR CONNECTION

The LVL panels were connected to the top flange of the steel beams by means of mesh indepen-

dent point-based fasteners. These connectors couple the soffit of the timber slab to the surface

of the top flange of the steel beam allowing only relative displacement along the longitudinal

direction of the beam.

The fasteners were placed at predefined points along the top flange of the beam, two rows

of equidistant connectors were modelled. The number of connectors of each row was set to 30,

this gives a total of 60 connectors along the beam. The spacing between them in the longitudi-

nal direction was set to 337.5 mm, the spacing between the two rows was set to 110 mm, and

the distance from the edge to the first connector was set to 406.25 mm.

The load-slip behaviour of the connectors was defined by introducing the experimentally

obtained mean load-slip curve of SCT-1 and SCT-3 (see Figure 7.2) for BT-1 and BT-2 respec-

tively.
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Figure 7.2: Mean load-slip curves of the shear connectors SCT-1 and SCT-3 implemented in the
FE models.

7.2.4. CONTACT DEFINITIONS

The contact was defined through contact pairs as surface-to-surface contact with normal and

tangential properties. Both properties were defined through a penalty factor. Normal contact

was defined as hard contact with a penalty factor of 1.0 for all contact pairs. A penalty factor of

0.5 was assigned to the tangential behaviour of steel-to-steel contact, whereas a penalty factor

of 0.3 was assigned to the tangential behaviour of steel-to-timber contact.
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7.2.5. BOUNDARY CONDITIONS

The boundary conditions are depicted in Figure 7.3. Boundary conditions were applied to two

reference points located in the surface of the bottom flange of the steel beam at 300 mm from

the edges to simulate the support conditions. These points couple the nodes of a 20 mm strip

defined at the surface of the bottom flange of the steel beam. At one end, the beam was re-

stricted from translating in the three principal directions (i.e., RP-3: U1=0, U2=0, U3=0), while

at the other end, only the longitudinal displacement along the 1-axis was allowed (i.e., RP-4:

U2=0, U3=0). The rotation around the 3-axis was unrestrained at both ends (i.e. RP-3 and RP-

4) whereas the rotation around 1-axis and 2-axis was restrained (i.e., UR1=0, UR2=0).

Boundary conditions were applied to reference points that couple the top surfaces of the

half-rods that transfer the load to the system (i.e. RP-1 and RP-2). These points were fixed for

translation in the 1-axis and 2-axis directions and allowed to translate in the vertical direction

3 (i.e. U1=0, U2=0). Regarding the rotation restrictions of these points, they were restrained

for rotations about 1-axis and 3-axis (i.e. UR1=0, UR3=0) and they were unrestrained for rota-

tion about 2-axis so that when they moved downwards they followed the rotation of the beam

surface.

(a)

(b)

Figure 7.3: Boundary conditions of the STC beam FE model: (a) isometric view; and (b)
elevation view.
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7.2.6. LOADING

The loading was applied at 4 points on top of the STC beam through steel plates 800×200×20

mm and half rods with a diameter of 100 mm and a length of 800 mm. The rods have been

evenly spaced every 2000 mm. The top surfaces of the half-rods have been coupled to refer-

ence points (i.e. RP-1 and RP-2) as shown in Figure 7.4. These points were fixed for translation

in the 1-axis and 2-axis directions and allowed to translate in the vertical direction 3, in this

direction the displacement was set to 500 mm (i.e. U1=0, U2=0, U2=500). Regarding the rota-

tion restrictions of these points, they were restrained for rotations about 1-axis and 3-axis (i.e.

UR1=0, UR3=0) and they were unrestrained for rotation about 2-axis so that when they moved

downwards they followed the rotation of the beam surface.

Figure 7.4: Loading conditions of the FE model of the STC beam.

7.2.7. MESH

The slab, the steel beam, steel plates, stiffeners and half-rods slab were meshed with using 8-

node brick elements with reduced integration (C3D8R). A mesh sensitivity analysis was done

to determine an efficient mesh size. This model consists of 123082 nodes and 85188 elements.

The mesh of the 3D FE model is depicted in Figure 7.5.

Figure 7.5: Mesh of the FE model of the STC beam.
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7.3. COMPARISON OF EXPERIMENTAL AND NUMERICAL RESULTS

7.3.1. COMPARISON OF MOMENT/LOAD VS. MIDSPAN DEFLECTION CURVES

Figure 7.6 shows a comparison of the experimental and the numerical moment vs. midspan

deflection curve for BT-1 in Figure 7.6a and BT-2 in Figure 7.6b. In the experimentally obtained

moment vs. midspan deflection curves, the moment due to self weight and the corresponding

deflection were not considered. To account for their effect in the numerical simulations, the

moment due to self-weight (i.e. Msw =38 kN·m) and the corresponding numerically obtained

midspan deflection were subtracted. The results show that for both tests, the FE model is in

good agreement with the experimental results.
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Figure 7.6: Experimental and numerical moment vs. midspan deflection curve for: (a) BT-1;
and (b) BT-2.
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7.3.2. COMPARISON OF SLIP MEASUREMENTS THROUGH THE BEAM

The slip was measured at different locations through the beam during the full-scale STC beam

tests. In the finite element simulations the slip was measured at every connector. A comparison

of these slip measurements is shown in Figure 7.7, for the last loading stage
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Figure 7.7: Experimental and numerical slip measurements for: (a) BT-1; and (b) BT-2.

The comparison of slip measurements depicted in Figure 7.7a for BT-1 shows good agree-

ment. Both curves exhibit nearly symmetrical behaviour with respect to the midspan, suggest-

ing similar bolt alignment along the beam. Conversely, in Figure 7.7b when comparing the

slip measurements for BT-2, disparities in slip measurements are observed. Positive values are

larger in the test, this difference between experimental and numerical results may be due to

misalignment of bolts on the edge panels on that side of the STC beam, potentially leading to

increased clearance and thus allowing for a larger travel of the bolts within the holes.
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7.4. INFLUENCE OF PARAMETERS ON THE MECHANICAL RESPONSE OF STC

BEAMS

7.4.1. GENERAL

To extend the results of the experimental full-scale beam tests and investigate the influence of

various parameters on the response of the STC beams, the calibrated numerical models were

used as the basis for numerical investigations.

The parameters investigated included: (i) the steel grade of the steel beam, (ii) the presence

or absence of transversal gaps and the effect of filling them, and (iii) the connectors’ spacing

and the degree of shear connection. Table 7.3 summarizes the parameters investigated, and

Figure 7.8 illustrates the nomenclature implemented to assign a unique label to each numerical

model.

Table 7.3: Summary of parameters considered in the numerical investigations.

Parameter Value Abbreviation

Span

(distance between supports)
10 m 10

Steel profile IPE 400 IPE400

Steel grade
S355

S460

S355

S460

Shear connection type
Shear connection type 1

Shear connection type 3

SCT1

SCT3

Spacing of connectors or

degree of shear connection

337.5 mm

515 mm

650 mm

1225 mm

Full-rigid shear connection

No shear connection

S1

S2

S3

S4

F

N

Transversal gaps

With transversal gaps filled

With transversal gaps unfilled

Without transversal gaps

GF

GU

NG

Figure 7.8: Nomenclature definition to assign a unique label to each numerical model.
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7.4.2. INFLUENCE OF THE STEEL GRADE OF THE STEEL BEAM

The two beams tested in the full-scale beam tests had steel profiles made with steel grade S355.

The influence of the steel grade of the steel beam was investigated by changing its properties

in the numerical models to structural steel grade S460.

The yielding strength ( fy ) and the modulus of elasticity (E) of this steel grade was obtained

experimentally from tests on the components of the shear connection devices which were pro-

duced with structural steel S460 as mentioned in Chapter 5 in Section 5.3.3. Hence, the yielding

strength implemented in the numerical models was 526 MPa and the modulus of elasticity was

203 GPa.

Figure 7.9 shows a comparison of the moment vs. midspan deflection curves obtained in

the full-scale beam tests and the numerical simulations with steel profiles grade S460. These

results show that the bending capacity increased significantly by implementing a profile with

steel grade S460, an enhancement of the bending capacity of at least 25% was observed.
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Figure 7.9: Moment vs. midspan deflection curves obtained in the tests and the numerical
simulations for: (a) BT-1; and (b) BT-2.
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7.4.3. INFLUENCE OF THE TRANSVERSAL GAPS

With the calibrated numerical models, the influence of the transversal gaps’ presence/absence

was investigated, along with the influence of filling and not filling the gap. Figure 7.10 shows

the midspan deflection curves obtained experimentally and numerically.

As explained in Chapter 3 in Section 3.2, the STC flooring system along the span consists

of 3 panels, one central panel covering approximately 40% of the span and two edge panels,

each one covering 30% of the span. This facilitates the transport and installation of the panels,

and provides construction tolerances. A gap of 10 mm between adjacent panels is present, it

must be filled with high-strength mortar to enable the transfer of compressive forces and to

activate the shear connectors in the edge panels. This segmentation generates transversal dis-

continuities between the central and the edge panels, which have an impact on the mechanical

performance of the STC beams as observed in Figure 7.10.
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Figure 7.10: Moment vs. midspan deflection curves obtained in the tests and the numerical
simulations for: (a) BT-1; and (b) BT-2.
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From these results, the following can be concluded:

• Influence of the gap presence/absence when the gap is filled: The results indicate that

there is no significant influence in the initial loading stages, which include the elastic

branch and part of the post-yielding branch. Meaning that it has no significant impact

in the initial bending stiffness of the STC beams. At a certain load, the responses diverge,

suggesting that STC beams with continuous slabs have higher stiffness post-yielding at

the last loading stages, thus, they have greater bending capacities.

• Influence of the gap filling: According to the results, the gap filling has a a quite relevant

impact on the response of the STC beams. Not filling the gap reduces their stiffness and

their capacity considerably. These results highlight the importance of filling the gaps

with a stiff material to ensure transfer of compression at all loading stages and activation

of the shear connectors installed in the edge panels.

7.4.4. INFLUENCE OF THE CONNECTORS’ SPACING AND THE DEGREE OF SHEAR CONNEC-

TION

The effect of the degree of shear connection was investigated by modifying the spacing between

the connectors and by modelling the cases of full-rigid shear connection and no shear connec-

tion. Figure 7.11, shows the experimentally and numerically obtained moment vs. midspan

deflection curves.

In the beam tests BT-1 and BT-2, the spacing between connectors was 337.5 mm, with two

rows, resulting in 60 connectors installed in each beam. Similarly, in the numerical models,

two rows of equidistant connectors were considered. The spacings and number of connectors

used in the models were 515 mm (40 connectors), 650 mm (32 connectors), and 1225 mm (18

connectors). Additionally, numerical models of beams with full-rigid shear connection and

no shear connection were developed, and the moment vs. midspan deflection curves were

included in the plots.

The results show that the tested beams have an initial bending stiffness similar to that of the

beam with full-rigid shear connection, while the difference in stiffness and capacity between

the tested beams and the beam with no shear connection is quite large. This demonstrates

that composite action enabled by the shear connectors significantly improves the mechanical

performance of STC beams.

When the spacing between connectors was increased, and therefore the number of connec-

tors reduced, there was reduction of the initial bending stiffness and of the ultimate bending

capacity. However, the impact on the loads reached at similar midspan deflections in the final

loading stages was not as significant. In particular, the beam configurations with spacings of

515 mm and 650 mm were able to bear loads at a midspan deflection of 500 mm similar to those

observed in the tested beams with a spacing of 337.5 mm. This is due to the specific load-slip

response of the connectors. Fewer connectors result in larger slip values, but this also means

that each connector transfers more shear forces. Consequently, even with fewer connectors,

large compressive forces can be developed in the slab due to the connectors’ large deformation
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capacity and the high loads they can transfer at large deformations. The presence of more con-

nectors is associated with increased initial bending stiffness and lower slip values. However,

connectors at lower slip values transfer fewer shear forces, meaning that the increase in ulti-

mate bending capacity provided by more connectors is not as significant as the improvement

in initial bending stiffness and the reduction in slip.

For the beams with connectors spaced at 1225 mm (18 connectors), the bending stiffness

and the maximum loads reached are lower than those for the cases with closer spacing and

more connectors, but they are still quite large compared to the case of no shear connection.

Thus, even with a relatively low number of connectors, it is possible to significantly improve

the stiffness and capacity of the STC beams compared to beams with no shear connection.
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Figure 7.11: Moment vs. midspan deflection curves obtained in the tests and the numerical
simulations for: (a) BT-1; and (b) BT-2.
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ANALYTICAL DETERMINATION OF THE BENDING

CAPACITY OF STC BEAMS

8.1. INTRODUCTION

Due to the lack of standardised design procedures and technical documentation, conventional

steel-timber flooring systems are typically designed by either considering (i) the contribution

of the steel beam alone or (ii) the sum of the moment resistance of the steel beam and the

timber slab (i.e. additive moment resistance), but neglecting the additional bending capacity

and bending stiffness provided by the composite action achieved by the shear connectors. Al-

though these are conservative assumptions that are on the safety side, both approaches can

lead to significant underestimation of the beams’ bending capacity and to overestimation of

their deformations, both critical aspects decisive when comparing different systems. These

assumptions may result in uneconomical and/or unfeasible solutions.

σ

M1=0

M2

Bending capacity: MR = M2
Stiffness: EI = E2I2

2

1

fy

fy

(a)

σ

M1

M2

Bending capacity: MR = M2 + M2
Stiffness: EI = E1I1 + E2I2

2

1

fy

fy

fc

fc

(b)

Figure 8.1: Typical considerations for the estimation of the bending capacity of steel-timber
beams that neglect the effects of composite action: (a) steel beam only, and (b) steel beam +

timber slab (shear connection neglected).

STC beams can be optimized by taking composite action into account. Indeed, their widespread

implementation heavily depends on the availability of adequate analysing procedures. Devel-

121
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oping such procedures is crucial for enabling designers to compare STC flooring solutions with

other alternatives in terms of mechanical performance.

For STC beams, the calculation of the bending capacity cannot be done as in the case of SCC

beams by assuming perfectly-plastic material constitutive laws for steel and concrete, with the

tension of concrete neglected due to cracking (see Figure 8.2). Timber has a different behaviour,

it can withstand considerable tensile stresses but it exhibits brittle failure when it reaches its

tensile strength. Thus, neglecting the contribution of tension of timber to the capacity would

not be appropriate. Furthermore, a fully elastic analysis, where both steel and timber remain

within their elastic ranges, could lead to significant underestimations of the bending capaci-

ties. Tests have shown that STC beams reach their capacity when the steel beams have been

plasticised, while the timber remains within the elastic range or reaches its tensile strength at

its bottom fibre. Therefore, there is a need for procedures that consider these particularities of

the two materials when working as a composite.

σ

fyd

0.85·fcd

Mpl,Rd

Nc  = η·Nc,f

Na

beff

fyd Ma

Figure 8.2: Example of a plastic stress distribution considered for the calculation of SCC beams
in sagging bending in which steel and concrete are idealised as perfectly-plastic and tension in

concrete is neglected [94].

In order to address existing knowledge gaps in analysing approaches for STC beams, this

study proposes two procedures to determine the ultimate capacity of STC cross-sections for

any degree of shear connection (i.e. considering the composite action): (i) a strain-based pro-

cedure, and (ii) a simplified analytical procedure. Additionally, the γ-method established in

Eurocode 5 [69] has been adapted for STC beams and it is proposed as a suitable method for

the estimation of their bending stiffness and bending capacity within the elastic range.

The ultimate load of a beam is typically determined by the moment of resistance at the

critical cross-section. Due to the nonlinearities associated to the materials response and the

geometry of the section components, finding closed formulations for composite beams can be

challenging. However, this can be overcome by implementing strain-based procedures. These

approaches can accurately predict the cross-section resistance of composite beams with non-

linear materials and complex geometries.

Due to its robustness, this study proposes a strain-based procedure to predict the bend-

ing capacity of STC beams. Additionally, an algorithm to estimate the shear forces effectively

transferred by the shear connectors is presented. The connectors developed in this investi-

gation as well as other steel-to-timber connectors used in conventional STC flooring systems,
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exhibit a load-slip response which cannot be directly idealised as either rigid or rigid-ductile.

Consequently, their resistance cannot be assumed as the shear force effectively transferred by

all the shear connectors placed within the shear length. The proposed approach transforms

such load-slip curves into an idealised rigid-ductile (i.e. perfectly-plastic) load-slip response,

which simplifies the computation of the shear forces transferred by the connectors.

The proposed strain-based procedure is an accurate analytical tool that predicts the mo-

ment resistance of an STC cross-section at any given state of stresses as it considers the exact

strain distribution and non-linear material constitutive laws can be implemented. Neverthe-

less, its implementation might be a challenging and time-consuming task. Therefore, in this

contribution simplified analytical procedures for elastic and ultimate limit state analyses are

proposed considering assumptions that are based on the experimental observations and the

results of the strain-based procedure.

Comparisons of the analytical predictions of the proposed procedures with the experimen-

tal and numerical results are presented, demonstrating good agreement. These comparisons

highlight the procedures’ capabilities to predict the bending capacity of the STC beams.

8.2. CONSIDERATIONS FOR STC BEAMS

The analytical procedures to predict the cross-section resistance of STC beams presented in

this contribution were developed for steel-timber composite beams with downstanding I-shaped

beams and timber slabs with material properties that can be considered homogeneous through

its depth.

The shear lag effects in the timber slab in the transversal direction can be simplified consid-

ering an effective width. In this study effective widths of L/5.5 are considered for the ultimate

limit state based on the findings of the experimental investigation presented in Section 6.8.4.

This method considers the following basic assumptions:

i. Plane sections remain plane, meaning that sections of the beam which are plane before

deformation remain plane after deformation. This implies that all strain is uniaxial and

occurs only due to bending (i.e no shear strain).

ii. It is assumed that there is no vertical separation of materials when composite beam is

subject to bending (i.e. no uplift of the timber slab occurs).

iii. Any section of the beam is not subjected to torsional moments.

iv. Local or global buckling effects are not considered.

v. The timber material of the slab and the steel material of the beam are assumed to be

homogeneous.

vi. The mechanical properties of the timber material in tension and compression are those

corresponding to the timber in the X-axis (or 1-axis) direction, which is the longitudinal

direction of the timber slab developed in this project.

vii. For the steel profiles, when considering hot rolled I-shaped sections the radius at the
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web-flanges interface are neglected. The components of the cross-section (i.e. timber

slab, flanges of the beam and the web of the beam) are considered as rectangular shapes.

8.3. STRAIN-BASED PROCEDURE

Due to the non-linearity of the materials and the geometry of composite sections it is nearly

impossible to find exact analytical solutions to determine the bending capacity of composite

beams. One practical solution to overcome this, is the implementation of iterative strain-based

approaches. Hence, in this chapter a strain-based approach developed to determine the ulti-

mate capacity of STC beams subject to sagging moment is presented.

In this strain-based procedure (see Figure 8.3), the cross-section is divided in several hori-

zontal layers (fibres). The strain distribution through the depth of the beam and the assumed

material constitutive laws are the basis to determine the stresses in the cross-section at the

different layers. Average stress and strain values are computed at each fibre and the strain dis-

tribution is modified until equilibrium of the internal normal forces in the section is reached.

The moment resistance of the cross-section is then calculated for the equilibrium state. This

general procedure can be applied to any cross-section regardless of the shape and materials.

Its accuracy depends on the fiber size, the smaller the layers the better the accuracy.

