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II. Abstract

The timber-concrete floor system (TCC) has gained more attention in the last few decades as
the construction industry has focused more on reducing its environmental impact. Combining
concrete in compression and timber in tension zones of a bending section enables the designers
to benefit from the advantages of both materials while reducing concrete consumption and
improving the stiffness and strength of plain timber floors. However, research on demountable
and reusable TCC floor systems, which can reduce the environmental impact and improve the
sustainability capacity of the floor system one step further, is limited. Therefore, this research
is focused on finding a reversible means of connection between concrete and timber and a floor

system concept that could be prefabricated, demounted and reused in a straightforward manner.

This dissertation presents a background and literature review on TCC floor systems and
sustainability. Then, the research project results are presented in a compilation of 5 papers. The
first paper compares the environmental impacts of a TCC slab with similar reinforced concrete
and steel-concrete composite slabs. The paper also highlights the environmental benefits of
reusing timber in TCC slabs. The second paper presents a case study in Luxembourg that
compares the environmental impacts of two functionally identical buildings with different
structural materials: one in masonry concrete and the other one in timber. In the third paper, a
material model for timber as a structural material is presented, which gives the possibility to
numerically simulate the orthotropic behavior of timber and model its failure under
compression and tension. The modular prefabricated TCC floor system that is demountable
and reusable is presented in the fourth paper, and a downscaled experiment was performed on
the bending behavior of the slab. The paper further investigates different notched shear

connections within a numerical parametric study. The fifth paper investigates the shear
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behavior of six real-scaled samples of the demountable notched connection. The effects of

different loading setups and reuse on the results were studied.

Lastly, a real-scaled bending experiment is presented in Chapter 4. Three CLT-concrete
composite slabs and one CLT slab were tested under a 10-meter span bending setup. The results
confirmed the floor system's high strength and stiffness and the ease in fabrication and

demounting of the floor system.
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1 Introduction

1.1 Motivation

The construction industry is a major contributor to energy consumption, resource depletion,
and greenhouse gas emissions. Construction and demolition activities generate a substantial
portion of total waste, accounting for over one-third of waste production in Europe [1]. This
sector contributes to approximately 40% of Europe's primary energy (PE) consumption,
accounts for 39% of energy-related carbon dioxide emissions, and is responsible for 36% of
the world's total energy use [2—4]. In alignment with the Paris Agreement, the European Green
Deal has set ambitious goals to achieve climate neutrality within the European Union by 2050
[5]. However, addressing these commitments in the face of significant carbon emissions and
rapid population growth poses a formidable challenge [6]. Consequently, the imperative to
reduce the environmental impacts stemming from the construction industry has become

increasingly pressing over the past few decades.

1.2 ECON4SD research project

The Eco-Construction for Sustainable Development (ECON4SD) project represented a
paradigm shift in how architects and engineers collaborate to create energy and resource-
efficient buildings. This multidisciplinary research project, co-funded by the EU in partnership
with the University of Luxembourg, sought to revolutionize sustainable construction concepts,

focusing on materials such as concrete, steel, and timber [7].

The project's fundamental goals were to promote adaptability, flexibility, and modularity both
in building conceptual and structural design, with a particular emphasis on modular and
detachable buildings. The project recognized that structural elements and aging materials are

crucial in a building's service life. The project pursued to illustrate the transformation of



buildings into sources of materials and components, shifting away from contributing to End-
of-Life (EoL) waste. This approach aimed to minimize energy and resource consumption
throughout the buildings' entire life cycle. Moreover, the project required the design of easily
maintained, repaired, removed, and reused components, aligning with circular economy

principles.

The project comprised a team of researchers, including six doctoral candidates, a postdoctoral
researcher, and professors from the School of Civil Engineering and Architecture at the
University of Luxembourg. They collaborated across seven working packages (WP), each
addressing specific aspects of sustainable construction

. The WPs and members are presented

in Figure 1.

WP1
Architecture
PhD 1 —Marielle
FERREIRA SILVA
Prof. F. Hertweck

Prof. N. Teferle

WP5
Energy consumption
PhD 5 - Michaél
RAKOTONJANAHARY
Prof. F. Scholzen

WP6 WP2
BIM Structure in
PhD 6 - Arghavan steel-concrete
AKBARIEH PhD 2 — Jovan FODOR

Prof. M. Schifer

WP7
Material Bank
PostDoc - Bhagya
JAYASINGHE
Prof. D. Waldmann

WP3
Structure in

timber-concrete
PhD 3 - Hooman
ESLAMI
Prof. D. Waldmann

WP4
Concrete Aging
PhD 4 - Michal
HABERA Prof. A. Zilian

Figure 1. ECON4SD project members and work packages.

The needs and contributions of the WPs are demonstrated in Figure 2. WP1 focuses on flexible

architecture, aiming to develop architectural typologies that facilitate deconstruction,

2



reconstruction, and adaptability to different needs. WP2 and WP3 are dedicated to optimizing
structural components in steel-concrete and timber-concrete systems, respectively,
emphasizing modularity and reusability. WP4 delves into concrete aging, addressing the
durability of components. WP5 tackles energy efficiency and life cycle optimization of
building elements, considering heating, ventilation, and cooling. WP6 explores Building
Information Modeling (BIM) and data acquisition for eco-construction and sustainable
development, aiming to create a digital library (Material data bank) for component tracking
and labeling. Finally, WP7 focuses on centralizing project information, analyzing results, and

developing a material and component bank.

CONTRIBUTIONS i NEEDS weo1

Architecture Architecture

WP02
Slab structure in
steel-concrete

WP06 WP02
Monitoring Slab structure in
systems £ steel-concrete

‘ WP07

WPO07
Material Bank

‘ Material Bank

WP05 i WP03
Energy Slab structure in

consumption timber- concrete
WP04 .
Concrete Ageing

() (b)

Figure 2. (a) contributions and (b) needs between the work packages of the ECON4SD project. Figure source
7]

This dissertation is based on the findings from the investigation of WP3. The WP3 focused on
designing a reversible means of composite connection between concrete and timber to further
improve the current sustainability performance of Timber-Concrete Composite (TCC) systems

by enabling partial reuse and effective recycling of both materials.



1.3 Background

The balance of environmental impacts in buildings has shifted over time. Previously, energy
consumption during the operational stage was the dominant factor contributing to these impacts
[8]. Traditionally, this stage accounted for more than 70% of a building's energy consumption
[9]. However, as buildings have become more energy-efficient and moved towards nearly zero-
energy standards, the significance of energy use during the operational stage has decreased
[10—-12]. A study conducted in Belgium [13] illustrates this shift, indicating that in conventional
residential buildings with regular energy performance, the operational stage could contribute
between 69% and 89% of the total life cycle impact, depending on the house type. In contrast,
this proportion has notably reduced in modern low-energy houses, ranging from 35% to 61%.
This change signifies a transition where the embodied energy in construction materials now

plays a more substantial role in determining a building's environmental impact.

The manufacturing processes of conventional construction materials such as steel and concrete
are energy-consuming and contribute significantly to carbon dioxide emissions [14].
Consequently, in the last decades, substantial attention has been devoted to fostering the usage
of timber and engineered wood products (EWPs) [15]. They are more sustainable due to their
low embodied energy, high carbon storage, and renewability [16]. Other characteristics of
timber, such as its high strength-to-density ratio, desirable aesthetic, and low thermal
conductivity, made it a good solution for substituting steel and concrete in structural elements

[17-19].