In general, this procedure consists in the following main steps (see Figure 8.3):

1. The cross-section is divided in several horizontal layers (fibres).

2. The material constitutive laws are established.

3. Limit strains are defined for each material.

4. The strain distribution through the depth of the section is defined.

5. Based on the material constitutive laws, and considering average strains at every layer,

the corresponding average stresses are determined.

6. The internal normal forces are estimated, their sum is computed, and equilibrium is

checked.

7. The strain distribution is modified in each iteration until equilibrium of the internal

forces in the cross-section is reached.

8. When equilibrium is reached, the moment resistance is calculated.

Details of the procedure are presented in Annex A. The strain-based procedure presented

in this chapter was used to estimate the bending capacity of the tested beams and to compare

with the numerical simulations as shown in Section 8.10.
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Strain-based procedure steps:

Figure 8.3: Schematic representation of the general strain-based procedure to determine the
moment resistance of an STC beam cross-section.
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8.4. MATERIAL CONSTITUTIVE LAWS

8.4.1. STEEL

The typical engineering stress-strain curve of hot-rolled carbon steel obtained in quasi-static

tensile tests is shown in Figure 8.4a. The first branch is linear and corresponds to the elastic

range, when the yielding point is reached, the curve turns into a region of plastic flow with near

to constant stress, followed by a non-linear hardening branch, the peak stress is reached and

then the curve turns into a descending branch.

According to EN-1993-1-1 [147], the elasticity (E) of hot-rolled carbon steel is 210 000 MPa.

Other parameters such as yielding strain (εy ) and strength ( fy ), hardening strain (εsh) and

strength ( fsh), and ultimate strain (εu) and strength ( fu), depend on the steel grade.

Accurate and simple representation of the full stress-strain curve is relevant for analyti-

cal and numerical analyses where large plastic strains are encountered. Common simplified

models that represent the material response of hot-rolled carbon steels are: (i) linear elastic

perfectly-plastic (Figure 8.4b); (ii) bi-linear elastic with linear hardening (Figure 8.4c); (iii) tri-

linear (Figure 8.4d); (iv) quad-linear (Figure 8.4e); and (v) perfectly-plastic (Figure 8.4f).
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Figure 8.4: Material constitutive laws for hot-rolled carbon steel: (a) experimental engineering
stress-strain relationship; (b) linear elastic perfectly-plastic; (c) bi-linear elastic with linear

hardening; (d) tri-linear; (e) quad-linear; and (f) perfectly-plastic.
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8.4.2. TIMBER

Timber is an anisotropic material commonly considered as orthotropic for engineering pur-

poses. Its behaviour is different in the three orthogonal directions (i.e. longitudinal, tangential

and radial). Typically, for the structural assessment of timber structures, the properties in ten-

sion and compression are considered as equal in strength and stiffness, and only the elastic

range is considered. Nevertheless, timber engineered elements in compression and in bending

can bear loads beyond the elastic range, in bending the fracture of the timber occurs in a brittle

manner when fibers reach their tensile strength capacity.
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Figure 8.5: Material constitutive laws for timber in the longitudinal direction: (a) experimental
stress-strain; (b) linear elastic perfectly-plastic; (c) bi-linear (or multi-linear) elastic with strain

hardening; (d) linear elastic; (e) perfectly-plastic; and (f) perfectly-plastic without tension.

In uniaxial compression and tension in the longitudinal (grain) direction, the stress-strain

relationship of LVL panels shown in Figure 8.5a is the typical curve observed in tests. In this

curve, the LVL in tension is brittle and in compression it exhibits a ductile behaviour. The

stress-strain relationship in compression and tension differs upon reaching the proportional

limit. In tension, the proportional limit is linked to brittle rupture, whereas in compression

after reaching the proportional limit, the curve turns into non-linear hardening, then reaching

a peak point, followed by a softening branch.

The stress-strain relationship in tension can be idealized as linear-brittle, in compression

it can be idealized through the following simplified models: (i) linear elastic perfectly-plastic
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(Figure 8.5b); (ii) bi-linear (or multi-linear) elastic with strain hardening (Figure 8.5c); (iii) lin-

ear elastic (Figure 8.5d); (iv) perfectly-plastic (Figure 8.5e); and (v) perfectly-plastic without

tension (Figure 8.5f). Due to the lower strength and stiffness of timber in the tangential di-

rection compared to those in the longitudinal direction, the timber elements in bending are

commonly oriented with their grain in the spanning direction. This allows to maximize the

strength and minimize deflections.

8.5. SHEAR CONNECTION CASES

8.5.1. GENERAL

When a beam composed of two or more materials is subject to bending, the parts tend to de-

form at different rates and to develop different internal forces which depend on the mechanical

properties of the materials and the shear connection characteristics. In STC beams there are

three main cases in terms of mechanical behaviour that are of interest. These cases are related

to the shear connection used to attach the elements and to transfer the shear forces caused by

the interaction of the different mechanical properties of the components. The three cases are

(see Figure 8.6): (i) full-rigid shear connection, (ii) no shear connection, and (iii) partial shear

connection.

A full-rigid shear connection occurs when the shear connection is so strong that the ul-

timate load is determined by the maximum moments of resistance. The maximum load is

reached when the optimum stress distribution occurs in the cross-sections of maximum bend-

ing moment. Adding more shear connectors will not increase the maximum load, as the maxi-

mum moments are normative. However, this represents an ideal case that is difficult to achieve

in practice, as most shear connectors undergo deformations that cause slip at the steel-timber

interface before they can bear any force. Conversely, using fewer shear connectors results in a

smaller ultimate load, which depends on the number of connectors installed. This scenario is

defined as a partial shear connection. The lower limit is reached when no shear connectors are

used at all.

These cases affect both the bending capacity and the bending stiffness of the composite

beams. Understanding these cases and their implications in terms of strains and stresses dis-

tribution through the depth of the cross-sections is crucial to implement both the strain-based

procedure and the simplified procedure.

In the strain-based procedure outlined in this chapter, one of the objectives is to generate

the moment resistance (MR ) vs. degree of shear connection (η) curve for a given cross-section

of an STC beam, regardless of the characteristics of the shear connection. This can be con-

structed when the boundary values (i.e. full-rigid and partial shear connection) and interme-

diate values (partial shear connection) are determined. Once built, this curve can be used to

estimate the bending capacity of an STC beam with any degree of shear connection. In con-

trast, the simplified procedure does not require to build up the full MR vs. η curve. It offers a

more direct approach to determine the capacity of an STC beam when the normal force that

can be developed in the timber slab is known (i.e. total shear force effectively transferred by the
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connectors). However, this method can also be used to create the full MR vs. η curve for a given

cross-section.

(a)

(b)

(c)

Figure 8.6: Shear connection cases: (a) full-rigid shear connection; (b) no-shear connection; (c)
partial shear connection.

8.5.2. FULL-RIGID SHEAR CONNECTION

Full-rigid shear connection in an STC beam implies full interaction between the timber slab

and the steel beam section. This means the shear connections fully transfer the shear forces

developed at the interfaces between steel and timber, with slip at the steel-timber interface

being zero or negligible. The entire section behaves as a monolithic element, maximizing the

benefits of composite action. Consequently, this represents the upper bound of the MR vs. η

curve. In this case, the strain distribution accross the cross-section is represented by a single

straight line, indicating no slip between the timber slab and the steel beam (see Figure 8.6a).
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8.5.3. NO SHEAR CONNECTION

When there is no shear connection but the timber slab and the steel beam are subjected to

bending without separation (i.e. no uplift of the timber slab), there is no shear interaction

between them, resulting in slip. Consequently, the bending capacity of the system is merely

additive, meaning that the overall moment resistance (MR ) of the system equals the sum of

their individual bending capacities, MR, t i mber and MR, steel . This represents the lowest possi-

ble moment resistance for a composite beam and thus, it is the lower bound on the MR vs. η

curve. In this scenario, the strain distribution consists of two discontinuous straight lines with

the same slope, as depicted in Figure 8.6b, ensuring compatibility of deformations. In general,

for mass timber slabs, the contribution of the timber slab to the bending capacity cannot be

neglected for this case, as it could lead to an important underestimation of the overall capacity

of the beam.

8.5.4. PARTIAL SHEAR CONNECTION

In the case of partial shear connection, the degree of shear interaction between the timber slab

and the steel beam is determined by the shear connectors. Their characteristics, such as stiff-

ness, capacity, and arrangement along the length of the beam, dictate the amount of shear force

that can be transferred between the timber slab and the steel beam, which is smaller compared

to a full-rigid shear connection. Consequently, there is slip, and both the bending capacity and

stiffness are less than those observed in a full-rigid shear connection. Therefore, the bending

capacity of a beam with partial shear connection can range between that for rigid shear con-

nection and no shear connection cases. Similarly to the case of no shear connection, the strain

distribution consists of two discontinuous straight lines with the same slope to ensure compat-

ibility of deformations, as shown in Figure 8.6c.

8.6. DEGREE OF OF SHEAR CONNECTION IN STC BEAMS

One fundamental question that arises with STC beams that have partial shear connection is

how to determine their degree of shear connection, η. The degree of shear connection is a

value that varies between 0 and 1 (i.e. 0 ≤ η ≤ 1). A value of η = 1 indicates a full-rigid shear

connection, η = 0 means no shear connection at all, and all the intermediate values 0 < η < 1

represent partial shear connection.

Assuming that shear forces are transferred by n shear connectors placed within the shear

length of the composite beam, the degree of shear connection can be defined as the ratio of

the sum of the actual shear forces that can be transferred by the n shear connectors of the

composite beam (
∑n

i=1 Pi ) to the sum of the connectors’ shear forces required to achieve full-

rigid connection and monolithic behaviour ((
∑n

i=1 Pi )η=1), as shown in Equation 8.1.

η=
∑n

i=1 Pi

(
∑n

i=1 Pi )η=1
(8.1)

These forces are equal to the normal force that can be developed in the timber slab in the
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case of partial shear connection (Nt i mber ) and for full-rigid shear connection (Nt i mber, η=1),

respectively (see Equation 8.2 and 8.3).

n∑
i=1

Pi = Nt i mber (8.2)

(
n∑

i=1
Pi

)
η=1

= Nt i mber, η=1 (8.3)

Therefore, the degree of shear connection in STC beams can be also estimated according to

Equation 8.4.

η= Nt i mber

Nt i mber, η=1
(8.4)

This concept is straightforward, however, estimating the actual shear force that can be

transferred by the shear connectors in a given composite beam might be challenging. This

complexity arises because the shear force effectively transferred depends on the shear con-

nections’ mechanical properties, their arrangement along the beam, and the slip distribution

throughout the beam. The task becomes particularly challenging when the connectors cannot

be idealized as rigid-ductile (i.e., perfectly-plastic), as with the shear connections developed in

this research project. In such cases, determining the transferred shear forces requires either

experimental testing, complex numerical simulations, and/or analytical procedures.

8.7. EFFECTIVE SHEAR RESISTANCE OF STEEL-TO-TIMBER CONNECTIONS

8.7.1. GENERAL

The shear connectors significantly influence the structural behaviour of composite beams. The

amount of shear forces that can be effectively transferred by each connector (Pi ) is largely in-

fluenced by its specific load-slip response and the actual slip occurring in the composite beam

under bending. It is important to note that slip varies along the length of a composite beam; it

is more pronounced with some connectors and less with others, depending on their stiffness,

specific load-slip response, and the number of connectors used. These are critical concepts

that might be overlooked by standard procedures. For instance, according to Eurocode 5 [69],

the shear forces transferred in a composite beam with multiple shear connectors is typically

estimated by multiplying the shear resistance of each connector (PR ) by the number of con-

nectors (n) (see Equation 8.5).

n∑
i=1

Pi = PR ·n (8.5)
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Figure 8.7: Schematic representation of the relationship between the slip of shear connectors in
STC beams, their load-slip response and the shear force they transfer.

However, this approach relies on the assumption that, at the ultimate limit state, every

shear connector can achieve slip values of at least the slip corresponding to the shear resistance

(PR ) of the connection (i.e. the slip at δR ). This implies that the connectors are idealised as

rigid-ductile, meaning that each connector placed within the shear length transfers a constant

force equal to their shear resistance PR (see Figure 8.7, Case 1). Indeed, this idealisation simpli-

fies the analysis of composite beams by eliminating the need to determine the slip distribution

in the beam, thus reducing the estimation of the transferred shear forces to a single arithmetic
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calculation. Unfortunately, the validity of this assumption must be carefully assessed to pre-

vent unrealistic and unsafe estimations of the transferred shear forces, the normal force in the

timber slab, and the bending capacity of the STC beam.

For STC beams, the assumption of a rigid-ductile connection might be adequate in some

cases (see Figure 8.7, Case 1), but inappropriate in others (see Figure 8.7, Case 2 and 3). This

is because certain connectors, such as those with low stiffness as well as the connectors devel-

oped in this study, reach their resistance load at relatively large slip values, which may be un-

achievable in some STC beams (see Figure 8.7, Case 2 and 3). Consequently, this assumption

may not hold true, potentially leading to an overestimation of the total shear forces transferred

by the connectors. This could result in an overestimation of the bending capacity of the STC

beams, since the total shear force transferred by the connectors placed within the shear length

is equal to the normal force that can be developed in the timber slab (see Equation 8.2).

This emphasizes the importance of understanding the relationship between the load-slip

response of steel-to-timber connectors, their idealisation, and the actual expected slip in the

STC beam where they are installed. Therefore, it is essential to consider appropriate assump-

tions for the shear connectors to ensure their compatibility with the beam’s actual response

and to prevent unrealistic estimations of the bending capacity of the STC beams.

8.7.2. IDEALISATION OF THE LOAD-SLIP RESPONSE OF STEEL-TO-TIMBER CONNECTIONS

The idealisation of the connection significantly impacts the estimation of a system’s bending

capacity and must be carefully chosen to avoid errors that could lead to unsafe solutions. The

choice of idealisation for a connector depends not only on its load-slip response but also on

the slip that the connector is expected to reach in the actual structural system. Some typical

idealisations for steel-to-timber shear connections are as follows (see Figure 8.8):

(a) Rigid brittle: Initial high stiffness and brittle failure.

(b) Rigid ductile (perfectly-plastic): Initial high stiffness and plasticity.

(c) Semi-rigid brittle (linear elastic): Lower stiffness and brittle failure.

(d) Semi-rigid ductile (linear elastic perfectly-plastic): Lower stiffness and plasticity.

δy=δu=0

P

δ
(a)

δy=0 δu

P

δ
(b)

δy=δu>0

P

δ
(c)

δy>0 δu

P

δ
(d)

Figure 8.8: Idealisation of steel-to-timber connections: (a) rigid brittle; (b) rigid ductile; (c)
semi-rigid brittle; and (d) semi-rigid ductile.
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In general, connectors with sufficient deformation capacity can be idealised as perfectly-

plastic, however, this is only feasible when it can be ensured that, at the ultimate limit state,

the connectors are able to reach slip values of at least the slip corresponding to their shear

resistance (PR ) or a threshold load (Px ). Threshold loads are typically associated to a slip of

x mm, for example, the load at 6 mm slip, in which case x =6 mm and, therefore, the load is

denoted as P6 mm. Thus, for connectors with sufficient deformation capacity, three main cases

can be distinguished (see Figure 8.7):

1. Case 1: The connectors resistance at the ultimate limit state is defined at PR and the cor-

responding slip is δR . In this case, all the connectors placed within the shear length can

reach slip values of at least δR without failing (i.e. δR < si < δu). Consequently, the con-

nectors can be idealised as perfectly-plastic at PR . With this assumption, the estimation

of the total shear forces transferred as PR ·n would yield conservative results for both the

total shear forces and the bending capacity of the beam.

2. Case 2: The connectors’ resistance at the ultimate limit state is again defined at PR with

the corresponding slip at δR . In this scenario, some connectors reach slip values larger

than δR while others exhibit smaller slip values (i.e. δR < si < δu for the former and

si < δR for the latter). Consequently, the connectors may not be idealised as perfectly-

plastic at PR . Doing so could potentially lead to an overestimation of both the total shear

forces transferred and the capacity of the beam.

3. Case 3: Here, the connectors’ resistance at ultimate limit state is defined at Px with the

corresponding slip at δ = x. None of the the connectors placed within the shear length

of the beam reach the slip value δ = x associated to the threshold load Px (i.e si < x). A

similar situation occurs when the connectors’ resistance is defined at PR with the corre-

sponding slip at δR , and all the slip values reached by the connectors in the STC beam

are smaller than δR . In these scenarios, the connectors may not be idealised as perfectly-

plastic at PR or Px , respectively. This assumption would lead to an overestimation of both

the total shear forces transferred and the bending capacity of the beam.

When it cannot be ensured that the connectors can reach the slip values associated to their

shear resistance or the threshold load (e.g. Case 2 and Case 3). The shear force transferred by

each connector can be either (i) estimated individually based on the slip distribution along the

beam and the load-slip response specific to the connector, or (ii) an adequate threshold load

may be defined in such a way that the idealisation as perfectly-plastic does not overestimate

the actual shear forces transferred.

8.7.3. IDEALISATION OF THE LOAD-SLIP RESPONSE OF THE DEVELOPED CONNECTIONS

For some connectors, such as those developed in this investigation, the idealisation as perfectly-

plastic may seem in principle not feasible due to their highly nonlinear behaviour and shear

resistance associated with large slip values that are not achievable in the STC beam. For the

beams tested in this investigation, the estimation of the shear forces transferred cannot be done



8. ANALYTICAL DETERMINATION OF THE BENDING CAPACITY OF STC BEAMS

8

135

considering the full resistance of the connectors for three main reasons:

1. The load-slip curves obtained in the push-out tests (see Section 5.8.1) were highly non-

linear, the curves flattened at slip values larger that 15 mm and peak loads were reached

at even larger slip values.

2. According to the results of the beam tests, the slip distribution along the beam was not

constant, indeed, the slip varied throughout the length of the beam (see Section 6.8).

3. The maximum recorded slip values at the final loading stages, observed near the ends of

the beam, were relatively small, approximately 6 mm (see Section 6.8).

This indicates that the connectors transferred loads associated with slip values ranging

from 0 to 6 mm (i.e. Pi for 0 < si < 6 mm). Thus, assuming that every connector transfers

a constant load (i.e. perfectly-plastic idealisation), for instance associated with a slip of 15

mm (P15 mm) or 6 mm (P6 mm), would be incorrect and lead to an overestimation of the to-

tal shear force transferred and the bending capacity of the beam. In this case, the estimationof

the transferred shear forces may be computed individually for each connector. Nevertheless,

due to the large deformation capacity of the connectors, they can be idealised as perfectly-

plastic. However, the critical question remains: which threshold load can be considered as

effectively transferred by each connector (PR, e f f ) so that the sum of the actual forces is ap-

proximately equal to the number of connectors n multiplied by their effective shear resistance

(i.e.
∑n

i=1 Pi ≈ n ·PR, e f f ), without overestimating the transferred forces, thus, ensuring that

n ·PR, e f f <
∑n

i=1 Pi .

8.7.4. DEFINITION OF EFFECTIVE SHEAR RESISTANCE OF CONNECTORS

Regardless of the characteristics of the load-slip response of the shear connection, the most ac-

curate approximation of the actual shear forces effectively transferred by the connectors is the

sum of the actual shear forces calculated connector by connector, based on the actual slip each

connector reaches in the composite beam (i.e.
∑n

i=1 Pi ) and its specific load-slip curve. The

average shear force transmitted by each connector along the beam is defined as the effective

shear resistance (PR, e f f ), as shown in Equation 8.6.

PR, e f f =
∑n

i=1 Pi

n
(8.6)

Since the product of the number of connectors and the effective shear resistance (n ·PR, e f f )

is equal to the sum of the shear forces transferred by the shear connectors (
∑n

i=1 Pi ), perform-

ing this calculation would be equivalent idealise the connectors as perfectly-plastic transfer-

ring a constant force equal to PR, e f f . Thus, PR, e f f enables the idealisation of the connector

as perfectly-plastic. Based on this, the effective shear resistance of a shear connector (PR, e f f )

is the average force transferred by the connectors placed within the shear length of a compos-

ite beam, that enables the idealisation of a connector as rigid-ductile (i.e. perfectly-plastic),

thus, simplifying the procedure to estimate the compressive force that can be developed in the

timber slab.
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8.8. ALGORITHM TO TRANSFORM A LOAD-SLIP CURVE INTO AN EFFECTIVE

SHEAR RESISTANCE

8.8.1. GENERAL

As illustrated in Figure 8.7, it is possible to determine the resultant normal force that can be

developed in the timber slab (i.e. Nt i mber = ∑n
i=1 Pi ) of a composite beam when the following

is known: (i) the slip distribution along the beam, (ii) the load-slip curve of the given connector,

and (iii) the shear connectors arrangement through the beam (i.e. the position of each connec-

tor in the beam). Therefore, it is necessary to estimate first the slip developed at each one of the

shear connections, then, based on their slip value, the shear force transferred by the connec-

tor can be obtained from its load-slip curve. However, obtaining the exact slip values at each

shear connector (i.e. slip distribution) of a composite beam is a complex task that requires ei-

ther full-scale experimental investigations or advanced non-linear analyses with finite element

software.

In the REDUCE project [11], demountable and reusable SCC beams and their shear connec-

tions were developed and investigated. Within this framework, Kozma [7, 148, 149] proposed

an algorithm that transforms any arbitrary load-slip curve into an effective shear resistance

(PR, e f f ). This resistance can then be used to assess the internal normal force developed in

the slab, estimate the degree of shear connection, and determine the bending capacity of the

composite beams. This algorithm is suitable for composite beams whose connectors exhibit

a load-slip response that complicates defining a threshold load to idealise them as perfectly-

plastic, for instance highly nonlinear load-slip curves.

To proceed with this algorithm, the slip distribution through the composite beam must be

known. This may be obtained from tests, FE simulations, or approximated by a specific func-

tion. The algorithm proposed by Kozma [7] has been adapted for STC beams in this research

and may be used when connectors cannot be directly idealised as perfectly-plastic with the

load associated to their shear resistance, such as the connectors presented in this investiga-

tion.

In practical terms, the algorithm’s objectives are: (i) to simplify the procedure to determine

the slip distribution through a composite beam, and (ii) to transform a connector’s load-slip

curve into a perfectly-plastic idealisation that is consistent with both the load-slip curve of the

connector and the expected slip values in the STC beam (see Figure 8.9).

Figure 8.9: Schematic representation of the algorithm’s objective: transform a load-slip curve
into a perfectly-plastic idealisation at PR, e f f .
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Figure 8.10: Schematic representation of two possibilities to evaluate the shear forces
transferred by shear connectors that cannot be directly idealised as perfectly-plastic.

With the introduction of the effective shear resistance PR, e f f , there is an additional possi-

bility to assess the shear forces transferred by the shear connectors in an STC beam when they

cannot be directly idealised as perfectly-plastic (see Figure 8.10). The two main possibilities to

assess the shear forces transferred by the shear connectors are as follows:

(a) Connector by connector: The forces are estimated individually for every shear con-

nector. The slip distribution (s(x)) of the beam is obtained through testing, numeri-

cally or approximated by a mathematical function. Then, with the slip values corre-

sponding to each shear connection (si ) the shear forces transferred by each connector

(Pi ) are obtained from the load slip curve specific for the connector. The sum of these

forces is the total shear force transferred in the connectors (
∑n

i=1 Pi ), and it is equal to

the normal force that can be developed in the timber slab at the critical section (i.e.

Nt i mber =
∑n

i=1 Pi ).
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(b) With the effective shear resistance, PR, e f f : The effective shear resistance of a given con-

nector has to be previously estimated with the algorithm proposed in this study (see Sec-

tion 8.8.3). The evaluation of the transferred shear forces is straightforward in this case,

as it is based on the idealisation of the connector as perfectly-plastic, thus it is assumed

that every connector transfers a constant shear force equal to the effective shear resis-

tance of the connectors (i.e. Pi = PR, e f f ). Therefore, the total shear force is calculated

as the multiplication of the number of connectors and its effective shear resistance (i.e.∑n
i=1 Pi = PR, e f f ·n). This force is equal to the normal force that can be developed in the

timber slab at the critical section (i.e. Nt i mber = PR ,e f f ·n).

8.8.2. CONSIDERATIONS FOR THE ALGORITHM

The algorithm presented here is an effective analytical tool to determine the average shear force

transferred by shear connectors placed within the shear length of a composite beam, it relies

on the following considerations:

i. Slip distribution along the composite beam: the slip distribution s(x) is approximated

by a mathematical function.

ii. Load-slip curve of the shear connector: the load-slip response of the connector is well

defined and known from experimental tests (e.g. push-out tests).

iii. Shear connectors arrangement: six equidistant connectors are considered within the

shear length of the beam, the connectors’ arrangement is symmetrical with respect to

the midspan.

iv. The effective shear resistance: this resistance value estimated through the proposed al-

gorithm is specific to the shear connector and highly depends on both the assumed slip

function (s(x)) and the end-slip value.

The algorithm was developed for simply supported beams under sagging bending, thus,

the slip distribution (s(x)) along the beam can be approximated by the cosine function pre-

sented in Equation 8.7, as shown by Aribert [150] for SCC beams and by Kozma et al. [151] for

demountable SCC beams. For the STC beams tested in this investigation, this seems to be a

reasonable approximation as shown in Figure 8.11. This function is dependent on the end-slip,

which is an assumed value based on experimental and numerical observations.

s(x) = s1 cos
π · x

L
(8.7)
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Figure 8.11: Comparison of the slip measurements from the full-scale beam tests and the
proposed cosine slip function s(x) for: (a) BT-1 and BT-2.

According to Eurocode 4 [94], ductile shear connectors for SCC beams are able to develop

slip values of at least 6 mm, this means that at ultimate limit state the expected maximum slip

is at least 6 mm. This implies a correlation between slip and ultimate capacity, in which an end-

slip of at least 6 mm is implicitly linked to the ultimate capacity of SCC beams. For STC beams

there is not enough data to associate an end-slip value to their ultimate capacity. However,

based on the results of this investigation, 6 mm is also a reasonable end-slip value for the STC

beams developed and tested in this study. Therefore, this value might be cautiously adjusted

for different connections and STC systems as the effective shear resistance (PR, e f f ) is highly

influenced by this assumption.

In the proposed algorithm, the effective shear resistance (PR, e f f ) of the connectors is ob-

tained as the average shear force developed at the n rows of connectors placed within the shear

length of the beam (see Equation 8.8). For the sake of simplicity, it is proposed to use n = 6,

since it has been demonstrated that the value of the effective shear resistance (PR, e f f ) does

not vary considerably for n > 6 [7]. Additionally, the shear connectors are distributed equidis-

tantly through the beam.

PR, e f f =
∑n

i=1 Pi

n
(8.8)

8.8.3. ALGORITHM’S STEPS

The end-slip value considered to define the slip function s(x), must be carefully chosen, its

value corresponds to the end-slip expected at ultimate state when analysing the ultimate ca-

pacity of STC beams. Here, an end-slip of 6 mm is proposed for the analyses of the tested STC

beams. However, it may be a different value for different conditions (e.g. different shear con-

nection). Considering that an end-slip of 6 mm is reached at ultimate limit state of the STC

beams subject of this investigation, the algorithm to determine the effective shear resistance of

steel-to-timber connections, such as the connections presented in this contribution, the effec-

tive shear resistance of the connectors can be estimated as follows:

1. Six rows of shear connectors are evenly spaced along the beam’s shear length.

2. The slip distribution is defined as a cosine function according to Equation 8.7.
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3. The slip of the first row of connectors (s1), the end-slip, is taken as 6 mm. Neverthe-

less, the suitability of this value for different conditions and shear connections is to be

assessed.

4. The slip values of the connector rows 2 to 6 (i.e. s2 to s6) are calculated.

5. With the slip values si , the shear forces Pi are obtained from the load-slip curve specific

for the connector.

6. Estimate the effective shear resistance PR, e f f according to Equation 8.8.

Consider six equidistant rows of shear connectors
within the shear length:1

Assume a cosine slip distribution defined as follows:

2

 5 With the slip values      , calculate the corresponding shear
forces       from the load-slip curve specific to the connector.

 
 

Estimate the effective shear resistance                 as the average of
the       values.6

   
 

The slip of the first row of connectors is taken as 6 mm:

3

The slip values at rows 2 to 6  are calculated:

 

to

 

from

 

4

s(x)
sn

si
s1

s(x)
sn

si
s1=6 mm

s5
s3s2

s6

s4
s1

s1si δ

P

Pn

Pi

P1

sn

Figure 8.12: Flow-chart of the algorithm’s steps.
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8.9. ESTIMATION OF THE BENDING CAPACITY OF STC BEAMS CONSIDER-

ING THE SECTION’S RESISTANCE AND THE EFFECTIVE SHEAR RESIS-

TANCE OF THE CONNECTORS

The stress-strain-based approach presented in Section 8.3 allows to determine the resistance of

an STC cross-section with specific geometry and material properties. When the moment resis-

tance values for different degrees of shear connection are computed, the resulting values can

be used to construct an MR vs. η curve. Once this curve and the degree of shear connection are

established, the moment resistance can be directly obtained from the curve (see Figure 8.13).

The procedure to determine the MR vs. η curve and the moment resistance of a beam with

a particular degree of shear connection involves the following steps:

1. Estimate the upper bound of the MR vs. η curve (i.e. moment resistance for full-rigid

shear connection).

2. Estimate the lower bound of the MR vs. η curve (i.e. moment resistance for no shear

connection).

3. Calculate intermediate values (i.e. moment resistance for partial shear connection cases).

4. Build the MR vs. η curve with the previously estimated values.

5. Compute the degree of shear connection (η) of the STC beam.

6. Determine the resistance of a beam with a particular degree of shear connection from

the MR vs. η curve.

a

b

MR, η=0

MR, η

MR, η=1

0<η<1.0 1.00

c

b

a
MR

η

c

Figure 8.13: Relation between moment resistance and degree of shear connection (MR vs. η
curve) and cases considered in the analysis of STC cross-sections: (a) rigid shear connection; (b)

partial shear connection; and (c) no shear connection.
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These steps can be grouped in three main procedures (see Figure 8.14):

I. Cross-section resistance: Estimation of the cross-section resistance values for different

degrees of shear connection and construction of the MR vs. η curve.

II. Degree of shear connection: Calculation of the degree of shear connection with con-

sideration of: (i) the effective shear resistance of the shear connectors according to the

approach presented in Section 8.8, and (ii) the amount of connectors placed within the

shear length in the actual STC beam configuration.

III. Bending capacity of the STC beam: The moment resistance (MR, η) can be directly ob-

tained from the MR vs. η curve with the known η value.

Cross section resistance:
Estimation of the cross-section
resistance and construction of the
bending resistance vs. degree of
shear connection curve.

I MR, η=0

MR, η=1

1.00

MR

η

Degree of shear connection:
Calculation of the degree of shear connection
considering the effective shear resistance of
the connectors and the amount of connectors
in the STC beam.

II

0<η<1.0

MR, η

0

MR

η

Bending capacity of the STC beam:
The bending capacity of the STC beam is
obtained from the bending resistance vs.
degree of shear connection curve based on the
degree of shear connection of the actual STC
beam.

III

Figure 8.14: Recapitulation of the procedures to estimate the bending capacity of STC beams.
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8.10. COMPARISON OF EXPERIMENTAL RESULTS AND STRAIN-BASED MO-

MENT RESISTANCE VALUES

8.10.1. GENERAL

The strain-based approach was implemented in a MATLAB script to build the MR vs. η curve

for the cross-section of the STC beams tested in this investigation (see Chapter 6). Examples

of the implementation of the strain-based procedure have been presented by Rugova [152],

Pelivani [153], and Akhigbe [154]. The effective shear resistance (PR, e f f ) of SCT-1, SCT-2, and

SCT-3 was obtained considering an end-slip of 6 mm, obtaining the values of 73.9 kN, 76.3 kN,

and 88.7 kN, respectively.

Due to the shear lag effects observed in the experimental investigations the effective width

estimated according to strain measurements in the timber slabs was L/5.5 as presented in Sec-

tion 6.8.4. Therefore, this effective width was considered in the geometry definition of the STC

cross-section for the analytical computations presented in this section.

In the analytical computations, the radius of the hot-rolled sections was neglected. Differ-

ent MR vs. η curves were obtained considering different assumptions for the materials’ stress-

strain relationships, then, the MR, η values for the tested STC beams were estimated from the

MR vs. η curves. The parameters of the material constitutive laws for steel and timber are

illustrated in Figure 8.15, and Table 8.1 summarizes the different steel and timber material pa-

rameters considered for the comparisons of experimental and analytical results.

Experimental
Idealisation

fc,1,lim

ɛc,1,lim

ft,1,lim

ɛt,1,lim

E

σ

ɛ

(a)

fs,lim

ɛs,lim

Experimental
Idealisation

E

σ

ɛ
(b)

Figure 8.15: Schematic representation of the material constitutive laws implemented in the
analytical calculations for: (a) steel; and (b) timber (LVL).

Table 8.1: Properties of steel and timber considered in the analytical calculations.

Property Units
Steel material model

S-1 S-2

E [MPa] 207 000 207 000

fs,l i m [MPa] 399 399

εs,l i m [‰] 150 1.9

Property Units
Timber material model

T-1 T-2

E [MPa] 7 920 7 920

fc,1,l i m [MPa] 40.4 34.3

ft ,1,l i m [MPa] 40.4 34.3

εc,1,l i m [‰] 5.1 8.6

εt ,1,l i m [‰] 5.1 4.3
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Since the objective is to estimate the capacity of the tested STC beams, elasticity modulus,

as well as the limit stresses and strains were defined according to the results obtained experi-

mentally. The material constitutive laws implemented in the strain-based procedure consider

that both, tension and compression can be developed in timber. An overview of the material

models and the moment resistances considered is presented below.

Steel material models:

i. S-1: The steel material model S-1 is defined by a linear elastic perfectly-plastic stress-

strain relationship, implemented to estimate the ultimate capacity of the STC beams

post-yielding of the steel profile.

ii. S-2: The steel material model S-2 consists of linear elastic stress-strain relationship, im-

plemented to estimate the capacity of the STC beams in the elastic range.

Timber material models:

i. T-1: The timber material model T-1 implements a linear elastic stress-strain relationship

considering identical elasticity modulus and limit stresses in both compression and ten-

sion. It is used with steel material model S-1 to estimate the ultimate capacity of the STC

beams and with S-2 to estimate the capacity of the STC beams within the elastic range.

ii. T-2: The timber material model T-2 implements a linear elastic perfectly-plastic stress-

strain relationship in compression and a linear elastic stress-strain relationship in ten-

sion, with identical elasticity modulus and limit stresses in both compression and ten-

sion. However, the limit strain is larger in compression allowing for the plastic plateau

after the proportional limit in compression. The proportional limit was defined as 85%

of the compressive strength in compression obtained experimentally (i.e. 0.85 fc,1). This

material model is used with steel material model S-1 to estimate the ultimate bending

capacity of the STC beams.

According to this, the moment resistance values that have been estimated and compared

with the experimentally obtained moment vs. midspan deflection curves of BT-1 and BT-2 are

as follows:

i. Elastic moment resistance, MR,el : the material models for timber and steel (i.e. T-1 and

S-2) consist of linear elastic stress-strain relationships. Thus, the material models con-

sidered are: T-1 and S-2.

ii. Ultimate moment resistance, MR,η(T −1) : considering (i) plasticity can be developed in

steel (i.e. S-1) and (ii) only the elastic range in timber (i.e. T-1), both assumptions in line

with the observations of the full-scale beam tests presented in Chapter 6. In this case the

material models considered are: T-1 and S-1.

iii. Ultimate moment resistance, MR,η(T −2) : considering (i) plasticity can be developed in

steel (i.e. S-1) and (ii) plasticity development in timber (i.e. T-2), both assumptions in

line with the observations of the full-scale beam tests presented in Chapter 6. Hence, the
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material models considered are: T-2 and S-1.

8.10.2. COMPARISON OF RESULTS

The moment resistance values have been compared with the moment vs. midspan deflection

curves obtained experimentally and numerically, the results are presented in Figure 8.16a for

BT-1 and in Figure 8.16b for BT-2. In the experimentally obtained moment vs. midspan deflec-

tion curves, the moment due to self weight and the corresponding deflection were not consid-

ered. To account for their effect in the estimations of the bending capacity, the moment due to

self-weight (i.e. Msw =38 kN·m) was subtracted. Therefore the horizontal lines represent the

moment resistance estimated analytically minus the moment due to self-weight of the speci-

mens (i.e. MR −Msw ).
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Figure 8.16: Moment vs. midspan deflection curve and analytically estimated moment
resistance values for: (a) BT-1; and (b) BT-2.

According to the results presented in Figure 8.16 the following conclusions can be made:

i. MR,η(T −1) : Considering timber as fully elastic with identical elasticity modulus in ten-

sion and compression and equal compressive and tensile strength (i.e. timber material
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model T-1), in combination with steel linear elastic perfectly-plastic (i.e. steel material

model S-1) leads to a slight underestimation of the maximum bending moment observed

in the experimental investigations, which is on the safety side.

ii. MR,η(T −2) : When a linear elastic perfectly-plastic stress-strain relationship is consid-

ered for timber (i.e. timber material model T-2), in combination with steel linear elastic

perfectly-plastic (i.e. steel material model S-1), the resistance is closer to the maximum

bending moment observed in the tests, but in the case of BT-2 it slightly overestimates the

capacity of the STC beam, which may be a non-conservative estimation of the bending

capacity.

iii. MR,el : The implementation of elastic stress-strain relationships for both timber and steel

led to moment resistance values that lay close to the limit of the elastic branch of the

moment vs. midspan deflection curves.

iv. be f f : Considering the effective width as L/5.5 (see Section 6.8.4) leads to reasonable mo-

ment resistance values that are in good agreement with the experimental observations.

8.11. SIMPLIFIED ANALYTICAL PROCEDURE

8.11.1. GENERAL

The strain-based approach is a robust analytical tool to predict the moment resistance of STC

cross-sections at different states of stresses that are controlled by imposing strain limits for the

materials, however, its implementation can be challenging. When the objective is to determine

the capacity of STC beams at the ultimate limit state, the procedure can be simplified using

straightforward analytical equations with particular assumptions about the materials.

In Section 8.10, the ultimate capacity of the beam was estimated using the strain-based

procedure. This procedure considered two cases: (i) a linear elastic idealisation for timber (i.e

timber material model T-1) and a linear elastic perfectly-plastic idealisation for steel (i.e. steel

material model S-1), and (ii) a linear elastic perfectly-plastic idealisation for both timber and

steel (i.e. steel S-1 and timber T-1). The predictions of the bending capacity, which imple-

mented properties with ultimate strain and strength values, yielded reasonable results in both

cases.