However, in the context of timber-based solutions like slabs and beams, certain unfavorable
characteristics, such as springiness, vibration, and inadequate sound insulation, pose challenges
for designers [20,21]. These limitations have driven an increased adoption of timber in hybrid

structures, often combined with concrete [22]. TCC floors, a notable example, feature a



concrete slab placed atop a timber section, usually in the form of a joist or slab, connected
through a shear connection mechanism [23]. The effectiveness of this shear connection
determines the level of composite behavior between the two components when subjected to
bending forces [24]. Notably, the concrete element primarily resists compression forces, while
the timber component bears tension forces. A well-optimized TCC system can significantly
enhance the bending capacity of conventional timber floors, often by a factor of 3 to 5 [25].
This approach not only reduces the amount of concrete employed but also results in lighter
self-weight and diminished carbon dioxide emissions. Research findings underscore that TCC
slabs can exhibit a substantial 30% [26] to 70% [27] reduction in global warming potential
(GWP) compared to concrete slabs with equivalent flexural properties. Consequently,
numerous researchers have directed their efforts toward developing innovative TCC slabs and
shear connection methodologies [28,29]. Within TCC slabs, the timber component may involve
either traditional joists or modern panel-type EWPs, with the latter gaining prominence,
especially in response to the growing demand for prefabrication and swift on-site assembly

[30].

The shear connection in a TCC slab plays a pivotal role in determining its stiffness and strength
and in shaping the fabrication method employed. Typically, these shear connections are affixed
to the timber beam or panel and subsequently embedded within the wet in-situ concrete.
Consequently, this approach is known as dry-wet fabrication. Such connections generally result
in a permanent bond between the two materials, which, in turn, hampers efforts related to
prefabrication, maintenance, deconstruction, and material reuse. Separating timber from
concrete under these circumstances demands increased effort and energy. In contrast, a "dry-
dry" shear connection system has been developed wherein the concrete is precast and then

mechanically attached to the timber component. This dry-dry arrangement facilitates



prefabrication and disassembly processes, ultimately enhancing the sustainability of TCC floor

systems.

While there has been considerable research on the topic of prefabrication in TCC slabs, it's
worth noting that disassembly aspects have received relatively limited attention within the

scope of these studies.

1.4 Aim of the study

The primary objective of this study is to develop a sustainable solution for building floor
systems that effectively reduce the embodied energy and carbon footprint associated with the
construction industry. More specifically, the study aims to establish a reversible method of
connection for TCC systems, enabling prefabrication, deconstruction, partial material reuse,

and recycling, all while minimizing environmental impact.

To accomplish the objectives of the project, the research focuses on three core research

questions:

1. What are the environmental implications of different solutions, and how do different
life cycle scenarios impact these solutions in the context of sustainable construction
focusing on building floor systems?

2. How can a modular TCC system be designed to facilitate and optimize processes related
to prefabrication, transportation, installation, maintenance, disassembly, modular reuse,
deconstruction, and material reuse or recycling?

3. What are the key parameters that influence the design of the system, and how can the
mechanical performance of such a system be characterized effectively to ensure its

reliability and adaptability in diverse conditions?



1.5 Outline of the thesis

The outline of the thesis is demonstrated in Figure 3. Following the introduction chapter,
Chapter 2 of the thesis provides an in-depth literature review covering various aspects,
including the environmental impacts of the structural materials, timber as a structural material,
TCC floor systems, existing shear connections and their attributes. Chapter 3 presents the
results of this study in the form of 5 publications. The first two papers address the first research
question. Paper I compares the environmental impacts of a TCC slab and its steel-concrete and
reinforced-concrete counterparts. Then, the influence of different EoL scenarios on the TCC
system is considered. Paper II discusses a case study in Luxembourg that compares the
environmental impacts between a timber building and a concrete building. Additionally, the

study explores the influence of reusable slabs in the context of the timber building.

Paper III focuses on developing a three-dimensional material model for the numerical
simulation of timber. This model enables the modeling of timber, its mechanical behavior, as
well as the analysis of failures and damages. This chapter is vital as it forms the foundation for
the numerical studies conducted in Paper IV and Paper V, characterizing the TCC system and

shear connection.

The last two papers tackle the second and third research questions. Paper IV introduces an
innovative design for a modular and prefabricated TCC system featuring a demountable shear
connection. The paper outlines a numerical and experimental investigation of a downscaled
model of this slab concept. It assesses the slab’s manufacturing process, potential bending
characteristics, and key factors influencing its load-bearing capacity, stiffness, and failure
behavior. A real-scaled shear test and further numerical study on the proposed shear connection

are presented in Paper V.



Chapter 4 presents the results from a six-point bending experiment with 10 meters span. The
discussion in Chapter 5 examines the integrity, interconnection, and relevancy of the papers in
Chapter 3, followed by a comparison to studies published later in the literature. Chapter 6
serves as the final segment of the thesis, including the conclusion, limitations, and outline of

prospective studies.

Chapter 1

Intorduction

v

Chapter 2
Review of the literature

Chapter 3
Results
Paper It Paper II:
Influence of different end-of-life cycle scenarios on the| |Comparative life cycle assessment of light frame timber
environmental impacts of timber-concrete composite nd reinforced concrete masonry structural systems fol
floor systems single-family houses in Luxembourg
Paper I11: Paper IV:
Nonlinear three-dimensional anisotropic material model Experimental and Numerical Investigation of a Novel
for failure analysis of timber Demountable Timber-Concrete Composite Floor
Paper V:
Experimental and numerical study on shear behavior of
a demountable CLT-concrete composite shear
connection
Chapter 4
CCC slab under bending
Chapter 5
Discussion
Chapter 6
Conclusion and outlook

Figure 3. Outline of the thesis.



2 Review of the Literature

2.1 Environmental impact of construction materials

As mentioned, the building sector is one of the main contributors to energy consumption, waste
production, and resource depletion. Hence, it has a significant environmental impact on the
planet. In this section, firstly, Life cycle Assessment (LCA), a method for determining the
environmental impact of all products, including buildings, is explained. Then, the concept of

circular economy in building and Design for Deconstruction (DfD) is discussed.

2.1.1 Life cycle Assessment

The growing awareness and concern regarding environmental protection and the associated
negative impacts of products have driven the development and adoption of methods to address
these concerns. Among these methods, the most prominent is LCA, which comprehensively,
systematically, and through a multidisciplinary approach, quantifies the environmental burdens
and their potential impacts across the entire life cycle of a product [31]. LCA has been the
foremost tool for assessing a building's environmental performance in buildings assessment.
Recently, in several countries, the authorities made it mandatory to register the environmental
impacts of new buildings or building materials [32]. For example, France, which since 1974
has put several regulations for reducing the energy consumption of buildings, including thermal
regulation TR2012, has already moved toward an approach to reduce the environmental

impacts of the whole life cycle of the buildings with environmental regulation RE2020 [33].

LCA is an analytical technique to assess the environmental impacts associated with all stages
of a product's life cycle. This comprehensive evaluation encompasses various stages,
depending on the scope of the study, such as raw material extraction, material processing,

manufacturing, transportation, use, disposal, reuse, recycling, and refurbishing [34].



In an LCA study, an inventory of the required energy and materials attributed to all life cycle
stages of the building is calculated, and all the resulting emissions and environmental impacts
are accumulated. ISO 14040 [35] provides general standard guidance and defines the
procedures for conducting an LCA with a framework that consists of four distinct steps, as

presented in Figure 4.