In the strain-based calculations, the assumption that timber remains fully elastic at the ulti-

mate state yielded conservative results. Furthermore, this assumption aligns closely with both

experimental and numerical observations, where the steel beam exhibited extensive plastici-

sation while the timber remained fully elastic. Based on this, a set of assumptions has been

proposed to simplify the computation of the bending capacity of STC beams to a straightfor-

ward stress analysis of the cross-section. Therefore, the simplified analytical procedure to de-

termine the capacity of STC beams at the ultimate limit state is based on the following material

considerations:

i. Steel material: The material constitutive law of steel is idealised as perfectly-plastic. This

is an usual assumption for the estimation of the ultimate capacity of steel and steel com-
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posite members.

ii. Timber material: Two cases have to be considered:

(a) The timber has both compression and tension stresses: These cases may appear for

any degree of shear connection. In such cases, the material constitutive law of tim-

ber is represented by a linear-elastic stress-strain relationship, where the compres-

sive strength and the moduli of elasticity are equal for both tension and compres-

sion. This is the customary material idealisation of timber at ultimate limit state.

(b) The timber has only compression stresses: These cases only occur for full-rigid

shear connection in which the neutral axis is in the steel beam. In these cases the

material constitutive law of timber is idealised as perfectly-plastic.

These assumptions simplify the computations as the stress analyses are straightforward for

rectangular stress blocks and linear stress distributions. The unknowns of the system can be

determined for the stress distribution fulfiling the equilibrium condition without the need to

carry out iterations or complex scripting.

8.11.2. MATERIAL ASSUMPTIONS

STEEL

To simplify the computation of the stress distribution in the steel beam, it is proposed to ide-

alise the steel as perfectly-plastic for both tension and compression (see Figure 8.17). In the

proposed idealisation the stress at ultimate limit state ( fs,l i m) is associated to the yielding stress

( fy ).

fs,lim

Experimental
Idealisation

σ

ɛ

Figure 8.17: Idealisation of the stress-strain relationship of steel for the simplified analytical
procedure.

This idealisation is common in the stress analyses of steel and steel composite beams. It

simplifies the ultimate state analyses as it allows to consider rectangular stress distributions

instead of triangular and/or trapezoidal stress distributions in the section. With this idealisa-

tion it is possible to obtain accurate approximations to the actual capacity of the member and

close to the solution that considers the actual non-linear stress-strain material constitutive law

of steel. Additionally, this assumption is consistent with the experimental and numerical ob-
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servations of the STC beams tested in this investigation, in which the steel beams plasticised to

a large extent.

TIMBER

For ultimate limit state analyses, the stresses in timber cross-sections are typically idealised as

linear-elastic, meaning that only the elastic range is considered. Additionally, the same elastic

moduli and strength is considered for both, tension and compression. For members in bend-

ing, this assumption is consistent with their actual response, as they fail once the most stressed

fibre in tension reaches its strength, while little or no plasticity is observed in compression.

The objective of this assumption is to avoid timber’s brittle failure in tension, and overestima-

tion of the bending capacity by considering additional compressive stresses taken by timber

post-proportional limit.

According to the measurements of the full-scale bending tests, timber remained within its

elastic range, even at very large deformations. Therefore, the idealisation of timber as linear

elastic is reasonable for the cases where timber undergoes tensile and compressive stresses.

This idealisation is shown in Figure 8.18a, where the compressive and tensile strength corre-

spond to the strength in compression.

When analysing the ideal case of full-rigid connection, there is only one neutral axis, which

can be positioned in the timber slab or in the steel beam at the equilibrium state. When the

neutral axis is in the timber slab, the timber undergoes both tension and compression while

the steel section is fully in tension, and when the neutral axis is in the steel beam, the timber

is fully in compression while the steel beam has both compression and tensile stresses. When

timber is fully compressed it can take loads beyond its proportional limit, as demonstrated

by the material tests carried-out in this investigation and presented in Chapter 4. Thus, for

ultimate limit state analyses it is reasonable to idealise timber as perfectly-plastic when it is

only under compression stresses (see Figure 8.18b).

fc,lim
Experimental
Idealisation

E

σ

ɛ
(a)

fc,lim

Experimental
Idealisation

σ

ɛ
(b)

Figure 8.18: Idealisation of the stress-strain relationship of timber (a) linear elastic; and (b)
perfectly-plastic.

In the proposed demountable STC flooring system, there are gaps between adjacent panels.

This discontinuity generates an additional critical section which capacity must be also consid-
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ered. The gaps are to be filled with mortar to ensure compressive forces are transferred from

the central panels to the edge panels and thus the connectors are activated. However, tensile

forces are not transferred. For this section, it is proposed to neglect the contribution of timber

in tension, and consider an idealisation of the timber material as perfectly-plastic.

In summary, for timber it is proposed to consider two idealisations that apply for different

cases:

1. Linear elastic idealisation: This idealisation applies for any degree of shear connection

when the timber exhibits both tension and compression.

2. perfectly-plastic idealisation: This idealisation is implemented only for cross-sections at

the gaps, and for the case of full-rigid shear connection when the neutral axis is located

in the steel beam, meaning that the timber is fully under compression.

When timber is idealised as perfectly-plastic, the strength fc,l i m is defined as shown in

Equation 8.9. In this case β is a factor that gives an area below the line σ= β · fc,1 in the range

0 ≤ ε≤ εc,l i m , equal to the area below the curveσ(ε) corresponding to the stress-strain relation-

ship obtained in the material tests, as shown in Equation 8.10 (see Figure 8.19). Consequently,

the factor β is determined as established in Equation 8.11.

fc,l i m =β · fc,1 (8.9)

∫ εu

0
β · fc,1 dε=

∫ εc,l i m

0
σ(ε) dε (8.10)

β=
∫ εu

0 σ(ε) dε

fc,1 ·εu
(8.11)

The value of this factor is dependent on the stress-strain relationship of the material ob-

tained through tests, for the LVL tested in this investigation a value of β = 0.70 has been ob-

tained considering the mean stress-strain relationship from the compression tests in the longi-

tudinal direction (i.e. grain direction).
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∫0ɛu β·fc,1 dɛ = ∫0ɛu σ(ɛ) dɛ 

σ(ε)

Experimental
Idealisation
Area ∫0ɛu σ(ɛ) dɛ
Area ∫0ɛu β·fc,1 dɛ

σ

ɛ

Figure 8.19: Areas considered for the determination of the factor β.
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8.11.3. OVERVIEW OF CASES CONSIDERED

According to the degree of shear connection in a composite cross-section, three cases can be

distinguished: (i) full-rigid shear connection, (ii) no shear connection, and partial shear con-

nection. When the bending capacity of the cross-sections is determined through stress analy-

sis is important to consider that for each of these cases the position of the neutral axes at the

equilibrium state has different implications for the material assumptions, furthermore, differ-

ent formulations apply to determine the stresses distributions. Thus, the possibilities for the

position of the neutral axes for each of these shear connection cases is as follows:

1. Full-rigid shear connection: For full-rigid shear connection, there is only one neutral

axis and there are three main possibilities for its location at equilibrium state: (i) at the

timber slab, (ii) at the top flange of the beam, and (iii) at the web of the beam.

2. No shear connection: In the case of no shear connection at all, there are two neutral axis,

one in the timber slab and one in the steel beam at the web.

3. Partial shear connection: For partial shear connection cases there are two neutral axes

one at the timber slab and one at the steel beam. The neutral axis of the steel beam can

be either: (i) at the top flange, or (ii) at the web of the steel beam.

Table 8.2: Overview of the cases considered and their material idealisations.

Shear connection case Neutral axis location
Material idealisation

Steel Timber

Full-rigid shear

connection

Timber slab Perfectly-plastic Elastica

Steel beam’s top flange Perfectly-plastic Perfectly-plastic

Steel beam’s web Perfectly-plastic Perfectly-plastic

No shear connection
Timber slab and steel

beam
Perfectly-plastic Elastic

Partial shear connection

Timber slab and steel

beam’s top flange
Perfectly-plastic Elastic1

Timber slab and steel

beam’s web
Perfectly-plastic Elastic1

a Perfectly-plastic in compression with tension neglected when analysing a cross-section located at a gap.
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8.11.4. BENDING CAPACITY OF STC BEAMS WITH FULL-RIGID SHEAR CONNECTION

NEUTRAL AXIS IN THE TIMBER SLAB

Figure 8.20 shows the stress distribution in a steel-timber cross-section in which the neutral

axis is located in the timber slab. The neutral axis is in the timber slab when the ratio of the

magnitude of maximum normal force in the steel section to the normal force in the timber slab

when it is in full compression with a linear stress distribution from 0 at the bottom fibre to fc,l i m

at the top fibre is smaller than 1, this condition is shown in Equation 8.12.

fs,l i m · A2

0.5 · fc,l i m · A1
< 1 (8.12)
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Figure 8.20: Stress distribution for full-rigid shear connection with neutral axis in the timber.

The unknowns of this system are the stress at the bottom fibre of timber (σ1) and the lo-

cation of the neutral axis, which position is defined by its distance from the bottom fibre of

the timber slab (hN ,1). The stress σ1 can be obtained from the relationships between the stress

at the top fibre and the heights of the stress distributions in compression and tension in the

timber slab as shown in Equation 8.13.

σ1 =
hN ,1 · fc,l i m

h1 −hN ,1
(8.13)

The sum of normal forces (Ni ) for the equilibrium state must be equal to zero (Equation 8.14):

n∑
i=1

Ni = N1 +N2 +N3 = 0 (8.14)

Where the normal forces Ni are calculated according to Equations 8.15 to 8.17:

N1 =−0.5 · fc,l i m ·be f f · (h1 −hN ,1) (8.15)

N2 = 0.5 ·σ1 ·hN ,1 ·be f f (8.16)

N3 = fs,l i m · A2 (8.17)
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Substituting Equations 8.13 and 8.15 to 8.17 in Equation 8.14, and solving for the position of

the neutral axis measured from the bottom fibre of the timber slab hN ,1 gives Equation 8.18:

hN ,1 =
h1 · (be f f · fc,l i m ·h1 −2 ·N3)

2 · (be f f · fc,l i m −N3)
(8.18)

With this value is possible to obtainσ1 in Equation 8.13. Hence, the unknowns of the system

are now well defined and it is possible to proceed to determine the moment resistance of the

cross-section, which is calculated as the product of the normal forces Ni and the respective

lever arm zi , and considering as a reference the top fibre of the timber slab (see Equation 8.19).

This results in Equation 8.20 when substituting the values of the forces Ni and the lever arms

zi .

MR =
n∑

i=1
Ni · zi (8.19)

MR = fs,l i m · A1 · (h1 +h2 −hG ,2)+
(

fc,l i m ·be f f ·h2
N ,1

2 · (h1 −hN ,1)

)
·
(
h1 −

hN ,1

3

)
− fc,l i m ·be f f · (h1 −hN ,1)2

6
(8.20)

NEUTRAL AXIS IN THE TOP FLANGE

Figure 8.21, shows the stress distribution of a steel-timber section with the neutral axis in the

top flange. When the timber slab is fully compressed and the resultant forces are not sufficient

to balance the tensile forces of a hypothetically tensioned steel beam, the steel beam must take

on some compression stresses either in the top flange or in a portion of the web. Consequently,

the neutral axis is located in the steel beam when the ratio of the magnitudes of the normal

force in the fully compressed timber slab to the normal force in the fully tensioned steel beam

is smaller than 1, as shown in Equation 8.21.

fc,l i m · A1

fs,l i m · A2
< 1 (8.21)
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Figure 8.21: Stress distribution for full-rigid shear connection with neutral axis in the top flange
of the steel beam.
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In order to determine whether the neutral axis is in the top flange, it must be checked if

the magnitude of the compressive normal forces in the timber slab, plus the forces in the top

flange in the hypothetical case of full compression, are sufficient to balance the normal tensile

forces in the web and the bottom flange. After verifying Equation 8.21, this is evaluated with

the expression in Equation 8.22. If this expression holds true, the neutral axis is located in the

top flange of the beam.

fs,l i m · (A2 −bt f · tt f )

fc,l i m · A1 + fs,l i m ·bt f · tt f
< 1 (8.22)

Where fc,l i m is estimated according to Equation 8.9. At the equilibrium state the sum of the

normal forces Ni is equal to zero (see Equation 8.23), which values are calculated according to

Equations 8.24 to 8.28.

n∑
i=1

Ni = N1 +N2 +N3 +N4 +N5 = 0 (8.23)

N1 =− fc,l i m ·be f f ·h1 (8.24)

N2 =− fs,l i m ·bt f · tt f ,t (8.25)

N3 = fs,l i m ·bt f · (tt f − tt f ,t ) (8.26)

N4 = fs,l i m ·hw · tw (8.27)

N5 = fs,l i m ·bb f · tb f (8.28)

The objective is to find the position of the neutral axis which is defined by the thickness of

the portion of the top flange in compression (tt f ,t ). It can be determined when substituting the

values of the normal forces Ni in Equation 8.23 and solving for tt f ,t as shown in Equation 8.29.

tt f ,t =
1

2 ·bt f
·
(
hw · tw +bb f · tb f −

fc,l i m ·be f f ·h1

fs,l i m

)
+0.5 · tt f (8.29)

The moment resistance of the cross-section is then estimated as the sum of the normal

forces Ni multiplied by the their lever arm zi (see Equation 8.30). After substituting Equations

8.24 to 8.28 and the values of the lever arms in Equation 8.30, Equation 8.31 is obtained.

MR =
n∑

i=1
Ni · zi (8.30)
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MR = fs,l i m ·bt f · (tt f − tt f ,t ) · (h1 +0.5 · tt f ,t +0.5 · tt f )+ fs,l i m ·hw · tw · (h1 + tt f +0.5 ·hw )

+ fs,l i m ·bb f · tb f · (h1 +h2 +0.5 · tb f )−0.5 · fc,l i m ·be f f ·h2
1 − fs,l i m ·bt f · tt f ,t · (h1 +0.5 · tt f ,t )

(8.31)

NEUTRAL AXIS IN THE WEB

The neutral axis is in the web in the case of full-rigid shear connection (see Figure 8.22) when

the ratio of the magnitudes of the sum of the normal forces of the timber and the top flange

in compression to the sum of the normal forces in the web and the bottom flange in tension is

smaller than 1 as shown in Equation 8.32.

fc,l i m · A1 + fs,l i m ·bt f · tt f

fs,l i m · (A2 −bt f · tt f )
< 1 (8.32)
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Figure 8.22: Stress distribution for full-rigid shear connection with neutral axis in the web of
the steel beam.

The position of the neutral axis is defined in this case by the height of the portion of the

web in compression (hw,t ) as shown in Figure 8.22. The sum of the normal forces (Ni ) must be

equal to zero at the equilibrium state (see Equation 8.33). The normal forces Ni are calculated

according to Equations 8.34 to 8.38.

n∑
i=1

Ni = N1 +N2 +N3 +N4 +N5 = 0 (8.33)

N1 =− fc,l i m ·be f f ·h1 (8.34)

N2 =− fs,l i m ·bt f · tt f (8.35)

N3 =− fs,l i m ·hw,t · tw (8.36)
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N4 = fs,l i m · (hw −hw,t ) · tw (8.37)

N5 = fs,l i m ·bb f · tb f (8.38)

When Equations 8.34 to 8.38, are substituted in Equation 8.33 and it is solved for hw,t , the

result is Equation 8.39.

hw,t =
bb f · tb f −bt f · tt f

2 · tw
− fc,l i m ·be f f ·h1

2 · fs,l i m · tw
+0.5 ·hw (8.39)

The moment resistance (MR ) of the section is given by the product of the normal forces Ni

and the respective lever arms zi , considering as reference the top fibre of the timber slab (see

Equation 8.40). Therefore, the moment resistance MR is estimated according to Equation 8.41.

MR =
n∑

i=1
Ni · zi (8.40)

MR = fs,l i m · tw · (hw −hw,t ) · (h1+ tt f +0.5 ·hw +0.5 ·hw,t )+ fs,l i m ·bb f · tb f · (h1+h2−0.5 · tb f )

−0.5 · fc,l i m ·be f f ·h2
1 − fs,l i m ·bt f · tt f · (h1 +0.5 · tt f )− fs,l i m ·hw,t · tw · (h1 + tt f +0.5 ·hw,t )

(8.41)

8.11.5. BENDING CAPACITY OF STC BEAMS WITH NO SHEAR CONNECTION

In the case of no shear connection at all between the timber slab and the steel beam it is as-

sumed that no vertical separation of the element occurs, meaning that there is no uplift of the

timber slab. Additionally, it is assumed that timber fails upon reaching its proportional limit

and at this point, the steel beam is fully plasticised. Figure 8.23 shows the stress distribution of

the cross-section with this assumptions.
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Figure 8.23: Stress distribution for the case of no shear connection.

Under these assumptions, the calculation of the bending capacity is straightforward, it is

the sum of the bending capacity of the timber slab (M1) and the bending capacity of the steel
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beam (M2) (see Equation 8.42).

MR = M1 +M2 (8.42)

The bending capacity of the timber slab M1 is calculated as the product of the strength

limit of timber ( fc,l i m) and the elastic section modulus of the timber slab (W1,el ) as shown in

Equation 8.43.

M1 = fc,l i m ·W1,el (8.43)

The bending capacity of the steel beam (M2) is estimated as the product of the strength limit

of steel ( fs,l i m) and the plastic section modulus of the steel beam (W2,pl ) as shown in Equation

8.44.

M2 = fs,l i m ·W2,pl (8.44)

Therefore, the moment resistance of a steel-timber cross-section with no shear connection

at all is calculated according to Equation 8.42.

MR = fc,l i m ·W1,el + fs,l i m ·W2,pl (8.45)

8.11.6. BENDING CAPACITY OF STC BEAMS WITH PARTIAL SHEAR CONNECTION

GENERAL

In a composite beam, there is partial shear connection when the shear connectors cannot

transfer the forces to achieve full shear connection. This means that the resultant normal force

in the timber slab (Nt i mber ) at the critical section is smaller than the normal force that can be

developed in the case of full-rigid shear connection (Nt i mber,η=1) (see Equation 8.46). Accord-

ing to the definition of degree of shear connection provided in Chapter 8.6 in Equation 8.4, the

resultant normal force in Nt i mber is directly proportional to the degree of shear connection (η)

and the the normal force Nt i mber,η=1, as shown in Equation 8.47.

|Nt i mber | <
∣∣Nt i mber, η=1

∣∣ (8.46)

Nt i mber = η ·Nt i mber, η=1 (8.47)

The resultant normal force in the timber slab in the critical section Nt i mber is equal to the

sum of shear forces Pi transferred by the n shear connectors installed within the shear length

(see Equation 8.48).

Nt i mber =
n∑

i=1
Pi (8.48)

When the connectors developed in this research project are idealised as rigid-ductile (i.e.
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perfectly-plastic), the normal force Nt i mber is estimated as the product of the number of con-

nectors (n) and their effective shear resistance (PR, e f f ) (see Equation 8.49).

Nt i mber = n ·PR, e f f (8.49)

NEUTRAL AXIS OF THE STEEL BEAM IN THE TOP FLANGE

In the case of partial shear connection there are two neutral axes: one in the timber slab and

one in the steel beam, the stress distribution is as shown in Figure 8.24. It is assumed that the

stress distribution in the timber slab remains within its elastic range and the steel beam is fully

plasticised. The neutral axis in the steel beam is located in the top flange when the ratio of the

sum of the normal force in the timber slab Nt i mber and the normal force in the hypothetical

case of the top flange being fully compressed to the sum of the normal forces in the web and

bottom flange of the beam when they are in tension is greater than 1 (see Equation 8.50).

|Nt i mber |+ fs,l i m ·bt f · tt f

fs,l i m(A2 −bt f · tt f )
> 1 (8.50)
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Figure 8.24: Stress distribution for partial shear connection with neutral axis in the top flange
of the steel beam.