Goal and scope
definition
Interpretation
Impact assessment

Figure 4. Life cycle assessment framework according to ISO 14040 [35].

e Goal and scope definition

In this stage, the reason and intended application of the LCA study should be decided. The
goal definition clarifies the reason that the study is performed and the questions it will
answer. According to the goal, the scope of the study is assigned, which determines the
functional unit and system boundary [36]. The functional unit is used to relate the studied
impact parameter of the product to one unit. It is a quantification of the performance of the
studied product system. The system boundary defines a framework comprising a range of
products and processes linked to manufacturing the product under investigation. Moreover,
it specifies the quantity and category of energy and material inputs, along with the

production of waste and emissions, that are integrated into determining the embodied
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energy for a particular product. The system boundary for a building can be cradle-to-gate,

cradle-to-site, cradle-to-grave, or cradle-to-cradle [37].

e Inventory analysis

When the goal and scope are defined, the inventory analysis gathers information about the
input and output flows of resources, materials, products, emissions and waste to and from
the system boundary of the studied product. The inventory collects all quantifiable items
without consideration of their environmental impact. Therefore, the outcome of this step is
the life cycle inventory, a list of quantified flows for the system associated with the

functional unit [36].

e Impact Assessment

In this step, the impact on the environment of all the flows from the life cycle inventory is
evaluated and categorized into categories such as damage to human health, climate change,
global warming, acidification, eutrophication, etc. The impact categories must be chosen
according to the study's goal and the needed results for the report to be as transparent and

explicit as possible [38].

e Interpretation

In this step, the life cycle inventory and impact assessment results are interpreted by having
the goal and scope definition in mind. The interpretation step transforms raw data into
actionable insights, helping individuals and organizations make informed decisions to

reduce environmental impacts and improve sustainability [36].

The assessment of the building's environmental impacts can be determined based on the life
cycle of the building, which is categorized by EN 15978 [39] into 4 stages: production,

construction process, use, and EoL, which are referred to as stage A, B, C, and D, respectively.
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As illustrated in Figure 5, each stage refers to several sub-stages that define all the processes
and activities of that stage. Additionally, supplementary information about the potential loads
and benefits beyond the system boundary is considered in stage D. It is recommended to present
the potential environmental benefits and loads from stage D separately from the other stages to

ensure the emissions and energy consumption sources stay transparent [40].

B5 Refurbishment
B6 Energy use
B7 Water use

Building life cycle information | Supplementary

| information
Production Stage Construction Process Stage Use Stage End-of-Life Stage | Benefits and Loads beyond
Al Raw Material A4 Transport BI Use C1 De-construction the System Bounda
A2 Transport A5 Construction B2 Maintenance €2 Transport | D Reuse, recovery and recycling
A3 Manufacturing B3 Repair C3 Waste processing ) potential

B4 Replacement C4 Disposal |
'

Figure 5. Building assessment information based on EN 15978 [39].

2.1.2 Design for deconstruction

A method to enhance the sustainability of a building is to consider, during the design stage, not
only the possibilities for adjustment and restoration but also the disassembly and reuse of the
components and materials at the end of the use stage of the life cycle [41]. This method is called
DfD. According to [42], three strategies are necessary in designing buildings to promote DfD

in the built environment;

e Employing assembly techniques conducive to easy disassembly (e.g., prioritizing
fasteners over adhesives, selecting screws and bolts instead of nails and welding).

e Minimizing the weight of individual components.

e Avoiding the use of composite materials when separating individual constituents is

problematic.

By implementing these principles, the recovery of materials and components for reuse or
recycling becomes feasible with less effort and energy requirements.
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2.2 Timber as a structural material

Timber has garnered significant attention in the construction industry over the past few decades
due to the growing demand for sustainable and reusable building materials. Its appeal lies in
its high strength-to-weight ratio, minimal carbon footprint, effective heat insulation properties,
and aesthetic charm. Additionally, its lightweight nature facilitates swift transportation and
assembly, expediting construction timelines. Furthermore, timber boasts easy recyclability,
reusability, or potential for heat generation through incineration. However, it is not solely
sustainability that has driven the increased adoption of timber and timber buildings. The advent

of innovative EWPs has expanded the possibilities of timber usage in diverse dimensions.

EWPs are wood materials created by binding or fixing wood strands, fibers, veneers, or lumber
with adhesives, heat, and pressure. Some of the advantages of EWPs compared to solid timber

arc:

e Enhanced Dimensional Stability: EWPs are less prone to warping, shrinking, or
expanding when exposed to changes in temperature and humidity compared to solid
wood.

e Larger Cross-Sections: EWPs can be manufactured in larger dimensions, allowing for
the creation of larger cross-sections than what can be obtained from solid wood.
Additionally, panel-like cross-sections are also possible in larger dimensions compared
to solid timber.

e Longer Spans: On paper, the gluing method and finger jointing techniques remove the
limits on the span length of EWPS.

e Uniform Properties: EWPs are engineered to have consistent strength, stiffness, and
other properties, reducing the variability often associated with solid timber. This

uniformity allows for more predictable performance in structural applications.
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e Sustainability: Many EWPs are made from smaller, fast-growing trees or wood
residues, which can be sourced sustainably. This efficient use of wood resources
contributes to the overall sustainability of the timber industry.

e Reduced Waste and increased efficiency: It is possible to use lower-grade wooden
materials that cannot be used as structural materials separately in EWPs in combination

with higher-grade timber.

Some of the common EWPs used in the construction industry are:

e Oriented Strand Board (OSB): OSB is made from wood strands oriented in layers,
bonded with adhesive, and then compressed into sheets. OSB is often used in residential
and commercial construction for sheathing, flooring, and roofing.

e Laminated Veneer Lumber (LVL): LVL is created by bonding thin wood veneers with
adhesive to form beams or structural elements. LVL is commonly used for beams,
floors and other structural components.

¢ Glued Laminated Timber (Glulam): Glulam is made by bonding layers of dimension
lumber with adhesives. It's widely used for structural beams, columns, and arches in
buildings.

e Cross-Laminated Timber (CLT): CLT is a relatively newer EWP consisting of an odd
number of timber boards stacked at right angles and bonded together to form large

panels. CLT is increasingly used in construction for walls, floors, and roofs.

Thanks to these advantages and the ready availability of modern EWPs in construction,
engineers have been empowered to design mid and high-rise mass timber structures. Numerous

buildings, either fully or partially constructed with timber, exemplify this trend. For instance:
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Murray Grove: 9-story building in Hackney, London (2009)

Figure 6. Murray Grove building. Figures from [43].

Forté: 10-story building in Melbourne, Australia (2012)
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Figure 7. Forté building. Figures from [44].
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e Treet: 14-story building in Bergen, Norway (2015)
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Figure 8. Treet building. Figures from [45].

e Brock Commons Tallwood House: 18-story building in Vancouver, Canada (2017)

Figure 9. Brock Commons Tallwood House. Figures from [46].

16



e Haut: 21-story building in Amsterdam, Netherlands (2022)

Figure 10. Haut building. Figure from [47].

When observing these buildings, it becomes evident that Glulam and CLT are predominantly
employed in mass timber constructions. The construction of such buildings and the gradual
replacement of concrete and steel with timber are becoming increasingly prevalent.
Nevertheless, particular challenges associated with wooden structures can be mitigated and
enhanced by utilizing timber as a hybrid structural material alongside other construction

materials.

2.2.1 Timber material model

As the use of timber in the construction industry increases, developing new accurate and
efficient computational models for timber material behavior becomes more critical. Modeling
timber material behavior is complicated because of its behavior under different stresses in
different directions. Timber is an orthotropic material with unique and different mechanical
properties in three mutually perpendicular axes. These axes are longitudinal (parallel to grain),

radial, and tangential based on the timber grain direction [48], as illustrated in Figure 11.
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Figure 11. Orthotropic axes of timber.

Moreover, timber's strength depends on whether it is under tension, compression or shear. This
1s also true for the behavior of the material. Under tension and shear, the behavior of timber is
relatively linear elastic followed by a brittle failure. In compression, timber behaves as linear

elastic until it starts to deform more plastic with strain hardening before a ductile failure.

In the literature, different methods have been tried to model the complicated material behavior
of timber. Some 2D finite element (FE) models were developed about two decades ago to
determine the load-bearing capacity of dowel-type timber joints [49—52] by studying the
initiation of fracture and its growth based on Linear Elastic Fracture Mechanics (LEFM) and

Non-linear Fracture Mechanics (NLFM) to model the brittle failure of timber.

In general, the available material models in the literature that simulate the nonlinear behavior

of timber can be categorized into three categories [53,54]:

1. Elastic-plastic models

The elastic-plastic models were mainly used to determine timber behavior in compression
by bilinear [55,56] or trilinear [57] stress-strain curves. Researchers used different yield
criteria in tandem with classical flow theory. Kharouf et al. [58] introduced a 2D orthotropic

material model based on Hill’s yield criterion [59] with anisotropic hardening to represent
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timber behavior under compression. Yet, it overlooked brittle failures in tension and shear.
Oudjene and Khalifa [60] proposed a 3D anisotropic elastic-plastic model with hardening
also based on Hill’s criterion addressing strength disparities in compression and tension,
brittle tension behavior, and densification in compression. Studies like [61,62] utilized the
Tsai-Wu criterion [63] for a 2D FE model of timber, while Xu et al. [27] incorporated the
Hoffman failure criterion with Hill’s criterion for an orthotropic 3D constitutive model of
timber but struggled to precisely capture timber's load-deformation behavior. Mackenzie-
Helnwein et al. proposed four-surfaced representing four basic failure modes to create a
comprehensive failure surface, which considers timber's specific failure modes as brittle
tensile failure parallel to the grain, brittle tensile failure perpendicular to the grain, ductile
compressive behavior perpendicular to the grain, and compressive failure parallel to the
grain direction. Although the results from multi-surface models are accurate, they raise

issues such as numerical instabilities as complicated constitutive laws are used.

2. Elastic-damage models

In elastic-damage material models, the linear behavior of timber is modeled, and the
nonlinear behavior is determined by the Continuum Damage Mechanics (CDM). CDM is
a framework in engineering mechanics that deals with material deterioration at the
continuum scale. It quantifies the progressive loss of load-bearing capacity in stressed
materials as they accumulate strain [64]. It is adaptable, allowing different damage rate
equations to address various damage mechanisms [65] to describe microflow initiation,

propagation, and coalescence leading to macroscopic fractures [66].

The roots of CDM can be traced back to foundational work by Kachanov in 1986 [67], and
the first practical application was when Chaboche and Lesne [68] used it to predict fatigue

in steel [69]. Since then, CDM has matured considerably and is widely employed in
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numerical simulation methods across various engineering applications. Its ability to capture
the intricate interplay of damage mechanisms and their effects on material behavior makes
it an essential tool for predicting and managing material degradation in structural design

and analysis [70].

Studies [71-73] used CDM to model strain hardening and softening, stiffness degradation,
and failure in timber. They inserted damage variables into Hooke’s fundamental equation

to degrade the stiffness matrix.

3. Elastic-plastic in combination with damage models

The studies in the third group used a combination of elastic-plastic and CDM to model the
behavior of timber. These models [74,75] often rely on Hill's criterion [59] for yield
surfaces or damage criteria and describe timber's behavior under different loading
conditions. Xu et al. [76] used an anisotropic elastic-plastic model with isotropic hardening
to describe timber's compressive behavior and the CDM method to describe the brittle
behavior of timber under tension and shear. A timber model within a plasticity and CDM
framework was created by [77], considering anisotropic plasticity, isotropic hardening,
isotropic damage, and large plastic deformations. However, it did not differentiate between
tension and compression strength parameters. Another study [78] developed a cyclic timber

behavior model using the Hofmann criterion for plasticity and Hill’s criterion for damage.

Nevertheless, they assumed isotropic damage, preventing the identification of individual
failure modes. Benvenuti et al. [53] proposed a multi-surface elastic-damaging-plastic
constitutive model with two plastic activation functions and three damage variables. This
model effectively addressed ductile and brittle failure modes but was limited to plane stress

cases for simplicity.
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2.3 Timber-concrete composite floor system

In TCC floor systems, a shear connection mechanically connects a concrete slab to a supporting
timber beam or panel. In this system, timber resists bending and tensile stress, whereas concrete
efficiently handles compressive stress through composite action and bending moment
distribution. This integrated approach capitalizes on both materials' strengths while mitigating
their weaknesses. Timber offers several advantages: lightweight, renewable, and
environmentally sustainable. It excels at bearing tensile forces, which concrete is less suited
for. Conversely, concrete significantly enhances the strength and stiffness of the timber floor
while also reducing vibrations and improving sound insulation and thermal mass. This hybrid
system not only proves cost-effective but also aligns with sustainable construction practices,

making it an environmentally friendly choice.

In this system, the timber component can be a joist, panel-type solid timber or EWP. The
concrete can either be cast in situ or precast concrete slabs. The two materials are connected
by shear connections. This connection can be achieved through various means, such as using
mechanical fasteners like nails, screws, or toothed metal plates embedded into the timber.
Alternatively, it can involve cutting notches in the timber, directly gluing timber to concrete,
and many other methods available in the literature. The connection between timber and
concrete determines the degree of composite action in the floor system. The degree of
composite action between timber and concrete can vary based on the stiffness of the shear
connection and the frequency of occupied connections. This variation leads to relative slip at
their contact point during bending, as illustrated in Figure 12, ranging from two extremes:
freely slipping, indicating no composite action, to no slip, signifying full composite action. The
smaller the slip between the two materials, the higher the degree of composite action. The

bending moment at the cross-section of a TCC composite system is shown in Figure 13. The
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total bending results from the sum of bending in concrete M; and timber M> and the moment

from the eccentric force resulted by composite action N as:

N1+N2=N, M=M1+M2+(NXT) (1)
where N; and N: are the composite forces in concrete and timber, respectively, and 7 is the
eccentricity.

Stress distribution
a) Full composite action at the cross-section

EFF =100%
y=1

q Concrete,

No slip

r

Small deflection ~ Timber

b) Partial composite action
0% < EFF < 100%
0<y<l1

Small slip

A A Y A A A y A A

Medium deflection

¢) No composite action
EFF =0%
y=0

LR y Y Y Y Y y | Lareeste

Large deflection

Figure 12. Comparison of composite slab under the same loading with a) full composite action, b) partial
composite action, and c) no composite action
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Figure 13. The force and moment at a TCC cross-section. Figure is based on [79].

In TCC slabs, it is difficult to achieve fully composite action due to the shear connections,
which are mostly not entirely rigid. Consequently, there will be a slip between the two
materials. Therefore, most of the TCC slabs perform partial composite action. For a TCC slab

with a full composite connection, the bending stiffness can be calculated as:

(EDe = E.I. + E.A.a%? + E/I, + E,A;a? (2)
In this equation, the subscripts ¢ and ¢ denote concrete and timber. At the same time, E, I, A4,
and a represent Young’s modulus, the second moment of inertia, the area of the cross-section,
and the distance from the centroid of the element to the neutral axis of the composite section,

respectively.