In this system the unknowns are the stress at the bottom fibre of the timber slab (σ1), and

the positions of the neutral axes, which are defined by their distance from the bottom fibre of

the timber slab (i.e. hN ,1 and tt f ,t ). The relationship between stresses in the top and bottom

fibres of the timber slab and the height of the stresses in compression and tension can be estab-

lished by triangles similarities according to Equation 8.51. Thus, the stress in the bottom fibre

of the timber slab (σ1) can be expressed in terms of the limiting stress in timber, the position of

the neutral axis and the height of the timber slab as shown in Equation 8.52.

σ1

fc,l i m
= hN ,1

h1 −hN ,1
(8.51)

σ1 =
fc,l i m ·hN ,1

h1 −hN ,1
(8.52)
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The resultant normal force in the timber slab Nt i mber is equal to the sum of the normal

forces in compression N1 and tension N2, as shown in Equation 8.53.

Nt i mber = N1 +N2 (8.53)

Where the normal forces N1 and N2 are calculated according to Equations 8.54 and 8.55:

N1 =−0.5 · fc,l i m ·be f f · (h1 −hN ,1) (8.54)

N2 = 0.5 ·σ1 ·be f f ·hN ,1 =
0.5 · fc,l i m ·be f f ·h2

N ,1

h1 −hN ,1
(8.55)

Substituting Equations 8.54 and 8.55 in Equation 8.53 and solving for hN ,1 gives Equation

8.56:

hN ,1 =
h1 · ( fc,l i m ·be f f ·h1 −2 ·Nt i mber )

2 · ( fc,l i m ·be f f ·h1 −Nt i mber )
(8.56)

The resultant normal forces in the timber slab (Nt i mber ) and in the steel beam (Nsteel ) have

the same magnitude (see Equation 8.57).

−Nt i mber = Nsteel (8.57)

The resultant normal force Nsteel is the sum of the forces N3 to N6 (see Equation 8.58).

Where the normal forces N3 to N6 are calculated as shown in Equations 8.59 to 8.62.

Nsteel =−Nt i mber = N3 +N4 +N5 +N6 (8.58)

N3 =− fs,l i m ·bt f · tt f ,t (8.59)

N4 = fs,l i m ·bt f · (tt f − tt f ,t ) (8.60)

N5 = fs,l i m ·hw · tw (8.61)

N6 = fs,l i m ·bb f · tb f (8.62)

When substituting the values of Equations 8.59 to 8.62 in Equation 8.58, and solving for the

thickness of the top part of the flange in compression (tt f ,t ) Equation 8.63 is obtained.

tt f ,t =
A2

2 ·bt f
+ Nt i mber

2 · fs,l i m ·bt f
(8.63)

Finally, the moment resistance of the section (MR ) is calculated as the sum of the product

of the normal forces and their respective lever arms (zi ) (see Equations 8.64 and 8.65).
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MR =
n∑

i=1
Ni · zi (8.64)

MR =−0.5 · fc,l i m ·be f f · (h1 −dN ,1)2

3
+0.5 ·σ1 ·be f f ·dN ,1 ·

(
h1 −

hN ,1

3

)
− fs,l i m ·bt f · tt f ,t · (h1 +0.5 · tt f ,t )+ fs,l i m ·bt f · (tt f − tt f ,t ) · (h1 +0.5 · tt f +0.5 · tt f ,t )

+ fs,l i m ·hw · tw · (h1 + tt f +0.5 ·hw )+ fs,l i m ·bb f · tb f · (h1 +h2 −0.5 · tb f ) (8.65)

NEUTRAL AXIS OF THE STEEL BEAM IN THE WEB

The neutral axis is in the web of the steel beam when the ratio of the sum of the normal force

in the timber slab Nt i mber and the normal force in the hypothetical case of the top flange being

fully compressed to the sum of the normal forces in the web and bottom flange of the beam

when they are in tension is smaller than 1 (see Equation 8.66).

|Nt i mber |+ fs,l i m ·bt f · tt f

fs,l i m(A2 −bt f · tt f )
< 1 (8.66)

The stress distribution for this case is shown in Figure 8.25. The unknowns of the system

are the stress at the bottom fibre of the timber slab (σ1), and the positions of the neutral axes.

The position of the neutral axis in the timber is defined by its distance from the bottom fibre

of the slab (hN ,1), and the position of the neutral axis in web is defined by its distance from the

bottom fibre of the top flange (hw,t ). The relationships between the stresses of the top and the

bottom fibre in the timber slab and the height of the stresses in compression and tension in

timber are similar to those established for the case of neutral axis in the top flange. Therefore,

Equations 8.51 to 8.56 apply for this case, the stressσ1 can be calculated according to Equation

8.52, and the position of the neutral axis in the timber slab hN ,1 can be determined according

to Equation 8.56.

σ

2
1

fs,lim

fc,lim
beff

btf

tw

bbf

h1

ttf

tbf

hwh2

N3

N5

z

N4

N6

z6
NA

z5

z4
z3fs,lim

fc,lim

N2

N1

z2
z1

NA
hN,1 σ1

hw,t

Figure 8.25: Stress distribution for partial shear connection with neutral axis in the web of the
steel beam.

The resultant normal forces in the timber slab (Nt i mber ) and in the steel beam (Nsteel ) have

the same magnitude (see Equation 8.67).
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−Nt i mber = Nsteel (8.67)

The resultant normal force Nsteel is the sum of the forces N3 to N6 (see Equation 8.68).

Where the normal forces N3 to N6 are calculated as shown in Equations 8.69 to 8.72.

Nsteel =−Nt i mber = N3 +N4 +N5 +N6 (8.68)

N3 =− fs,l i m ·bt f · tt f (8.69)

N4 =− fs,l i m ·hw,t · tw (8.70)

N5 = fs,l i m · (hw −hw,t ) · tw (8.71)

N6 = fs,l i m ·bb f · tb f (8.72)

When substituting the values of Equations 8.69 to 8.72 in Equation 8.68, and solving for the

height of the top part of the web in compression (hw,t ) Equation 8.73 is obtained.

hw,t = 0.5 ·hw − bt f · tt f +bb f · tb f

2 · tw
+ Nt i mber

2 · fs,l i m · tw
(8.73)

Finally, the moment resistance of the section (MR ) is calculated as the sum of the product

of the normal forces and their respective lever arms (zi ) (see Equations 8.74 and 8.75).

MR =
n∑

i=1
Ni · zi (8.74)

MR =−0.5 · fc,l i m ·be f f · (h1 −dN ,1)2

3
+0.5 ·σ1 ·be f f ·dN ,1 ·

(
h1 −

hN ,1

3

)
− fs,l i m ·bt f · tt f · (h1 +0.5 · tt f )− fs,l i m ·hw,t · tw · (h1 + tt f +0.5 ·hw,t )

+ fs,l i m · (hw −hw,t ) · tw · (h1 + tt f +0.5 ·hw +0.5 ·hw,t )+ fs,l i m ·bb f · tb f · (h1 +h2 −0.5 · tb f )

(8.75)

8.11.7. BENDING CAPACITY OF AN STC CROSS-SECTION AT A GAP

GENERAL

When there are transversal discontinuities in the slab (e.g. transversal gaps filled with mortar)

of STC beams, it is important to check the capacity of the cross-section at those locations. Due

to the discontinuity, only compressive forces are transferred, which could reduce the capac-

ity of the cross-section. Therefore, the sections at the gaps are critical sections that must be

checked. For analyses at ultimate limit state, it is proposed to idealise the timber material as
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perfectly-plastic in compression while neglecting tension. Two cases are considered depend-

ing on the position of the neutral axis of the steel beam: (i) neutral axis in the top flange, (ii)

neutral axis in the web, and (iii) one neutral axis in the timber slab.

NEUTRAL AXIS OF THE STEEL BEAM IN THE TOP FLANGE

Figure 8.26 shows the stress distribution of an STC cross-section at a gap, where tensile forces

in the timber are neglected. The normal force in the timber slab Nt i mber is equal to the nor-

mal force N1, this force must be known and is calculated as the sum of the shear forces of the

connectors placed from the nearest support up to the section at the gap being analysed. The

neutral axis is in the top flange when the ratio of the sum of the normal force in the timber and

the normal force of the top flange, when fully compressed, to the sum of the normal tensile

forces of the web and the bottom flange is greater than 1 (see Equation 8.76)

|Nt i mber |+ fs,l i m ·bt f · tt f

fs,l i m · (A2 −bt f · tt f )
> 1 (8.76)
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Figure 8.26: Stress distribution for a cross-section at a gap with neutral axis in the top flange of
the steel beam.

The unknowns of this system are the height of the compression zones in the timber (hN ,1)

and in the top flange of the beam (tt f ,t ). The compressive force in the timber slab is a known

value that can be estimated according to Equation 8.77, solving this equation for hN ,1 gives

Equation 8.78.

Nt i mber =− fc,l i m ·be f f ·hN ,1 (8.77)

hN ,1 =− Nt i mber

fc,l i m ·be f f
(8.78)

The resultant normal forces in the timber slab (Nt i mber ) and in the steel beam (Nsteel ) have

the same magnitude, and the normal force in the steel beam can be calculated as shown in

Equation 8.79, solving this equation for tt f ,t , gives Equation 8.80.

Nsteel =−Nt i mber = fs,l i m · (A2 −bt f · tt f ,t ) (8.79)



8

162 8. ANALYTICAL DETERMINATION OF THE BENDING CAPACITY OF STC BEAMS

tt f ,t =
Nt i mber + fs,l i m · A2

fs,l i m ·bt f
(8.80)

The moment resistance of this section is given by the sum of the product of the normal

forces Ni and the lever arms zi (see Equation 8.81). The normal forces Ni can be calculated

according to Equations 8.82 to 8.86. Thus, substituting Equations 8.82 to 8.86 in Equation 8.81

gives Equation 8.87.

MR =
n∑

i=1
Ni · zi (8.81)

N1 = Nt i mber =− fc,l i m ·bt f ·hN ,1 (8.82)

N2 =− fs,l i m ·be f f · tt f ,t (8.83)

N3 = fs,l i m ·bt f · (tt f − tt f ,t ) (8.84)

N4 = fs,l i m ·hw · tw (8.85)

N5 = fs,l i m ·bb f · tb f (8.86)

MR =−0.5 · fc,l i m ·be f f ·h2
N ,1 − fs,l i m ·bt f · tt f ,t · (h1 +0.5 · tt f ,t )

+ fs,l i m ·bt f · (tt f − tt f ,t ) · (h1 +0.5 · tt f +0.5 · tt f ,t )+ fs,l i m ·hw · tw · (h1 + tt f +0.5 ·hw )

+ fs,l i m ·bb f · tb f · (h1 +h2 −0.5 · tb f ) (8.87)

NEUTRAL AXIS OF THE STEEL BEAM IN THE WEB

Figure 8.27 shows the stress distribution of an STC cross-section at a gap with the neutral axis

in the web of the steel beam. The neutral axis is located in the web when the ratio of the sum of

the normal force in the timber and the normal force of the top flange, when fully compressed,

to the sum of the normal tensile forces of the web and the bottom flange is smaller than 1 (see

Equation 8.88.

|Nt i mber |+ fs,l i m ·bt f · tt f

fs,l i m · (A2 −bt f · tt f )
< 1 (8.88)
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Figure 8.27: Stress distribution in a cross-section at a gap when the neutral axis is in the web of
the steel beam.

Similar to the case when neutral axis is in the top flange, the resultant normal force in the

timber slab (Nt i mber ) is a known value. The unknowns of the system are the height of the com-

pression zones in the timber slab (hN ,1) and in the web of the beam (hw,t ). The height of the

slab in compression hN ,1, can be calculated according to Equation 8.78.

The resultant normal forces in the timber slab (Nt i mber ) and in the steel beam (Nsteel ) have

the same magnitude, and the normal force in the steel beam can be calculated as shown in

Equation 8.89, solving this equation for hw,t , gives Equation 8.90.

Nsteel =−Nt i mber = fs,l i m · (A2 −bt f · tt f −hw,t · tw ) (8.89)

hw,t = Nt i mber

fs,l i m · tw
+ A2 −bt f · tt f

tw
(8.90)

The moment resistance of the cross-section is given by the sum of the product of the normal

forces Ni and the respective lever arms zi (see Equation 8.91). The normal forces Ni can be

calculated according to Equations 8.92 to 8.96. Thus, substituting Equations 8.92 to 8.96 in

Equation 8.91 gives Equation 8.97.

MR =
n∑

i=1
Ni · zi (8.91)

N1 = Nt i mber =− fc,l i m ·be f f ·hN ,1 (8.92)

N2 =− fs,l i m ·bt f · tt f (8.93)

N3 =− fs,l i m ·hw,t · tw (8.94)

N4 = fs,l i m · (hw −hw,t ) · tw (8.95)
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N5 = fs,l i m ·bb f · tb f (8.96)

MR =−0.5 · fc,l i m ·be f f ·h2
N ,1 − fs,l i m ·bt f · tt f · (h1 +0.5 · tt f )

− fs,l i m ·hw,t · tw · (h1 + tt f +0.5 ·hw,t )+ fs,l i m · (hw −hw,t ) · tw · (h1 + tt f +0.5 ·hw +0.5 ·hw,t )

+ fs,l i m ·bb f · tb f · (h1 +h2 −0.5 · tb f ) (8.97)

NEUTRAL AXIS IN THE TIMBER SLAB

When the sum of the forces transferred by the shear connectors placed within the gap section

and the nearest support are equal or larger than the normal force that can be developed in the

steel section when it is fully in tension, then the maximum compressive normal force that can

be developed in the slab is equal to the full tensile capacity of the steel section (see Equation

8.98 and 8.99).

−Nt i mber = Nsteel (8.98)

fc,l i m ·be f f ·hN ,1 = fs,l i m · A2 (8.99)

The stress distribution of this case is illustrated in Figure 8.28. It is shown, that the steel

section is fully in tension while only one portion of the timber slab is compressed.
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Figure 8.28: Stress distribution in a cross-section at a gap with one neutral axis in the timber
slab.

The unknown of this system is the height of the compression zone in the timber slab (hN ,1),

which can be obtained by solving Equation 8.99 for hN ,1 (see Equation 8.100).

hN ,1 =
fs,l i m · A2

fc,l i m ·hN ,1
(8.100)

The moment resistance of this section is calculated as the product of the resultant normal

force and the lever arm (see Equation 8.101).



8. ANALYTICAL DETERMINATION OF THE BENDING CAPACITY OF STC BEAMS

8

165

MR = Nsteel · z = fs,l i m · A1 · (h1 −0.5 ·hN ,1 +h2 −hG ,2) (8.101)

8.11.8. COMPARISON OF RESULTS

The comparison of the Moment vs. midspan deflection curve and the moment resistance of the

cross-section at midspan for the two full-scale beam tests is shown in Figure 8.29a for BT-1 and

in Figure 8.29b for BT-2. The bending capacities were obtained considering the effective width

be f f of the timber slab as L/5.5 and the effective shear resistance PR, e f f of the connectors as

73.9 kN for SCT-1 and 88.7 kN for SCT-3, which were estimated as established in Section 8.8

assuming an end-slip of 6 mm to define the cosine slip function s(x).
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Figure 8.29: Moment vs. midspan deflection curve and analytically estimated moment
resistance values for: (a) BT-1; and (b) BT-2.

The degree of shear connection (η) was 0.69 for BT-1 and 0.85 for BT-2. Additionally, the

moment resistance of the section was estimated for different degrees of shear connection (η)

from 0 to 1, in steps of 0.05 (i.e. 0.0, 0.05, 0.10, ..., 0.95, 1.0), with the two proposed analytical

procedures, the strain-based procedure and the simplified analytical procedure. Figure 8.30

shows a comparison of the M vs. η curves obtained with the two approaches. The root mean
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square error (RMSE) was calculated to assess the accuracy of the simplified method to obtain

the results given by the strain-based procedure. An RMSE of 1.4 was obtained, which indicates

that the deviation between the results obtained with the strain-based procedure and the sim-

plified analytical procedure is very small. These results indicate that the proposed simplified

method is an effective straightforward analytical approach that gives a good estimation of the

ultimate bending capacity of STC beams.
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Figure 8.30: Comparison of the M vs. η curve obtained with the the strain-based procedure and
the simplified analytical procedure for the cross-section of the beams tested in the full-scale tests.

8.12. PROCEDURE TO ESTIMATE THE BENDING CAPACITY OF STC BEAMS

IN THE ELASTIC RANGE

8.12.1. GENERAL

In Chapter 6 in Section 6.8.7 it was demonstrated that the γ-method established in Eurocode 5

[69] can be used to estimate the effective bending stiffness ((E I )e f ) of the STC beams. Thus, it

is also feasible to calculate the stresses in the cross-section and the bending capacity of STC

beams with this approach when the materials remain within the elastic range. Figure 8.31

shows the stress distribution in the cross-section and the parameters considered.
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Figure 8.31: Stress distribution in a steel-timber cross-section when the stresses remain within
the elastic range of the timber slab and the steel beam.
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8.12.2. STRESSES IN THE CROSS-SECTION IN THE ELASTIC RANGE

With the γ-method [69] it is possible to estimate the stresses in a cross-section while consider-

ing the effects of composite action. The stress distribution in the cross-section consists of two

components: bending stresses (σm,i ) and normal stresses (σN ,i ). For a given moment (M) that

exerts stresses within the elastic range of the timber slab and the steel beam, these components

of the stresses are estimated according to Equations 8.102 and 8.103, where the parameters γi

and ai are estimated according to Equations 6.8 to 6.10.

σm,i = 0.5 ·Ei ·hi ·M

(E I )e f
(8.102)

σN ,i = γi ·Ei ·ai ·M

(E I )e f
(8.103)

In the case of sagging bending, due to the composite action, in the timber slab the com-

pressive bending stresses are increased by the compressive normal stresses while the bending

tensile stresses are reduced in the same proportion. In the steel section occurs the opposite, the

bending stresses in compression are reduced by the tensile normal stresses while the bending

tensile stresses are increased in the same proportion. Therefore, the stresses in the top and bot-

tom fibres of the timber are estimated according to Equations 8.104 and 8.105 and the stresses

in the steel beam are calculated according to Equations 8.106 and 8.107.

σ1,t =−σm,1 −σN ,1 = M ·E1

(E I )e f
· (−0.5 ·h1 −γ1 ·a1) (8.104)

σ1,b =σm,1 −σN ,1 = M ·E1

(E I )e f
· (0.5 ·h1 −γ1 ·a1) (8.105)

σ2,t =−σm,2 +σN ,2 = M ·E2

(E I )e f
· (−0.5 ·h2 +γ2 ·a2) (8.106)

σ2,b =σm,2 +σN ,2 = M ·E2

(E I )e f
· (0.5 ·h2 +γ2 ·a2) (8.107)

8.12.3. BENDING CAPACITY IN THE ELASTIC RANGE

The elastic bending capacity of STC beams is reached when the timber slab or the steel beam

reach their proportional limit. Since the experimental and numerical observations have shown

that the timber remains in the elastic range up to the ultimate limit state, it is assumed that

steel reaches its proportional limit while timber is still elastic and only this case is considered

in this study.

In the case of sagging bending of an STC beam, the most stressed fibre of the steel beam is

at the bottom of the section in the bottom flange. The target is to find the moment resistance

(MR,el ) of the STC beam for the state in which the stress at the bottom fibre of the steel section

(σ2,b) is equal to the yielding strength of the steel ( fy ). Equation 8.107 relates the bending
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moment (M) and the stress at the bottom fibre of the steel beam (σ2,b). Therefore, the moment

resistance can be determined from this equation when solving for M (see Equation 8.108).