The theoretical bending stiffness with no composite action between timber and concrete can

also be calculated similarly:

(EDo = Eclc + El 3)
The efficiency of the deflection of the slab can determine the efficiency of the shear connection
system. As the deflection of a composite slab increases with the decrease of the composite

action, Gutkowski et al. [80] defined the efficiency of the slab as:

AN 1
EFF =2 —1x 100 (4)
AN - Ac
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where Ay, A and A; represent the deflection of no composite, full composite, and the actual
deflection of the TCC slab, respectively. The efficiency of the TCC composite slab can also be

determined by the efficiency of its bending stiffness y [81] as:

_ (El)real B (EI)O
Y= ED. - ED,

©)

where El,, El,, and El,.,; represent the bending stiffness of no composite, full composite, and
the actual bending stiffness of the TCC slab, respectively. The shear connection directly

influences the efficiency of the TCC slab, hence its bending stiffness and deformation.

Ceccotti [79] calculated the effective bending stiffness for simply supported beams considering
the composite system's efficiency by the y-method. The method is commonly used for a linear-
elastic design of TCC slab, also outlined in annex B of Eurocode 5 [82]. If the used shear
connection has a slip modulus of K and is installed with a distance of s with a span length of /,

the bending stiffness can be determined as:

(EDesr = Eclc + YeEcAcal + Eely + v EcAaf (6)
and
_ 1
Ye = an—% (7)
ye=1 ®)

In this equation, y, can change from 0 for no composite to 1 for full composite. As can be seen,
the shear connection significantly impacts the efficiency of a TCC slab. Some of the more
common shear connections and their mechanical attributes are described in the following

section.
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2.3.1 Mechanical fasteners

Mechanical fasteners such as nails, self-tapping screws, coach screws, threaded bars, and
dowels have been used as one of the most common shear connections in TCC floors. They are
inexpensive and easy to install, but their stiffness and strength are not noticeable compared to

other types of shear connections.

Figure 14 demonstrates three examples of mechanical fasteners used as shear connections. Self-
tapping screws are used in Figure 14(a) and (b) with perpendicular and inclined cross setups,
respectively [83]. Experiments [83,84] show that an inclined cross-screw setup performs better
in stiffness and strength than perpendicularly installed screws. Figure 14(c) demonstrates coach
screws combined with a circular plug in the timber [85]. Since the diameter of this kind of
screw is larger than regular screws, predrilled hole is needed to avoid timber splitting. Also,
the plug needs to be cut in the timber beam. Therefore, installing such a connection is more

complicated than self-tapping screws.

steel mesh Ql_8_8_ e concrete slab 150 mm

steel mesh Q188 _.~concrete slab 150 mm

screw 160 mm (2*200 mm)
timber beam 200x300 mm

\screw 160 mm (100x150 mm)
timber beam 200x300 mm

(a) (b)
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concrete slab 150
steel mesh Q188 / clete > i

pre-drilled hole

g 20x48,5 mm
timber beam 200x300 mm

(©)

Figure 14. Some mechanical fasteners as shear connections: (a) perpendicular self-tapping screws; (b) inclined
self-tapping screws; (c) Coach screw with a circular groove in timber. Connections were rebuilt based on [83,85].

2.3.2 Steel profiles

Different steel profiles can be used as shear connections, as shown in Figure 15. Figure 15(a)
is a steel plate that is split and folded into two sides embedded in concrete and, on the other
side, glued within a slot milled in the timber beam [86]. Figure 15(b) shear connection includes
plates screwed to the sides of the timber beam [87]. On the top of each plate, two steel angles
are bolted to the plate and embedded in concrete. Figure 15(c) shows that the shear connection
consists of a steel tube inserted in a predrilled hole [86]. The steel profile shear connections are
generally stiffer and more robust than those with mechanical fasteners. However, their
fabrication takes more time and effort. The main advantage of this type of connection is its
suitability for prefabrication. Subsequently, the concrete, along with the connection, can be

transported to the construction site and installed on the timber beam.
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concrete slab 80 mm

steel mesh Q188 ete slab 150 mm

nut M12

/'/

steel plate 180x150x5 mm

timber beam 90x300 mm

(b)

concrete slab 60 mm

~SST+S cylindrical
connector
pre-drilled hole

olulam beam 90x270 mm

(c)
Figure 15. Example steel profiles as shear connections: (a) folded steel plate embedded in concrete and glued in
timber, (b) steel plate embedded in concrete and screwed to timber beam with vulcanized rubber layer; (c) steel
tube with coach screw. Connections were rebuilt based on [86,87].

2.3.3 Notches

Notched shear connections can consist of different groove shapes in timber, usually
accompanied by a steel fastener, as demonstrated in Figure 16. The shear force between the
two materials transfers by their direct contact at the notch, and the presence of a fastener can
enhance both shear transfer and the ductility of the connection [29]. The construction of
notched shear connections is a relatively simple process, as the timber notch can be cut using
CNC machinery, and concrete can be cast directly on top of the timber beam. Their stiffness
and strength are higher than mechanical fasteners and steel connections. With proper
consideration for the steel fasteners, they have the potential to be employed in prefabricated

TCC slabs.

27



steel mesh

Figure 16. A notched shear connection. The connection was rebuilt based on [88]

2.3.4 Continuous connections

Continuous shear connections, such as those involving direct epoxy gluing of concrete to
timber or the perforated steel plates embedded in concrete and glued within pre-milled timber
slots (Figure 17), are acknowledged for their substantial stiffness. They possess the capacity to

achieve full or near-full composite action within TCC slabs.

steel mesh Q

orated steel plate 2mm @15mm

timber beam 200x300 mm

Figure 17. Perforated steel plate as a shear connection for a TTC slab. The connection was rebuilt based on [89].

2.4 Push-out test

A push-out test determines the mechanical properties of a shear connection. In a push-out test,
the shear connection is loaded in a setup to determine the slip, stiffness, strength, and behavior
under shear force. The setup of the push-out tests can be categorized into two main groups:

symmetric and asymmetric. In the symmetric setup recommended in the upcoming Eurocode
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5 for TCC push-out tests and widely used in Steel-Concrete Composite (SCC) joint tests [90],
a core of timber or concrete is pushed against two outer elements from the other material. The
symmetric setup avoids the eccentric reaction from the shear connection. However, since
imperfections of materials and fabrication usually exist, lateral supports are required, as shown

in Figure 18.

Load F Load F

g
5
g
3

Concrete
Concrete

(a) (b)
Figure 18. Symmetric push-out test setup with (a) timber and (b) concrete core.

In the asymmetric setup, only one element is pushed against the other. The setup introduces a
moment as soon as the load is applied. Therefore, roller supports are needed in addition to the

lateral support, as shown in Figure 19.

Load F Load F
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Figure 19. Asymmetric push-out test setup with loading on (a) timber and (b) concrete
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Although there is no existing standard for the TCC push-out test, it is common to use the
loading procedure from EN 26891 [91], which is shown in Figure 20. The calculation or the
previous test determines the estimated load Fest. Then, the specimen is loaded and unloaded
with 40% of Fest. After the first loading cycle, the specimen is loaded to the ultimate load, Fu.

Fest must be updated if Fu differs more than 20% from Fest.
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Figure 20. Loading procedure of the push-out test according to EN 26891 [91].

The results of the push-out test are usually demonstrated as a load-slip graph. These results
show the stiffness of the shear connection in different loading stages, as presented in Figure
21. The stiffness of the connection is presented as slip modulus with [N/mm] units. The initial
slip modulus is the secant slope of a line passing 0 and 40% Fest of the load-slip graph in the
first loading cycle, denoted as Ki. In the second cycle, 40%, 60%, and 80% of Fest slope
represent the slip modulus at service load, ultimate load, and close to failure mode,

respectively.
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Slip

Figure 21. Typical load-slip results from a push-out test.
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3 Results

This chapter will introduce the papers that have been published containing the results and
studies related to this research project. The outcomes of this research are documented in a total
of five papers, including one conference paper and four journal articles. Collectively, these

publications offer in-depth insights into the findings and investigations of this study.
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3.1 Paperl

The paper “Influence of different End-of-Life cycle scenarios on the environmental impacts of
timber-concrete composite floor systems” [27] was presented at the World Conference on
Timber Engineering 2023 (WCTE2023) in Oslo, Norway and published in the proceeding of
the conference. The author of this dissertation served as the first author, and his contribution
included conceptualization, methodology, analysis, investigation, the original draft preparation

and visualization.
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INFLUENCE OF DIFFERENT END-OF-LIFE CYCLE SCENARIOS ON THE
ENVIRONMENTAL IMPACTS OF TIMBER-CONCRETE COMPOSITE FLOOR

SYSTEMS

Hooman Eslami!, Alireza Yaghma?, Laddu Bhagya Jayasinghe?, Daniele

Waldmann*

ABSTRACT: Timber-concrete composite (TCC) floor systems attracted attention in the
construction industry because of their low environmental impacts while demonstrating decent
load-bearing capacity. However, the environmental impacts of possible end-of-life scenarios
of TCC floors have not been extensively studied. To address this gap, a comprehensive life
cycle assessment (LCA) study was conducted on three different slabs: a Reinforced concrete
slab, a Steel concrete composite slab, and a CLT-concrete composite slab. The study revealed
that the CLT-concrete composite slab has the lowest Global Warming Potential (GWP) among
the three slabs. Subsequently, a more detailed LCA is performed on the CLT-concrete
composite slab considering three different end-of-life scenarios of the CLT: 1. Energy recovery
via incineration, 2. The prevailing scenario in Europe (a combination of energy recovery,
recycling, and disposal), and 3. Reuse. The results show all three scenarios are beneficial in

terms of GWP whereas the 3rd scenario is the most beneficial one.
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1 INTRODUCTION

The construction industry is a major consumer of global resources and contributes greatly to
waste generation and greenhouse gas emissions [1, 2]. In the last few decades, with the aim to
reduce the environmental impacts of the construction industry, the use of renewable and more
environmentally friendly materials such as timber and engineered wood products have gained
more attention due to their green properties such as low carbon footprint and low embodied
energy. Previous studies have shown that Timber-Concrete Composite (TCC) floor systems
are promising sustainable solutions since they have decent structural behavior while having

low environmental impacts [3].

TCC slabs have several advantages over conventional Reinforced Concrete (RC) slabs. By
replacing concrete with timber, the environmental impacts of the floor system can be reduced
about 30 to 50 percent [4]. Moreover, TCC can be used for resource-saving and lightweight
constructions. These advantages can be expanded if the TCC slabs are designed to ensure the
concrete is only subjected to compression and that all or most of the timber is stressed in
tension. Consequently, TCC slabs should be designed so that shear between the timber and
concrete components is transferred effectively through a proper shear connector system. The
degree of composite action of the slab depends on the efficiency of the shear transfer system
between the two materials. Furthermore, the connection system influences the sustainability of
the TCC slab since it manipulates the fabrication, installation, maintenance, and End-of-Life
(EoL) scenario. Hence, important aspects of sustainability such as prefabrication,
deconstruction, recycling, and reuse must be considered during the design of the shear

connection. A shear connection system that bonds the two materials permanently makes the

35



deconstruction, reuse, or recycling difficult while a demountable shear connection facilitates
these processes. This encouraged researchers to develop new shear connections suitable for
prefabrication [5—7] and deconstruction [8, 9]. Having these new solutions which facilitate the
recycling and reuse of TCC slabs, it is important to evaluate and compare the environmental

impact of different EoL cycle possibilities for TCC floor systems.

This paper aims to study the environmental impacts of different floor systems for identical
loading and span length. Then, a comparison between different EoL scenarios for the timber
used in TCC floors is studied to identify the best solution considering the environmental

impacts.

2 ASSESSMENT OF THE ENVIRONMENTAL IMPACT

Life-Cycle Assessment (LCA) is a common method that is used for the analysis of the
environmental impact of products [10]. It is an analysis technique that evaluates the
environmental impacts of different stages of a designed product during its life cycle. Inan LCA
study, an inventory of the energy and materials which are used for the product is determined
and the corresponding potential environmental impacts are calculated to improve the

environmental profile of a product or compare it to another one.

Many studies evaluate the environmental impacts, considering the Global Warming Potential
(GWP) and Primary Energy (PE), for some or all of the life cycle stages of a designed product
[11]. GWP is a metric to quantify the total global warming effect of a substance over a specified
time horizon. The GWP of a substance is defined as the ratio of the cumulative radiative forcing
over a specified life cycle stage due to the emission of a unit mass of a substance, relative to
the equivalent emissions of COz. PE states to the energy that is first extracted from natural
sources and then used to generate electricity, heat, or power for other purposes. The sources of

primary energy include renewable energy sources such as wind, solar, hydro, and geothermal,
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as well as non-renewable energy like coal, oil, and natural gas [12]. For construction materials
and components, the stages which are mostly considered are Production and Construction (A),
Use(B), End of Life (C), and Benefits and Loads (D) [13]. The considered stages in this study

are demonstrated in Figure 1 which are the most relevant ones to the floor systems.

A: Production Stage B: Use Stage

e ]

Al Raw Material BI1 Use
A2 Transport
A3 Manufacturing

D: Benefits and Loads beyond C: End of Life Stage
the System Boundary
N i K
-
———

C1 De-construction
Reuse, recovery and C2 Transport
recycling potential C3 Waste processing
C4 Disposal

Figure 1. Life cycle stages of construction materials and components. Based on [13].

Stage A includes the extraction and processing of the raw materials, as well as their
transportation to the manufactory where the floor component is produced. The construction
process stage is not considered here because it does not have a noticeable influence compared
to the other stages on a component level of analysis. Stage B only considers the use phase,
assuming that the floor systems will not require any maintenance, repair, replacement,
refurbishment, energy, or water during their service life. Stage C includes the deconstruction
of the component, transportation, waste processing, and disposal. Stage D depends on the
method that is used to derive benefits from the materials or components through reuse,
recovery, or recycling. Although all the stages influence the environmental impacts of
construction materials, stages A, C, and D are the decisive ones since stage B has no or a very

small contribution to the environmental impacts.
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Depending on the scope of an LCA analysis, different stages are considered in a study. A
cradle-to-grave (CTG) scope considers stages A, B, and C, whereas a cradle-to-cradle (CTC)
scope includes stages A, B, C, and D. The CTG approach examines the environmental impacts
of a product from the extraction of raw materials to its disposal. On the other hand, the CTC
approach takes into account the possibility of reusing, recovering or recycling the materials
and components of the product at the end of its life. This approach considers the grave of a
structure as the new cradle for its materials and components, enabling them to be used again in
the manufacturing process of new products, reducing waste and the need for additional raw

materials.