M = σ2,b · (E I )e f

E2 · (0.5 ·h2 +γ2 ·a2)
(8.108)

After substituting M with MR,el and σ2,b with fy in Equation 8.107, it becomes Equation

8.109. Thus, the elastic moment resistance MR,el is estimated according to Equation 8.109.

MR,el =
fy · (E I )e f

E2 · (0.5 ·h2 +γ2 ·a2)
(8.109)

8.12.4. COMPARISON OF RESULTS

Figure 8.32 shows the comparison of the moment vs. midspan deflection curves obtained in

the full-scale beam tests BT-1 and BT-2, and the elastic moment resistance obtained with the

proposed procedure.
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Figure 8.32: Moment vs. midspan deflection curve and analytically estimated elastic moment
resistance values for: (a) BT-1; and (b) BT-2.
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8.13. SUMMARY OF PROPOSED ANALYTICAL PROCEDURES AND THEIR EF-

FECTIVENESS

8.13.1. PROPOSED ANALYTICAL PROCEDURES

In this investigation analytical procedures have been proposed to predict parameters of the

STC beam that are relevant for design at serviceability limit state (SLS) and at ultimate limit

state (ULS). These parameters and the proposed procedures are summarized below:

• Ultimate bending capacity (strain-based procedure): Strain-based procedures are ro-

bust analytical tools that allow to predict the moment resistance of cross-sections con-

sidering non-linear material constitutive laws and the strain distributions for full shear

connection, partial shear connection and no shear connection cases. This procedure was

discussed in Section 8.3 and 8.9.

• Ultimate bending capacity (simplified procedure): It has been demonstrated that with

certain assumptions for the materials it is possible to simplify the calculation of the mo-

ment resistance of STC cross-sections for different shear connection cases. Based on

results of this study, it is proposed to consider that (i) at ULS the steel beam is fully plas-

ticised and (ii) the capacity of the STC beam is reached when the stresses in the timber

reach their proportional limit in the top fibre of the timber slab. The formulations of this

procedure have been discussed in Section 8.11.

• Elastic bending capacity: A procedure based on the γ-method has been proposed in this

study to predict the elastic bending capacity of STC beams. The γ-method was origi-

nally conceived by Möhler [93] for timber-timber composite sections and it is included

in Eurocode 5 [69] for such cases. However, it is also used to determine the capacity of

timber-concrete composite beams. Therefore, its applicability has been extended to STC

beams. This approach has been introduced in Section 8.12.

• Effective bending stiffness: The estimation of this parameter was discussed in Chapter

6, Section 6.8.7. According to the results of this investigation and the results presented

by Loss et al. [85] this is a suitable method to estimate the effective bending stiffness of

STC beams. With this parameter it is possible to predict the deflection of the STC beams

within the elastic range for various loading conditions.

The procedures to estimate the ultimate bending capacity of STC beams are coupled with

the procedure that allows the idealisation of the connectors as rigid-ductile (i.e. perfectly-

plastic). This procedure has been discussed in Section 8.8 and was used to obtain the shear

forces transferred by the connectors at ULS.
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8.13.2. EFFECTIVENESS OF THE PROPOSED ANALYTICAL PROCEDURES

For the STC beams tested in this investigation, the following parameters were obtained ana-

lytically through the proposed analytical procedures and compared with the experimentally

obtained results:

• Ultimate bending capacity with the strain-based procedure with steel considered as lin-

ear elastic perfectly-plastic and timber as linear elastic (MR,η (T-1)).

• Ultimate bending capacity with the strain-based procedure with steel and timber con-

sidered as linear elastic perfectly-plastic (MR,η (T-2)).

• Ultimate bending capacity with the simplified procedure (MR,η).

• Elastic bending capacity with the γ-method (MR,el ).

• Initial bending stiffness with the γ-method ((E I )e f ).

Table 8.3 presents the parameters obtained analytically and experimentally, and the devia-

tion of the analytical calculations. The self-weight was not considered in the loads and moment

calculations of the experimentally obtained values. To account for this, the moment due to

self-weight (Msw ) was subtracted from the analytically obtained values. Thus, the analytically

obtained values presented in the table have been already reduced by Msw = 38 kN ·m.

Table 8.3: Summary of parameters from the tests, the analytical estimations with the proposed
procedures and their respective deviation.

Parameter
Mmax,exp

[kN·m]

MR,η (T-1)

[kN·m]

MR,η (T-2)

[kN·m]

MR,η

[kN·m]

Mel ,exp

[kN·m]

MR,el

[kN·m]

(E I )exp

[kN·m2]

(E I )e f

[kN·m2]

BT-1 Value 1 010 966 1 006 961 615 592 107 552 108 536

Deviation [%] — 4.4 0.4 4.9 — 3.7 — 0.9

BT-2 Value 1029 991 1 040 985 609 598 112 305 112 237

Deviation [%] — 3.7 1.1 4.3 — 1.8 — 0.1

From these results, the following can be concluded:

• MR,η (T-1) : The strain-based approach that considers the material constitutive law of

steel as elastic perfectly-plastic and for timber elastic, had deviations of 4.4% for BT-1

and 3.7% for BT-2, in both cases the estimations were conservative.

• MR,η (T-2) : The strain-based approach that considers the material constitutive laws of

steel and timber as elastic perfectly-plastic, exhibited deviations of 0.4% for B-1 and 1.1%

for BT-2, these were the estimations closest to the experimental values. However, the

prediction of the bending capacity for BT-1 was conservative while in the case of BT-2 it

was overestimated.

• MR,η : The proposed simplified analytical procedure gave results which are comparable

to those observed in the strain-based approach when timber is considered to behave

only within its elastic range. The deviations were 4.9% for BT-1 and 4.3% for BT-2, for

both cases the estimations were conservative.
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• MR,el : The predictions of the elastic moment resistance with the γ-method showed de-

viations of 3.7% for BT-1 and 1.8% for BT-2, the predicted values were on the safety side.

• (E I )e f : The initial bending stiffness calculated with the γ-method had deviations of 0.9%

for BT-1 and 0.1% for BT-2.

These results indicate that the proposed procedures are effective in predicting the moment

resistance values and the effective bending stiffness of the tested STC beams, demonstrating

good potential for use in the design of STC beams. Nevertheless, their effectiveness must be

assessed for more cases.





9
VIBRATION TESTS

9.1. INTRODUCTION

Flooring systems must ensure structural integrity while also adhering to comfort and service-

ability standards. These requirements demand that floors are designed to withstand specified

loads safely, constrain deformations within acceptable limits, and exhibit satisfactory vibration

performance. Particularly for long-span lightweight flooring systems, achieving satisfactory vi-

bration performance is challenging due to their tendency towards low natural frequencies and

reduced damping.

Vibration in flooring systems is predominantly a serviceability issue, often associated with

discomfort for the occupants. However, it can also have more severe implications, such as in-

ducing fatigue or overstressing structural members. Common sources of vibration in floors in-

clude pedestrian traffic and synchronized crowd activities, which can generate periodic forces

that excite the flooring system.

The occurrence of vibrations becomes critical when the frequency of the excitations coin-

cides with one of the natural frequencies of the flooring system, leading to resonance. This

can result in significant accelerations and deformations, thereby impacting both the structural

integrity and the comfort of the occupants. Hence, designing floors to ensure their natural fre-

quencies do not align with typical excitation frequencies (e.g., 1.8 Hz to 2.2 Hz for pedestrian

traffic [155] and 1.5 Hz to 3.5 Hz for crowd activities [156]) is crucial.

Perceived discomfort from floor vibrations is subjective and varies from person to person,

making it challenging to establish universal criteria to avoid adverse comments from the oc-

cupants. While current standards provide guidelines to minimize the likelihood of negative

feedback, ensuring the comfort of all occupants remains a complex task.

Given the difficulty in modifying an existing floor to mitigate vibration issues post-construction,

it is fundamental to address these concerns during the conceptual design phase. This is partic-

ularly relevant for the STC flooring system developed in this investigation, which is lighter than

conventional SCC floors due to the implementation of LVL slabs.

To assess the vibration response of the newly developed STC flooring system, experimental

modal analyses (EMA) were conducted. These analyses aimed to determine the natural fre-

173
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quencies, mode shapes, and modal damping of the STC beams. The experiments consisted

of EMA on two full-scale STC beam specimens, accelerometers were installed in the specimen

and a modal hammer was used to induce transient excitations.

The data collected from these tests were used to compute frequency response functions

(FRF) and extract the natural frequencies and mode shapes. Additionally, FE simulations were

done to validate the experimental findings and compare them with analytical predictions.

This chapter presents the methodology and results of the vibration tests conducted on the

STC flooring system. Experimental, numerical, and analytical results were compared to val-

idate the numerical models’ responses and evaluate the effectiveness of the analytical pre-

dictions. This study offers valuable insights into the suitability and vibration behavior of the

STC floor, and it serves as a foundational basis for more detailed and comprehensive investi-

gations. Vibration of floors is a complex phenomenon influenced by various factors, including

the specific flooring system, its grid, the loads acting on the floor, the presence of partition

walls, among others.

9.2. EXPERIMENTAL TESTS

9.2.1. GENERAL

The two full-scale STC beam specimens (i.e. BT-1 and BT-2) that were assembled for the bend-

ing tests were used to carry-out the vibration tests before the beam tests were conducted. The

beams were tested in simply supported conditions. Accelerometers were installed in the test

specimens and the specimens were excited with a modal hammer. The rover hammer tech-

nique was used in these tests, it involves systematically moving an impact hammer to various

points on the structure to excite different modes of vibration, while keeping the response mea-

surement sensors (i.e. accelerometers) fixed to gather comprehensive modal data.

The two beam specimens were instrumented and tested in the same manner. The input ex-

citation and the output accelerations were recorded and the data was post-processed to obtain

the FRFs, the natural frequencies, the mode shapes and the modal damping ratios associated

to each mode.

9.2.2. STC BEAM SPECIMENS

The specifics of the components and geometry of the two STC beam specimens are described

in Chapter 6, Section 6.4. Both beams were identical in terms of geometry, materials, and shear

connection distribution (see Figure 6.1). The only difference between the specimens was the

type of shear connection: BT-1 implemented SCT-1, while BT-2 implemented SCT-3. Each

beam had a total length of 10.6 m, a slab width of 2.51 m, and a span of 10 m. The mass of

the beam specimens was estimated to be approximately 3 220 kg for BT-1 and 3 280 for BT-2.
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9.2.3. TEST SETUP AND INSTRUMENTATION

The test setup and instrumentation for the two specimens were identical. The beams were

simply supported at two points, resulting in a span of 10 m. The rover hammer approach was

used in these tests: the sensors were fixed at predefined locations throughout the entire test,

while the beams were excited at different locations with a modal hammer.

Accelerations were recorded using piezoelectric accelerometers. Fifteen accelerometers

were installed on each specimen at the locations indicated in Figure 9.1. These locations were

arranged to form a regular grid. Sensors near the supports were not aligned with the supports

because vertical accelerations at those points might be negligible, potentially yielding insuf-

ficient data for modal analyses. Figure 9.2 shows the instrumentation of an STC beam with

accelerometers for the vibration test.
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Figure 9.1: Positions of the accelerometers and the excitation points in the STC beams for the
vibration tests.

Figure 9.2: Instrumentation of the STC beam with accelerometers for the vibration test.
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Two types of single-axis accelerometers from PCB Piezotronics were used (see Figure 9.3a).

The model 352C33, with a measurement range of ±50 g pk, was used at the excitation point,

while the model 393B04, with a measurement range of ±5 g pk, was used at the other points.

This setup prevented overshooting the sensors with a lower measurement range and ensured

that accelerations were recorded at all points. The single-axis accelerometers were oriented

to measure vertical accelerations and were fixed to the timber slab with strong double-sided

adhesive tape.

The beams were excited at the four locations indicated in Figure 9.1 using a modal hammer

with an in-built load sensor. This modal hammer, from Endevco (see Figure 9.3b), weighs 1362

g. The tip with medium stiffness was used to generate the impacts.

(a) (b)

Figure 9.3: Devices used to measure accelerations and to excite the structure: (a) piezoelectric
accelerometer; and (b) modal hammer with load sensor.

9.2.4. TESTING PROCEDURE

The beams were excited with the modal hammer at four points as indicated in Figure 9.1 with

labels A, B, C, and D. The impacts at A and D had the objective to activate bending modes

whereas the impacts at B and C had the objective to activate torsional modes. At each excitation

point the beam was hit five times at the soffit of the slab as shown in Figure 9.4.

Figure 9.4: Excitation with hammer hit at the soffit of the LVL slab.
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The impact and the accelerations were recorded for approximately 10 seconds at a rate

of 5000 Hz. Figure 9.5a shows an example of one of the recorded impacts, and Figure 9.5b

displays the corresponding accelerations recorded by one of the accelerometers, both in the

time domain. The latter figure shows that the accelerations decay to zero within the first 2

seconds, a trend observed in most sensors for all impacts. However, the measurements were

recorded over 10 seconds to minimize the risk of leakage due to signal truncation in any of the

sensors.
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Figure 9.5: Examples of the (a) input impact force with the modal hammer and (b) the
accelerations, both recorded in the time domain.

9.2.5. RESULTS

The signals recorded in the tests were post-processed to generate the FRFs. The recorded accel-

erations were transformed from the time domain to the frequency domain with the fast Fourier

transform (FFT). The FRFs were used to identify the natural frequencies of the STC beams. Ad-

ditionally, the data was processed to obtain the mode shapes of the STC beams. Figure 9.6

shows the FRFs obtained for specimens BT-1 and BT-2.
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Figure 9.6: Frequency response functions for: (a) BT-1 and (b) BT-2.
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The first four natural frequencies ( fi ) and their corresponding modal damping ratios (ξi )

are presented in Table 9.1. The mode shapes of the two STC beam specimens are displayed

in Figure 9.7. The second mode of these specimens corresponds to their first bending mode,

which is typically the most relevant for floor vibrations. This frequency is far from the excitation

frequencies associated with the walking pace, which range from 1.8 Hz to 2.2 Hz [155], and for

crowd activities, which range from 1.5 Hz to 3.5 Hz [156]. These results indicate that the risk of

resonance is low.

Table 9.1: Natural frequencies and modal damping ratios obtained experimentally.

Specimen Mode No.
fi

[Hz]

ξi

[%]

BT-1

1 5.02 1.30

2 9.87 0.87

3 10.54 1.34

4 14.48 0.88

BT-2

1 5.15 2.07

2 10.10 0.73

3 11.09 1.10

4 14.99 1.08

(a) (b)

Figure 9.7: Mode shapes for: (a) BT-1 and (b) BT-2.
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9.3. ANALYTICAL ESTIMATION OF THE NATURAL FREQUENCY OF STC BEAMS

9.3.1. ANALYTICAL FORMULATION

The behaviour of a beam in bending is governed by Equation 9.1, which relates the response in

terms of displacement, velocity and acceleration at a certain position and time to the mass and

stiffness of the system and an initial force.

m
∂2w

∂t 2 +E I
∂4w

∂x4 = F (x, t ) (9.1)

In this equation m is the mass of the composite beam, w is the deflection of the beam,

t is the time, E I is the bending stiffness, x is the position along the beam, and F (x, t ) is the

force function. The natural frequencies can be derived from this equation by setting the force

function (F (x, t )) to zero and applying appropriate boundary conditions.

The first bending mode of vibration is the most relevant to determine the dynamic response

of a floor. For free elastic vibration of a simply supported beam, the fundamental frequency cor-

responding to the first bending mode of vibration ( fn) is given by solving Equation 9.1, which

results in Equation 9.2.

fn = π

2

√
E I

m ·L4 (9.2)

9.3.2. COMPARISON OF EXPERIMENTAL RESULTS AND ANALYTICAL PREDICTIONS

The frequency of the first bending mode of vibration was estimated for the two beams with

Equation 9.2. The bending stiffness of the STC beams considered in these analytical calcula-

tions was estimated from the tests for a load corresponding to loading stage I, following the

procedure presented in Chapter 6, Section 6.8.7, the stiffness values have been presented in

Table 6.3.

Table 9.2 presents a comparison of the frequency of the first bending mode of vibration

obtained experimentally ( fn,exp ) and analytically ( fn). These results show that there is a devia-

tion of approximately 8% and 9% between the experimental and the analytical predictions. In a

similar investigation, Chiniforush et al. [113], determined experimentally and analytically the

natural frequency corresponding to the first bending mode of vibration of STC beams, finding

similar deviations. This analytical equation gives, nevertheless, a good conservative approxi-

mation of the actual natural frequency corresponding to the first bending mode of vibration of

the STC beams.

Table 9.2: Experimental and analytical frequencies for the first bending mode of vibration.

Specimen
fn,exp

[Hz]

fn

[Hz]

Deviation

[%]

BT-1 9.87 9.08 8.0

BT-2 10.10 9.19 9.0



9

180 9. VIBRATION TESTS

9.4. ESTIMATION OF THE NATURAL FREQUENCIES AND MODE SHAPES WITH

NUMERICAL MODELS

9.4.1. GENERAL

The 3D continuum FE model developed in ABAQUS [142] for the numerical investigations pre-

sented in Chapter 7 was used to do modal analyses to determine the natural frequencies and

the mode shapes of the tested specimens. The frequency procedure with the Lanczos solver

was used to extract the natural frequencies and the mode shapes.

The geometry of the simply supported beams is illustrated in Figure 9.8. It consists of the

steel beam, six timber panels, and the mortar filling the two transversal gaps. The total length

of the STC beams was 10.6 m with a distance between the supports of 10 m, and an overall

slab width of 2.51 m. The steel beams were modelled as IPE 400 profiles made of steel grade

S355. The six LVL panels were modelled using the properties of Kerto-Q LVL, and the 10 mm

gaps between them were considered. The full set of properties has been presented in Chap-

ter 7 in Section 7.2.2. The steel beam, the slabs, and the mortar filling the transversal gaps

were modelled with 8-node brick elements with reduced integration (C3D8R). The LVL slabs

were connected to the beams with mesh independent fasteners, and their load slip behaviour

was defined using the experimentally obtained mean load slip curves from the push-out tests.

Boundary conditions corresponding to a simply supported beam were defined (see Figure 9.8).

(a)

(b)

Figure 9.8: Boundary conditions of the FE model: (a) isometric view; and (b) elevation view.
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9.4.2. COMPARISON OF EXPERIMENTAL AND NUMERICAL RESULTS

The first four natural frequencies of the STC beam obtained from the FE model ( fi ,F E ) are pre-

sented in Table 9.3, along with the experimentally obtained frequencies ( fi ,exp ). Figure 9.9 dis-

plays the mode shapes of the modes of vibration obtained numerically and experimentally.

The results suggest that while the numerical model can predict the mode shapes and natural

frequencies, the predicted natural frequencies are conservative and show some deviations.

Table 9.3: Natural frequencies and modal damping ratios obtained experimentally.