3 ASSESSMENT OF DIFFERENT FLOOR SYSTEMS

The Eco-Construction for Sustainable Development (ECON4SD) project at the University of
Luxembourg has the objective of advancing toward a sustainable and circular society. This
initiative aims to accomplish this goal by developing innovative architectural and structural
design models that are resource and energy-efficient. The underlying purpose of this project is
to create constructions that utilize sustainable practices, thereby minimizing their
environmental impact. This paper study the environmental impacts of different possible floor
systems to find a suitable floor system for the prototype 3 building in the ECON4SD project
[14], which is a demountable building made of standard prefabricated modules. Each module
has a length of 10.8 meters, a width of 10.8 meters, and a height of 3 meters. The building is
made by adding these modules and expanding the building horizontally and vertically as it is
shown in Figure 2. The architectural concept is designed for adaptive usage over the life cycle
such as residential, office, and public buildings. After each life cycle, the building can be

modified for a new purpose or can be demounted and reused in another building site.
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To find a suitable floor system for this prototype building, 3 different floor systems are
designed statically. Then, the environmental impacts of the floor systems are compared through
a cradle-to-grave LCA analysis. The proposed floor systems are Reinforced Concrete (RC),
Steel-Concrete Composite (SCC), and Timber-Concrete Composite (TCC). The floor systems
which are depicted in Figure 3, are designed for an office building loading condition and a 10.8
meters single-span system. The design considers both load-bearing capacity and serviceability
of the floor for a lifespan of 50 years. Since the building is meant for prefabrication and

demounting, floor modules are designed as prefabricated slabs with 1.8 meters in width.

Figure 2. Architectural concept and standard module expansion for ECON4SD building prototype 3. From.: [14].

The TCC slab includes a 60 mm deep concrete slab on top of a Cross-Laminated Timber (CLT)
panel with a thickness of 300 mm. CLT is a type of engineered wood product that is made from
layers of solid-sawn lumber and is used in construction as floors, walls, roofs, etc. The layers
are stacked in alternating orthogonal directions and then glued together under pressure to form

a solid, stable panel. The CLT and concrete are connected by shear connections. The SCC slab
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is made of an IPE 360 steel profile with a 65 mm deep concrete slab. The RC floor has the

highest thickness of 440 mm and The TCC has the lowest thickness of 360 mm.

CLT-Concrete Composite Slab

7 Reinforced concrete C35/45

1800

300 60

Shear connection’ L C24

Steel-Concrete Composite Slab
1800

IPE 360~ |7 I"‘Rcinfnrccd concrete C35/45

360 65

Reinforced Concrete Slab

Reinforced concrete C35/45

1800

440

Figure 3. The investigated floor systems (dimensions in mm).

Based on the designed floor systems, all material quantities required for each slab module are
calculated. Then, the OKOBAUDAT German database [15] which provides data on the
environmental impacts of the construction products, is used to calculate the GWP and PE of
all the materials in each stage except for CLT whose environmental impact is extracted from
Stora Enso environmental product declaration [16]. Figure 4 and Figure 5 show the results of
the LCA analysis in GWP and PE, respectively. For each floor system, the results are calculated
for all stages and the total CTG is presented. The GWP results for the TCC and SCC floors are
similar with a small advantage for the TCC slab while the result for the RC slab is about 3
times higher than the other two floors. This is due to the high CO2 footprint of cement in the

production stage. For TCC, the production stage of timber contributes to removing CO2 from
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the environment while the EoL stage releases CO2 back into the environment due to
incineration. Since the steel in the SCC slab will be recycled in stage C, the CO:z contribution
comes mostly from the production stage. Stage B contribution for all the slabs is negligible
since it counts only the insignificant recovered CO2 by concrete carbonation during the

utilization stage.

The results for PE are different since the SCC slab requires about 30% less energy compared
to the TCC slab. Yet, the RC slab requires the highest PE with about 2 times more than the
TCC slab. The majority of the demanded PE is used in the production stage for all of the slabs.
Only for the TCC slab, there is recovered PE which belongs to the heat recovery of the timber
by incineration in stage C. Figure 5 also demonstrates the proportion of the renewable and non-
renewable energy. Although the TCC slab requires more primary energy, it is mostly acquired
from renewable energy. This is contrary to the SCC slab. Therefore, one can claim that the
TCC slab is more sustainable compared to the other two slabs in a cradle-to-grave LCA

analysis.

HAl1-A3 ®EBl ®C HACradle-to-grave
300

250
200
150

-
100 .8 5 %
*Nm mz W
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Global warming potential
[kgCO2/m?]

TCC SCC RC

Figure 4. CTG global warming potentials of TCC, SCC, and RC slabs.
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Figure 5. CTG primary energy of TCC, CLT, and RC slabs.

To have a cradle-to-cradle LCA, the potential GWP and PE relevant to stage D of each slab are
calculated to determine the loads and benefits of each substance from its reuse, recycling, or
recovery. For both GWP and PE measures, as it is shown in Figure 6 and Figure 7, respectively,
the TCC slab stands significantly more beneficial than the other two slabs. For GWP this goes
from 6 times compared to the RC slab up to 12 times better compared to the SCC slab. For PE
the same trend exists when comparing TCC with RC and SCC slabs with 18 times and 53 times

more recovered energy, respectively.
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Figure 6. Comparison of the GWP from benefits and loads beyond the system boundary for TCC, SCC, and RC
floor system.
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Figure 7. Comparison of the PE from benefits and loads beyond the system boundary for TCC, SCC, and RC floor
system.

4 COMPARISON OF POSSIBLE END-OF-LIFE SCENARIOS FOR TCC

Knowing the TCC floor system has sustainable advantages compared to SCC and RC floors,
different possible EoL cycle scenarios can be studied to compare their benefits toward finding
a more sustainable solution. The assumed EoL cycle stages are shown in Figure 8. Since the
production and use stages are identical, only stages C and D vary between the scenarios. For
all the scenarios, the materials in the TCC slab are considered for de-construction (C1),
transportation (C2), and waste processing (C3). The steel parts such as reinforcements and the
bolts are recycled and the concrete is downcycled. Then, three different scenarios are studied
for the CLT panel. The first scenario is identical to the one in the previous part which considers
the benefits of timber for full energy recovery by incineration of wood to generate steam heat
energy or electricity. On the other hand, a study [17] shows that in Europe on average 37% of
wood products go to disposal while 33 % is recycled and the rest is used to produce energy.
For disposal, the wood is interred in a landfill where the methane produced from its
decomposition can also be harnessed to produce electricity. As for recycling, wood waste can

be processed into engineered wood products and paper [18]. Therefore, the second scenario is
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considered the prevailing scenario in Europe with the combination of the mentioned
proportions for disposal, recycling, and energy production. Then again, the environmental
impact of a component can be reduced significantly when it is designed for deconstruction and
reuse which is the aim of the ECON4SD building prototype 3. Therefore, the third scenario
considers that the CLT panel of the composite slab is fully reused with the assumption that the

shear connection allows for such operation.

C: End of Life Stage for CLT-
concrete composite floor system

D: Benefits and Loads beyond the

System Boundary for
reinforcement and bolts

Recycling

C1 De-construction
C2 Transport D: Benefits and Loads beyond the

C3 Waste processing System Boundary for Concrete

Downcycling

D: Benefits and Loads beyond the System Boundary for CLT

I .
|
i
i
|

T |
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\ 4 A
2. Prevailing scenario in
Europe: 37% disposal, 33% 3.100%
recycle and 30% energy Reuse

recovery
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Figure 8. End-of-life scenarios of CLT-concrete composite floor system.

Although the different EoL scenarios do not affect the environmental impact in C1 and C2
stages, they influence the C3 stage. This impact can be seen in Figure 9 and Figure 10 with the
CTG calculation of the GWP and PE. The second scenario has about two times more GWP
than the other two scenarios. The third scenario has about 25% less GWP than the first scenario.

Considering PE, the renewable required energy is almost the same for all scenarios. However,
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regarding the non-renewable PE, the third scenario is again the most sustainable solution

demanding about 15% and 7% less PE compared to the first and second scenarios, respectively.
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Figure 9. Cradle-to-grave GWP of the three different EoL scenarios for the TCC floor system.
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Figure 10. Cradle-to-grave PE of the three different EoL scenarios for the TCC floor system.