Specimen Mode No.
fi ,exp

[Hz]

fi ,F E

[Hz]

Deviation

[%]

BT-1

1 5.02 4.71 6.2

2 9.87 8.40 14.9

3 10.54 10.14 3.8

4 14.48 15.27 5.5

BT-2

1 5.15 4.71 8.5

2 10.10 8.40 16.8

3 11.09 10.14 8.6

4 14.99 15.27 1.9

(a) (b) (c)

Figure 9.9: Mode shapes obtained (a) numerically; and experimentally for (b) BT-1, and (c)
BT-2.
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DESIGN CONSIDERATIONS

10.1. INTRODUCTION

Currently, there is no standard, code, or technical guide addressing the design aspects of STC

beams with LVL slabs. Therefore, preliminary design considerations are fundamental in the

development of the demountable and reusable steel-timber composite flooring system stud-

ied in this investigation. These considerations can facilitate its implementation in real-world

applications by enabling the investigation of possibilities and limitations of specific cases. The

preliminary design considerations presented in this chapter aim to be a basis for further re-

search on the design aspects of STC beams and flooring systems. The design considerations

presented here are based on the experimental findings of this investigation and the analytical

procedures presented in Chapter 6, Chapter 8, and Chapter 9.

The design considerations are for short term behaviour as this study only included experi-

ments investigating the bending capacity of simply supported beams subjected to point loads.

Additionally, the tests were carried out under ambient temperature and dry indoor conditions.

The design considerations for cross-section moment resistance calculations apply for sections

which sufficient rotation capacity in bending that can develop their plastic moment resistance

with no local effects (e.g. local buckling) affecting the attainment of the full plastic state, for

instance the structural sections classified as Class 1 and Class 2 according to Eurocode 3 [147].

10.2. MATERIALS

10.2.1. STEEL

In the investigations presented in this thesis, hot-rolled sections made of structural steel were

considered. Therefore, the provisions of Eurocodes for the determination of design material

property values for structural steel can be applied for this application. The design considera-

tions for cross-section resistance presented here apply to steel cross-sections classified as Class

1 and Class 2 according to Eurocode 3 [147].

Eurocode 3 [147] establishes the design values of material coefficients (i.e. modulus of elas-

ticity, Poisson’s ratio, shear modulus) and the nominal values of yield strength ( fy ) and ultimate

183
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tensile strength for structural steels ( fu). The modulus of elasticity (E) for design is E =210 000

MPa and the design strength for cross-section resistance calculations is given by Equation 10.1,

where the partial safety factor (γM0) is taken as γM0 =1.00.

fy,d = fy

γM0
(10.1)

10.2.2. TIMBER

Design provisions from Eurocode 5 [69] along with the technical specification of the LVL manu-

facturer (i.e. Kerto-Q [16] can be adopted to define the mechanical properties for the estimation

of the cross-section resistance of STC beams. The design value fd of a strength parameter f is

determined from Equation 10.2. To estimate the cross-section resistance, the design compres-

sive strength of timber has to be defined, thus, Equation 10.2 becomes Equation 10.3 when the

grain direction of the timber is aligned with the longitudinal direction of the STC beam.

fd = kmod
fk

γM
(10.2)

fc,0,d = kmod
fc,0,k

γM
(10.3)

In these equations, the factor kmod which takes into consideration the service class and the

load duration is kmod =0.8 for service class 1 and medium term load duration. The partial safety

factor for LVL is considered as γM =1.20. For LVL and GLVL crafted from Kerto-Q panels, the

characteristic strength in compression parallel to the grain is fc,0,k = 26 MPa [16]. The modulus

of elasticity parallel to the grain according to the technical specification of Kerto-Q panels [16]

is E0,mean = 10 500 MPa.

10.3. SHEAR CONNECTION

10.3.1. SHEAR CONNECTION RESISTANCE

The resistance of the shear connections developed in this research project can be estimated

following a procedure similar to that established in Eurocode 4 [94] in Annex B, clause B.2.5.

Hence, to determine the shear resistance of the connectors, three nominally identical speci-

mens have to be tested. From these tests, the characteristic load-slip curve corresponds to the

lower bound of the load slip curves reduced by 10%. This curve can be used to obtain the char-

acteristic shear resistance of the connection (PRk ) following the procedure proposed in Chap-

ter 8 in Section 8.8, which enables the idealisation of the shear connector as perfectly-plastic.

The design resistance of the connector (PRd ) should be calculated according to Equation 10.4,

where the value for the partial safety factor is γV =1.25.

PRd = PRk

γV
(10.4)
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10.3.2. SHEAR CONNECTION STIFFNESS

According to the results of this investigation, the use of the mean initial stiffness (K1) of the

shear connections for calculations within the elastic range that require the effective bending

stiffness of the composite beam (E Ie f ) yields good approximation to the experimental obser-

vations. Thus, the mean initial stiffness K1 obtained in Chapter 5 in Section 5.8.1 can be used

for SLS calculations (see Equation 10.5).

KSLS = K1 (10.5)

10.4. CROSS-SECTION RESISTANCE

10.4.1. GENERAL

In Chapter 8, two analytical procedures were proposed to predict the bending capacity of the

STC beams: (i) a strain-based procedure, and (ii) a simplified procedure. The formulations pre-

sented considered mean experimental mechanical properties to compare the analytical results

with the experimental observations. For design calculations, the design strength values have

to be considered. Therefore, the strength of steel denoted in Chapter 8 as fs,l i m becomes fy,d ,

and the strength of timber in compression parallel to the grain denoted in Chapter 8 as fc,l i m

becomes fc,0,d . In the calculations, the effective width of the slab has to be considered, accord-

ing to the findings of this investigation, the effective width can be taken as be f f = L/5.5. For

ULS the design cross-section moment resistance (MRd ) shall be always greater than the design

moment (ME d ) acting on the considered STC beam, thus, Equation 10.6 shall be satisfied.

ME d

MRd
< 1 (10.6)

10.4.2. CRITICAL CROSS-SECTIONS

In the STC flooring system developed in this investigation there are cross-sections where the

stress concentrations may govern the failure. In simply supported beams (see Figure 10.1) the

section at midspan is where the maximum bending moment is expected (cross-section I), ad-

ditionally, the presence of transversal gaps creates two potential weak cross-sections (cross-

section II). Therefore, the resistance of these sections must be calculated and compared with

the design bending moment acting on the beam to ensure that the beam has sufficient capacity.

II I II

Figure 10.1: cross-sections that may be critical for failure: (I) midspan cross-section and (II)
cross-section at transversal gap.
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10.4.3. ANALYTICAL ESTIMATION OF THE CROSS-SECTION’S MOMENT RESISTANCE

For ULS, the design moment resistances (MRd ) of the critical cross-sections can be calculated

analytically as follows:

I. Cross-section at midspan: it can be calculated according to the strain-based procedure

introduced in Chapter 8 in Section 8.3 and Section 8.9. Alternatively, the simplified ana-

lytical procedure introduced in Chapter 8 in Section 8.11 can be implemented.

II. Cross-section at the gap: it can be estimated analytically through the procedure intro-

duced in Chapter 8 in Section 8.11.7.

For fully elastic analyses, the design elastic moment resistance (MRd ,el ) of the cross-section

can be calculated through the γ-method adapted for STC beams as shown in Chapter 8 in Sec-

tion 8.12.

10.5. BENDING STIFFNESS AND DEFLECTIONS

10.5.1. BENDING STIFFNESS

The effective bending stiffness of the STC beams that takes into account the shear connections’

stiffness ((E I )e f ) can be calculated according to the γ-method adapted for STC beams as shown

in Chapter 6 in Section 6.8.7. In this case, the section properties have to be calculated consid-

ering the effective width be f f = L/5.5 of the timber slab and the mean moduli of elasticity for

steel and LVL.

10.5.2. DEFLECTIONS

With the effective bending stiffness (E I )e f of the STC beam cross-section calculated according

to the method proposed in this investigation, it is possible to estimate the deflections within

the elastic range as demonstrated in Chapter 6 in Section 6.8.7. The deflection limits are typi-

cally defined specifically for each project, however, a typical limit deflection value for floors in

general is wl i m = L/250.

10.6. VIBRATION

10.6.1. FUNDAMENTAL FREQUENCY

The fundamental bending frequency ( fn) can be estimated analytically according to the formu-

lation presented in Chapter 9 in Section 9.3. For practical applications, that formula has been

simplified and given in terms of the deflection (w) as shown in Equation 10.7, in which w is

expressed in mm.

fn = 17.8p
w

≈ 18p
w

(10.7)

However, this frequency corresponds only to the STC beam alone. The composite beams

are typically not isolated and are part of a flooring system, they are connected to a system of

primary and secondary beams which also contribute to the vibration performance of the floor-
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ing system, therefore, this has to be considered when analysing the vibration of an STC flooring

system. It has been demonstrated that the sum of the deflections of each of the structural com-

ponents (i.e. STC beam, primary and secondary beams) can be used in Equation 10.7 to give a

good approximation of the fundamental frequency of the flooring system [157]. Nevertheless,

FE analysis of the actual flooring system may be used to compare the analytically estimated

values and to gain more knowledge on its vibration response.

10.6.2. VIBRATION ASSESSMENT AND ACCEPTANCE CRITERIA

Human-induced vibrations on floors caused by people walking or rhythmic activities can re-

sult in perception of these vibrations by the occupants, leading to discomfort. To reduce the

likelihood of discomfort and negative perceptions from the occupants this aspect has to be

appropriately addressed in design.

Several factors contribute to the adequacy of a a structural system for vibration perfor-

mance, this includes understanding the planned use of the space and the expected levels of vi-

bration from its occupants. The vibration behaviour of a flooring system depends on its weight

or mass, damping, and stiffness. These factors govern the dynamic performance of a system,

hence, through modifications to these factors, the vibration performance of a structural system

may be improved.

The footfall vibration occurs between excitation frequencies of 1.8 Hz to 2.2 Hz [155], and

the excitation due to crowd activities occurs typically between excitation frequencies of 1.5 Hz

to 3.5 Hz [156]. Therefore, it is recommended that the flooring systems have modal frequencies

over 8 Hz to ensure the floor is not susceptible to the fundamental or harmonic frequencies of

excitation. However, this is only one part of the vibration assessment of the flooring systems,

depending on the standard, additional parameters may be evaluated to ensure that the floor

fulfils code-defined vibration thresholds, which are in general, given in terms of accelerations.

The modal parameters can be estimated through FE models or through simplified analyti-

cal procedures, the assessment may be done applying concepts and procedures established in

existing guidelines for instance Feldmann et al. [158], Smith et al. [157], AISC Design Guide 11

[159], and WoodWorks’ Vibration Design Guide [160]. The acceptance criteria may be estab-

lished according to the relevant standards, for instance Eurocodes [69, 94], ISO [161, 162, 163],

DIN [164], BSI [165], ANSI [166].
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CONCLUSIONS AND OUTLOOK

11.1. INTRODUCTION

This chapter synthesizes the key findings and conclusions of the research presented in this

contribution. It also outlines directions for future research to further advance the application

of STC systems in real-world construction practices. The overarching goal of the "Prefa-SeTi"

research project is to provide a sustainable alternative to conventional flooring systems by ex-

ploring an innovative STC solution that aligns with the principles of the circular economy. To

achieve this, a demountable and reusable STC flooring system was developed and assessed,

along with novel shear connections that enable the demountability and reuse of structural

components. Additionally, analytical procedures to calculate the bending stiffness, elastic and

ultimate bending capacity, and vibration parameters of the STC beams have been proposed.

The conclusions drawn from the experimental, numerical, and analytical investigations offer a

comprehensive understanding of the behaviour and performance of STC beams. According to

the results of this investigation, the analytical procedures have potential for implementation in

the design of STC beams.

11.2. CONCLUSIONS

11.2.1. EXPERIMENTAL INVESTIGATIONS ON LVL

These investigations aimed to fill a significant knowledge gap by providing comprehensive in-

formation about the mechanical properties of LVL made from Scandinavian Spruce wood. The

investigation included the determination of strength, moduli of elasticity, and shear moduli

through a series of tests, including compression, tension, shear, and bending. Additionally, the

testing procedures, load-deformation responses and descriptions of observed failure modes

have been presented.

The mechanical properties obtained in these experimental investigations are crucial for an-

alyzing the load-deformation behaviour and capacity of the STC beams subject of this research.

These properties can be employed in analytical calculations and incorporated into FE models,

to explore the deformation and failure of structural members.

189
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In addition to the property values, stress-strain responses, and load-deformation behaviour,

which have been summarized in Chapter 4, the key findings of this study are as follows:

• In compression and tension tests, the longitudinal direction exhibits the highest strength

and stiffness, followed by the tangential and radial directions.

• Stress-strain responses in compression differ among the three directions, with the lon-

gitudinal direction showing softening after reaching the peak, the tangential direction

exhibiting hardening after the proportional limit, and the radial direction demonstrating

significant deformation capacity and a hardening branch after the proportional limit.

• Tension tests shows a sharp transition in which the load starts to decrease, this happens

when the fibres in the matrix of the specimen fail in tension, however, the failure in some

cases is not sudden as the failure is not localized at a specific section but rather in an

irregular pattern and friction remains within the fractured veneers.

• Shear tests S-3 to S-6 exhibit a near-brittle post-peak response, marked by sudden load

drops after reaching the peak. In contrast, shear tests S-1 and S-2 show a post-peak be-

haviour with a gradual load decrease due to ongoing inter-layer friction.

• Bending tests reveal that failure occurs at the soffit. Gradual failure at a layer-by-layer

basis is observed, with load drops occurring when the most stressed layers of the soffit

fail. Ultimately, a final sudden load drop is associated with the fracture of the matrix.

These findings contribute valuable insights into the mechanical behaviour of LVL crafted

with Scandinavian Spruce Wood, enhancing its applicability in STC beams and other engineer-

ing contexts.

11.2.2. NOVEL SHEAR CONNECTIONS FOR DEMOUNTABLE STC BEAMS

In composite construction the shear connections are key to ensure the transfer of shear forces

and the attainment of composite action. Shear connections specifically designed to enable

demountability and reuse of STC beams do not exist. This research project addressed this by

proposing three novel connections that enable demountability and reuse of STC beams and

flooring systems. This study was focused on connections implementing bolts with a diame-

ter of 20 mm and a steel grade of 10.9, which were installed in LVL panels 144 mm thick. The

mechanical performance of these connections was studied through push-out tests. This con-

tribution presented the details of the connections, the testing procedures and the results of the

tests. The key findings and conclusions of this experimental investigation can be summarized

as follows:

• The shear connections introduced in this study offer ease of installation and facilitate

the assembly and disassembly of components. These characteristics align with the prin-

ciples of the circular economy.

• The shear connection devices protect the timber and facilitate the attainment of the re-

quired preload for high-strength bolts, preventing timber crushing in the radial direction.
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• Preload calibration tests demonstrated a weak correlation (70.4%) between force and

torque, whereas force and nut rotation exhibited a strong correlation (92.9%). Hence,

a combined method involving torque and nut rotation is preferred to achieve the min-

imum preload. It is important to note that the rotation values obtained in this study

were significantly influenced by the use of the DTI in the connection assembly, since the

protrusions compress significantly, it has an important influence on the rotation of the

nut. Therefore, if the DTI is removed from the assembly a new calibration of the required

rotation to attain the minimum preload is needed.

• All three connection types exhibited a nonlinear load-slip response. While there were

differences in terms of the loads, stiffness, and post-peak behaviour, they shared a similar

load-slip pattern.

• The clearance between the bolt and the holes in the flanges and the shear connection

devices significantly impacts the initial slip of the connection, determining when the bolt

starts to work in bearing and shear.

• In terms of stiffness of the bearing branch, SCT-1 exhibited the lowest stiffness (16.4

kN/mm) while SCT-2 and SCT-3 performed better (20.4 kN/mm and 23.5 kN/mm, re-

spectively).

• At a slip of 15 mm, the load-slip curves of each test series reach similar values, this was

demonstrated by the low coefficient of variation observed in the three specimens of each

test series. At this point, SCT-1 and SCT-2 reached a load P15mm of approximately 124 kN,

while SCT-3 reached 149.1 kN.

• The connectors exhibited a load bearing capacity per shear connector at a 6 mm slip of

95.7 kN, 104.4 kN, and 120.2 kN for SCT-1, SCT-2, and SCT-3, respectively. The peak loads

for SCT-1 and SCT-3 were within the same order of magnitude, at 161.4 kN and 163.8 kN,

respectively, whereas SCT-2 outperformed both with a peak load of 173.1 kN.

• The higher stiffness and loads reached by SCT-3 at early loading stages (e.g. δ <40 mm)

can be attributed to their reinforcement provided by inclined screws, which contribute

with their withdrawal and bearing capacities.

• All three connection types displayed a significant deformation capacity (greater than 40

mm slip), attributed to the high compressibility of timber, and the strength of both the

bolts and the shear connection devices.

• The three connection types exhibited a similar failure mode. There was timber crushing

due to embedment of the shear connection device and one plastic hinge developed in

the steel components at the steel-timber interface.

• The three connection types reached a maximum load value, followed by rupture of bolts

in the case of SCT-1 and softening for SCT-2 and SCT-3 without rupture of the bolts.

• Only SCT-1 exhibited rupture of the bolts, the failure of the first bolt occurred at a slip

of 65-75 mm, SCT-2 and SCT-3 were able to reach the maximum available deformation



11

192 11. CONCLUSIONS AND OUTLOOK

of the testing setup which was approximately 140 mm, at this deformation the push-out

tests of SCT-1 and SCT-3 were stopped and no rupture of the connections was observed.

11.2.3. FULL-SCALE STC BEAM TESTS

The flexural behaviour of the demountable and reusable STC beams developed in this research

project was studied through full-scale six-point bending tests on two beams with a span of 10

m and an overall slab width of 2.51 m. Each of the specimens implemented one type of shear

connection, BT-1 implemented SCT-1 whereas BT-2 implemented SCT-3. The findings from the

experimental six-point bending tests on STC beams with newly developed shear connections

have yielded several key insights, leading to 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 mo-

ment 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 midspan deflection of 60 mm.

• The efficiency of the composite action was assessed in terms of their bending stiffness.

Their actual bending stiffness and the bending stiffness of identical beams with full-

rigid shear connection and with no shear connection were considered to estimate the

enhancement in stiffness. The efficiency of the composite action (ηE I ) of BT-1 was 76.1%

and 82.6% for BT-2, indicating that the bending stiffness improved significantly with the

composite action provided by the shear connections.

• In the STC beams tested in this investigation the maximum bending moment was reached

at large deformations, approximately L/20, indicating that these beams have good duc-

tility.

• 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 LVL panels.

• Maximum slip values of 5.3 mm and 6.6 mm were recorded for BT-1 and BT-2, respec-

tively. Larger slip values were recorded in BT-2 because it was subjected to larger de-

formations. In BT-1 the test was stopped due to the jack reaching its maximum travel

and the lack of an extension arm for the hydraulic jack to continue with the application

of load. This issue was addressed in BT-2, and therefore it was possible to reach larger

deformations.

• 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
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connection devices in the timber with a permanent deformation of approximately 1 mm,

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 underwent large de-

formations, 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 larger 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 bend-

ing.

• The strength and failure of the STC beams was in both cases governed by the yielding

and ultimate strength of the steel beam. 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, increasing the moment at yielding and the moment capacity of the STC

beams.

• 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, corresponding to an

effective width of approximately L/5.5.

• The use of high strength mortar to fill the transversal gaps was effective to transfer com-

pression 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 transversal gaps after

loading stage VIII, indicating that at large deformations these regions become potential

points of failure. However, the segmentation of the slabs along the longitudinal direc-

tions and having gaps between them is needed as it provides tolerances and facilitates

transport and assembly / disassembly, which can be critical for long spans.

11.2.4. NUMERICAL INVESTIGATIONS ON STC BEAMS

Nonlinear 3D FE models of the testes STC beams were developed in ABAQUS [142] to extend

the findings of the full-scale bending tests. A modelling strategy has been presented and the

numerical models were validated with the results of the experimental tests. With the validated

models the influence of certain parameters on the response of the STC beams was investigated.



11

194 11. CONCLUSIONS AND OUTLOOK

The parameters investigated were (i) the steel grade of the steel beam, (ii) the presence or ab-

sence of transversal gaps and the effect of filling them, and (iii) the connectors’ spacing and the

degree of shear connection. These investigations allowed to draw the following conclusions:

• The numerical models developed to simulate the tests are in good agreement with the ex-

perimental results in terms of load-displacement and can be used to study the influence

of certain parameters on the response of the STC beams.

• The influence of the steel grade on the STC beams was studied by changing the properties

to structural steel grade S460. Using this steel grade increased the yielding of the STC

beams by approximately 30% and the bending capacity by about 25% compared to the

tested beams with IPE 400 profiles made of steel grade S355.

• The tested beams had transversal gaps of 10 mm filled with mortar. The FE models with-

out gaps showed that the presence of the gap had little influence on the initial elastic

branch. However, after yielding, the beams without transversal gaps exhibited higher

stiffness, which resulted in an increased bending capacity.

• Not filling the gap has a significant impact on the response of the STC beams. Beams

with transversal gaps but without mortar filling exhibited significantly lower stiffness and

reduced bending capacity, highlighting the importance of filling the transversal gaps with

mortar. This ensures the transfer of compression from the central panels to the edge

panels at all loading stages and the activation of the shear connectors installed in the

edge panels.

• When comparing the tested beams with identical beams having full-rigid shear connec-

tion and no shear connection, it is evident that the tested beams have an initial bending

stiffness similar to the beam with full-rigid shear connection. In contrast, the difference

in stiffness and capacity between the tested beams and the beam with no shear connec-

tion is quite large, there is an enhancement of the bending stiffness of approximately 80%

and an enhancement of bending capacity of at least 40%, highlighting the significance of

the composite action.

• The tested beams had shear connections with spacing of 337.5 mm. The influence of the

degree of shear connection was studied by varying the shear connectors’ spacing, beams

with shear connectors’ spacing of 515 mm, 650 mm and 1225 mm were analysed. The

results showed that the reduction of the number of connectors decreases significantly

the bending stiffness of the STC beams but the impact on the bending capacity is not as

significant.

• In the STC beams, fewer connectors (i.e. larger connectors spacing) result in larger slip

values. However, due to the particular load-slip response of the developed connectors,

they can transfer larger shear forces at larger slips. Consequently, even with fewer con-

nectors, large shear forces can be transferred, and significant compressive forces can be

developed in the slab due to the connectors’ large deformation capacity and the high
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loads they can transfer at large deformations.

• The presence of more connectors is associated with increased initial bending stiffness

and lower slip values. However, when connectors reach low slip values, they transfer

fewer shear forces. As a result, the increase in ultimate bending capacity achieved by

adding more connectors is not as significant as the improvement in initial bending stiff-

ness and the reduction in slip.

11.2.5. ANALYTICAL DETERMINATION OF THE BENDING CAPACITY OF STC BEAMS

In this research project, two procedures to determine the bending capacity of the STC beams

have been proposed: (i) a strain-based procedure and (ii) a simplified analytical procedure.

Additionally, the γ-method has been adapted for STC beams and has been used to calculate

the bending stiffness and the elastic moment resistance of the STC beams, taking into con-

sideration the stiffness of the shear connectors. Furthermore, an algorithm to transform the

load-slip response into a perfectly-plastic idealisation. The analytically obtained results have

been compared with the experimental observations. These investigations allow us to conclude

the following:

• An algorithm has been proposed to transform the load-slip curves into an effective shear

resistance, enabling the idealization of the shear connectors as perfectly plastic. This

simplifies the calculation of the shear forces transferred by the shear connectors and the

compressive force that can be developed in the STC beams.

• The strain-based procedure is a robust analytical tool that allows to estimate the moment

resistance of STC cross-sections at different states. Its effectiveness in providing close

approximations to the actual ultimate capacity has been proven.

• An alternative simplified analytical procedure suitable for practical applications has been

proposed to estimate the bending capacity of STC beams at the ultimate limit state. In

this procedure, the assumption that at ULS the timber remains in its elastic range while

the steel is fully plasticized yielded results that are consistent with the experimental ob-

servations.

• The γ-method applied to STC beams yields results for the bending stiffness and the elas-

tic moment resistance that are in good agreement with the experimental observations.

• The proposed analytical procedures are effective in predicting the elastic and ultimate

moment resistance of the STC beams, as well as their effective bending stiffness, demon-

strating good potential for their use in the design of STC beams. However, their effective-

ness needs to be verified for more configurations.

11.2.6. VIBRATION BEHAVIOUR OF STC BEAMS

Floors are subject to excitations that cause vibrations, primarily due to people walking and

crowd activities. These vibrations may be perceived by the occupants, causing discomfort or

an impression that the floor is not safe. In this study, vibration tests were carried out on two
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full-scale STC beam specimens. Their natural frequencies, mode shapes, and modal damping

ratios were obtained. The experimentally obtained values were then compared with analytical

and numerical estimations. These investigations lead to the following conclusions:

• The experimental vibration tests showed that both specimens had similar natural fre-

quencies, mode shapes and modal damping ratios. The first bending frequency for BT-1

was 9.87 Hz and for BT-2 was 10.10 Hz, with damping ratios of 0.87% and 0.73% respec-

tively.

• An analytical formulation to estimate the first bending frequency of simply supported

beams is presented and used to calculate the first bending frequency of the two tested

beams. The analytically obtained values provide a conservative estimation of the first

bending frequency with deviations of 8.0% for BT-1 and 9.0% for BT-2.

• The FE models were able to predict the mode shapes observed in the experimental tests,

however, the natural frequencies were in general underestimated.

• The first bending mode is the most relevant for the assessment of the vibration perfor-

mance of floors subjected to human-induced vibrations which are typically in the range

of 1.8 Hz to 2.2 Hz for pedestrian traffic and 1.5 Hz to 3.5 Hz for crowd activities. Since

the first bending frequency of the tested beams was approximately 10 Hz, the risk of res-

onance is low.

• The results and procedures presented in this study are intended to serve as a basis for

more detailed analyses required in design. Although the results suggest that resonance

may not be an issue, detailed analyses must be conducted considering imposed loads

and the influence of the primary and secondary beams. This will provide a better ap-

proximation of the actual response of the flooring system and allow for an assessment of

its performance according to established standards.

11.3. OUTLOOK

This research provides valuable insights into the mechanical behaviour of an innovative de-

mountable and reusable STC flooring system, highlighting its potential as a sustainable alter-

native to conventional flooring systems. The study has demonstrated the feasibility and po-

tential of the STC system, particularly in terms of structural performance, and alignment with

the principles of the circular economy. However, further research is essential to address the

limitations of this research project and to facilitate its applicability in diverse scenarios.

Steel-timber composite structures represent a relatively new structural system, and as such,

there is limited research available in the literature. Currently, there are no established codes or

guidelines specifically addressing the design and implementation of STC beams and flooring

systems. This study has achieved significant progress in developing and assessing an STC floor-

ing system and its shear connections. The assessment, however, was constrained to short-term

behaviour and specific configurations and materials.

Despite the promising findings of this contribution and the potential of STC flooring sys-



11. CONCLUSIONS AND OUTLOOK

11

197

tems, there are several avenues for future research that would further solidify the application

and effectiveness of STC systems. Addressing the limitations and exploring new aspects will

provide a more comprehensive understanding and broader applicability of STC beams in di-

verse scenarios.

Based on the findings and limitations of this study, potential directions for future work and

research include:

1. Material Variations:

• Investigate the performance of different types of engineered timber, such as Cross-

Laminated Timber (CLT) and other variants of Laminated Veneer Lumber (LVL), to

understand their behaviour in STC systems.

• Explore the impact of different timber species and varying thicknesses on the me-

chanical properties and overall performance of the STC beams.

• Study the influence of different steel grades and steel profiles on the mechanical

behaviour

2. Connection Variations:

• Assess the performance of different bolt sizes, grades, and configurations to opti-

mize the shear connections for various applications.

• Develop and test new types of shear connectors to further enhance the demount-

ability and reuse potential of the STC beams.

3. Structural Configurations:

• Extend the study to include different support and loading conditions, such as fixed-

end, actual connections to primary beams, and varying span lengths to compre-

hensively understand the flexural behaviour of STC systems.

• Test beams varying the spacing of the shear connectors to better understand the

influence of the degree of shear connection.

• Test a full-scale flooring unit under various loading conditions.

4. Dynamic Performance:

• Conduct more detailed vibration analyses considering various imposed loads, dif-

ferent boundary conditions, and the influence of primary and secondary beams to

better assess the flooring system’s performance under human-induced vibrations.

• Study the vibration response of a full-scale flooring unit with actual imposed loads,

partition walls, furniture, etc.

5. Long-term Performance and Durability:

• Investigate the long-term performance of the STC flooring systems under different
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loading conditions, including creep effects, the effects of environmental conditions

such as humidity, temperature variations, and potential biological degradation.

• Perform cyclic tests on the shear connections and full-scale beams to evaluate the

performance and reliability of the shear connections and the overall STC system

under cyclic loading conditions.

6. Analytical methods:

• Investigate the effectiveness of the strain-based and the simplified procedures in

more cases to ensure its applicability for diverse configurations.

7. Design:

• Develop comprehensive design guidelines for STC systems, incorporating findings

from experimental, numerical, and analytical studies.

• Integrate STC systems into building codes and standards to facilitate widespread

implementation.

8. Life Cycle Assessment:

• Conduct lifecycle assessments to quantify the environmental benefits of STC sys-

tems compared to conventional flooring systems, including embodied energy, car-

bon footprint, and potential for material reuse.

• Evaluate the economic feasibility and cost-benefit analysis of implementing STC

systems in various construction projects.
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A
ANALYTICAL STRAIN-BASED PROCEDURE

A.1. MOMENT RESISTANCE FOR FULL-RIGID SHEAR CONNECTION

The procedure to estimate the moment resistance for rigid shear connection is as follows:

1. Define the amount n of layers through the cross-section of the STC beam.

2. Establish the material constitutive laws for the timber slab and the steel beam.

3. Define the strain limits for tension and compression for both materials.

4. Set the initial strain distribution, fixed at the bottom fibre of the steel section at the strain

limit in tension, and at the top fibre of timber with a small compressive strain value equal

to the incremental strain step (∆ε) as shown in Figure A.1a. It must be checked that the

strain distribution does not exceed the imposed strain limits of timber in tension, when

the limits are exceeded in this initial strain distribution, the tensile strain at the bottom

fibre of the steel beam must be reduced until the strain limits are not exceeded (see Figure

A.1b).

ε
0 εc,1,el εc,1,limεt,1,lim

0 εyεy εs,limεs,lim tension compression

strain limits
proportional limit

timber

steel

fixed

Initial

(a)

ε

fixed

strain limits
proportional limit

0 εc,1,el εc,1,limεt,1,lim

0 εyεy εs,limεs,lim tension compression

timber

steel

Initial

(b)

Figure A.1: Possible initial strain distributions: (a) fixed at the bottom fibre of the steel section at
the strain limit in tension; and (b) constrained by the strain limit in tension of the timber slab

and fixed at the maximum possible strain in tension at the bottom fibre of the steel section.
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5. The average strains and stresses are obtained at each layer based on the material consti-

tutive laws.

6. The internal normal forces at every layer are computed and equilibrium in the cross-

section is checked.

7. If equilibrium is not reached a new strain distribution is set, keeping the strain at the

bottom fibre of the steel beam fixed, the strain at the top fibre of the timber is increased

by the incremental strain step ∆ε (see Figure A.2). Then, steps 5 to 7 are repeated until

equilibrium is reached.

εstrain limits
proportional limit

0 εc,1,el εc,1,limεt,1,lim

0 εyεy εs,limεs,lim tension compression

timber

steel

fixed

Initial Iteration

(a)

εstrain limits
proportional limit

0 εc,1,el εc,1,limεt,1,lim

0 εyεy εs,limεs,lim tension compression

timber

steel

fixed

Initial Iteration

(b)

Figure A.2: Illustration of the strain distributions at iteration steps for the two cases considered:
(a) strain at the bottom fibre of the steel section fixed at the strain limit in tension and

increments at the top fibre of the timber slab; and (b) initial strain constrained by the strain
limit of the bottom fibre of the timber slab.

8. There is a possibility that equilibrium is not achieved upon reaching the limit compres-

sive strain at the top fibre of the timber slab. In such case, the tensile forces have to be

reduced by the incremental step ∆ε while fixing the strain at the top fibre of the timber

in every iteration as shown in Figure A.3. Thus, steps 5,6 and 8 are repeated until equilib-

rium has been reached.

εstrain limits
proportional limit

0 εc,1,el εc,1,limεt,1,lim

0 εyεy εs,limεs,lim tension compression

timber

steel

fixed

Iteration
Equilibrium not
reached

Figure A.3: Strain distribution fixed at the top fibre of the timber slab at the strain limit in
compression.
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9. The moment resistance is calculated considering the normal forces of the layers at the

equilibrium state and their lever arms with respect to a reference in the section (e.g. the

top fibre of the cross-section).

10. The resultant normal force in the timber slab is calculated considering the forces of the

layers within the timber slab.

A.2. MOMENT RESISTANCE FOR NO SHEAR CONNECTION

The procedure to estimate the moment resistance for the case of no shear connection is as

follows:

1. Define the amount n of layers through the cross-section of the STC beam.

2. Establish the material constitutive laws for the timber slab and the steel beam.

3. Define the strain limits in tension and compression for both materials.

4. Set the initial strain distribution, fixed at the bottom fibre of the timber section at the

strain limit in tension, and at the top fibre of timber with a small strain value equal to the

incremental strain step ∆ε (see Figure A.4).

εstrain limits
proportional limit

0 εc,1,el εc,1,limεt,1,lim

0 εyεy εs,limεs,lim tension compression

timber

steel

Initial

fixed

Figure A.4: Initial strain distribution in the timber slab.

5. The average strains and stresses are obtained at each layer based on the material consti-

tutive law.

6. The internal normal forces at every layer of the timber slab are computed and equilib-

rium in the timber cross-section is checked.

7. If equilibrium is not reached a new strain distribution is set, keeping the strain at the

bottom fibre of the timber slab fixed, the strain at the top fibre of the timber is increased

by the incremental strain step ∆ε (see Figure A.5). Then, steps 5 to 7 are repeated until

equilibrium is reached.
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εstrain limits
proportional limit

0 εc,1,el εc,1,limεt,1,lim

0 εyεy εs,limεs,lim tension compression

timber

steel

Initial

fixed Iteration

Figure A.5: Strain distribution in the timber slab at an iteration, the strain distribution is fixed
at the bottom fibre of timber and the strain at the top fibre is increased in every iteration.

8. The slope of the strain distribution of the timber slab at the equilibrium state is calcu-

lated.

9. Set the initial strain distribution in the steel section with the same slope (i.e. the strain

distributions of timber and steel must be parallel to ensure compatibility of deforma-

tions) of the strain distribution in the timber slab calculated in step 4, with the strain at

the bottom fibre equal to the limit strain in tension (see Figure A.6).

εstrain limits
proportional limit

0 εc,1,el εc,1,limεt,1,lim

0 εyεy εs,limεs,lim tension compression

timber

steel

Strain at equilibrium

Initial

Figure A.6: Initial strain distribution in the steel beam, it must be parallel to the strain
distribution of the timber slab and start at the limit strain in tension of the steel beam.

10. The average strains and stresses are obtained at each layer based on the material consti-

tutive law.

11. The internal normal forces at every layer are computed and equilibrium in the cross-

section is checked.

12. If equilibrium is not reached a new strain distribution is set, the new strain distribution

is a parallel line at a distance ∆ε of the previous strain distribution. This means that the

slope of the strain distribution is kept in every iteration, and the strain distribution in

the steel section moves towards the compression zone in each iteration (see Figure A.7).

Steps 11 to 13 are repeated until equilibrium in the steel section is reached.
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εstrain limits
proportional limit

0 εc,1,el εc,1,limεt,1,lim
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timber

steel

Strain at equilibrium

Initial

Iteration

Figure A.7: Strain distribution in the steel beam at an iteration, it must be parallel to the strain
distribution in the timber slab.

13. The moment resistance is calculated considering the normal forces of the layers at the

equilibrium state and their lever arms with respect to a reference in the section (e.g. the

top fibre of the cross-section).

A.3. MOMENT RESISTANCE FOR PARTIAL SHEAR CONNECTION

The calculation of the moment resistance for partial shear connection cases is only possible af-

ter estimating the moment resistance of the cross-section for the cases of full-rigid shear con-

nection and no shear connection, this is because the strain distributions of these cases are used

as boundaries. The procedure to estimate the moment resistance for the case of partial shear

connection is as follows:

1. Define the amount n of layers through the cross-section of the STC beam.

2. Establish the material constitutive laws for the timber slab and the steel beam.

3. Define the strain limits in tension and compression for both materials.

4. Set two reference points in the timber slab, one at the top fibre of the timber slab at the

intersection with the strain distribution for full-rigid shear connection (point A) and an-

other point at the bottom fibre of the timber slab at the intersection with the strain dis-

tribution for no shear connection (point B) as shown in Figure A.8.

5. Define the strain distributions to be considered for the calculation of multiple moment

resistance values within the upper and lower bounds determined previously. To do so,

consider the strain distributions for the cases of full-rigid shear connection and no shear

connection and divide the bottom and the top fibre of the timber slab by equally spaced

points (see Figure A.8).

6. Link the points defined in the previous step to the reference points A and B, these links

would be the reference strain distributions. The point A will be linked to the points de-

fined in the bottom fibre of the timber slab and the point B will be linked to the points

defined in the top fibre of the timber slab as shown in Figure A.9.
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Figure A.8: Illustration of the reference points (a) at the top fibre of the timber slab (point A)
with its corresponding segments at the bottom fibre; and (b) at the bottom fibre of the timber

slab (point B) with its corresponding segments at the top fibre.
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Figure A.9: Illustration of the links between reference points and their corresponding segments
(i.e. strain distributions) (a) at the top fibre of the timber slab (point A) with its corresponding

segments at the bottom fibre; and (b) at the bottom fibre of the timber slab (point B) with its
corresponding segments at the top fibre.

7. Calculate the slope of the strain distributions in the timber defined in 6.

8. For each one of the strain distributions set the initial strain distribution in the steel sec-

tion with the same slope of the strain distribution in the timber slab calculated in step 7,

and with the strain at the bottom fibre equal to the limit strain in tension. An example is

shown in Figure A.10.

9. The average strains and stresses are obtained at each layer based on the material consti-

tutive laws.

10. The internal normal forces at every layer are computed and equilibrium in the cross-

section is checked.

11. If equilibrium is not reached a new strain distribution in the steel section is set, the new

strain distribution is a parallel line at a distance ∆ε of the previous strain distribution



A. ANALYTICAL STRAIN-BASED PROCEDURE

A

223

(see Figure A.11). This means that the slope of the strain distribution is kept in every

iteration, and the strain distribution in the steel section moves towards the compression

zone in each iteration. Steps 9 to 11 are repeated until equilibrium in the steel section is

reached.

12. The moment resistance is calculated considering the normal forces of the layers at the

equilibrium state.

ε

A

strain limits
proportional limit

0 εc,1,el εc,1,limεt,1,lim

0 εyεy εs,limεs,lim tension compression

timber

steel

Initial

Figure A.10: Example of a strain distribution in the timber slab linked to point A and an initial
strain distribution in the steel beam.
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Figure A.11: Example of a strain distribution in the timber slab linked to point A and a strain
distribution in the steel beam at an iteration step.
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