The benefits and loads of the three scenarios in stage D are compared in Figure 11 and Figure
12 as recovered GWP and PE, respectively. The first and second scenarios have almost the
same GWP potential benefits while the GWP for the third scenario is more than 2 times higher

compared to the other two scenarios. The maximum possible recovered primary energy is from
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the first scenario followed by the third and second scenarios. This is due to the recovered energy
from the incineration of the timber in the first scenario. However, the third scenario has the
most renewable energy. Therefore, among the three scenarios, the third scenario has the least

environmental impact and the most benefits beyond the system boundary.
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Figure 11. Stage D potential benefits for GWP of the three different EoL scenarios for the TCC floor system.
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Figure 12. Stage D potential PE recovery of the three different EoL scenarios for the TCC floor system.
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S CONCLUSION

Three different floor systems are designed for the prototype building of the ECON4SD project

considering the same loading condition and life span. The results show that:

e The global warming potential of the TCC floor system is one-third of the RC floor.

e The demanded primary energy of the TCC floor system is half of the RC floor.

e The TCC floor has significantly higher environmental benefits in stage D of the LCA

compared to the other two floor systems.

Additionally, three different EoL cycle scenarios are compared for the CLT panel including
full energy recovery, the prevailing scenario in Europe with a combination of energy recovery,
disposal and recycling, and full reuse of the CLT. The comparison shows that reusing the CLT
is the most sustainable solution since it has the lowest GWP and required PE. Also, the
environmental benefits of the reuse scenario are more sustainable considering both GWP and
PE measures. Therefore, for the studied building, a demountable and reusable TCC floor

system is the most sustainable solution.
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3.2 Paper Il

The paper “Comparative life cycle assessment of light frame timber and reinforced concrete
masonry structural systems for single-family houses in Luxembourg” [92] was published in
Heliyon journal. The author of this dissertation served as the first author and his contribution
included conceptualization, methodology, formal analysis, investigation, the original draft

preparation, data curation and visualization.
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Abstract

The building sector is responsible for significant global greenhouse gas emissions and energy
consumption. This, combined with the rapid population growth, makes achieving the European
commitments on climate change more challenging. In Luxembourg, most of the residential
buildings are single-family houses, making them one of the main contributors to construction
waste production and COz emissions. This study compares the environmental impacts of a
three-story reinforced concrete masonry single-family house with a functionally identical
timber building in Luxembourg constructed on the same site. Specifically, the paper compares
the greenhouse gas emissions and the embodied energy in timber and concrete houses. A
comprehensive cradle-to-grave life cycle assessment was conducted using Building
Information Modelling (BIM) models to analyze the global warming potential and primary
energy requirements. Environmental product declarations from the producers and
OKOBAUDAT German database were used to determine the environmental impacts of the

materials. The results show that the timber building outperforms the concrete building,
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exhibiting approximately 43.5% lower global warming potential, while the concrete building
demonstrates a noteworthy 15.6% reduction in primary energy demand. These findings align
with the average outcomes of seven similar studies discussed in this paper, which are 33.2%
and 4.7%, respectively. Moreover, the timber building is 78.6% lighter compared to the
concrete one. Evaluation of benefits and loads beyond the system boundary from the potential
reuse, recycling, and recovery of the materials reveals that the timber building provides 3.6 and
4 times greater advantages in terms of global warming potential and primary energy,
respectively, compared to the reinforced concrete masonry building. Additionally, the study
explores the impact of reusing the floors in the timber building. The cradle-to-grave LCA
reveals that reusing the timber slabs improves the building's global warming potential and
primary energy by 2.4% and 1.2%, respectively. However, when considering the potential
benefits and loads beyond the system boundary, the reuse of the floor system exhibits a 38.9%
surge in advantages concerning global warming while reducing the benefits in term of primary
energy by 28.1%. The findings advocate for a policy promoting timber construction and reuse

in Luxembourg, aiming to achieve the net-zero emission target by 2050.

Keywords: Life cycle assessment; Environmental impact; Timber building; Reinforced

concrete masonry building; CO2 emissions;

1. Introduction

1.1  Background

The construction industry has a notable share in global resource and energy consumption, waste
production, and greenhouse gas emissions. The sector contributes to about 40% of Europe's
primary energy use, 39% of energy-related carbon dioxide emissions, and 36% of global energy
consumption [1-4]. The European Green Deal aims to become climate neutral by 2050 in

European Union in line with the Paris Agreement [5]. The significant carbon footprint and
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population growth make it challenging to address these commitments on climate change [6].
Therefore, the need to decrease the environmental impacts of the construction industry has

become more critical in the last few decades.

The environmental impacts of a building can be reduced by optimizing the effects of the
operational stage along with the selection of materials and construction methods [7,8].
Conventionally, the operational stage accounted for over 70% of the energy consumption of
the building [9]. However, with the improvement of the energy standard of the buildings and
moving toward nearly zero-energy buildings, the contribution of the use stage to the overall
environmental impacts has dropped [10-13]. A study in Belgium [14] reveals that in
conventional energy performance residential buildings, the use stage accounts for 69% to 89%
of the total life cycle impact, contingent upon the house type. However, in modern low-energy

houses, this proportion has reduced from 35% to 61%.

Reinforced concrete has been the dominant building material in the construction sector for the
last century due to its favorable properties, including compression strength, cost-effectiveness,
durability, and fire resistance [15]. Cement is the primary binding component of concrete. It is
the third-largest source of anthropogenic CO2 emissions, accounting for about 8% of total
global carbon emissions [16]. Concrete and steel continue to be the primary construction
materials for new buildings. However, the recent upsurge in environmental awareness within
the construction industry has drawn significant attention to timber as a preferred structural
material [17]. Timber offers benefits such as renewability, low environmental impacts, and
construction benefits like fast erection and ease of prefabrication [18,19]. The development of
new engineered wood products (EWP) made it possible to use timber in various structural
elements. Materials such as cross-laminated timber (CLT), laminated veneer lumber timber
(LVL), glued laminated timber (Glulam), and oriented stranded board (OSB) have found their
way into mid and high-rise buildings [20-22].
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The increase in timber consumption has led to concerns about the existence of sufficient timber
resources [23]. In Europe, only 73% of the annual wood growth increment is harvested, which
includes the 550 million cubic meters of roundwood production [24]. It is estimated that there
is enough wood in the forests to sustain the construction sector until 2050 [25]. Thus, the rising

consumption of wood should not raise concerns about resource scarcity.

1.2 Life cycle assessment

A commonly used tool to assess the environmental impacts of products and services is Life
Cycle Assessment (LCA) [26-28]. According to ISO 14040 [29], LCA investigates the
environmental dimensions and potential impacts across a product's complete life cycle,
including the raw material acquisition, manufacturing, utilization, and disposal stages. Vital
environmental impact classifications involve the utilization of resources, human well-being,
and ecological ramifications. LCA allows decision-makers and industries to evaluate and
improve the emissions associated with their products and services. It follows a standardized
procedure that evaluates different emissions and energy requirements at each stage of a
product's life cycle. For a building, these stages can be chosen depending on the scope of the
study from production and construction (A), use (B), and EoL (C) stages. Moreover, the
potential benefits from recycling, recovery, and reuse of the materials can be evaluated in
benefits and load beyond the system stage (D) [30]. For this purpose, all inputs and outputs of
material and energy are compiled and quantified throughout the considered stages in a life cycle
inventory. This inventory is used to determine the environmental impacts of the building. Two
parameters that are common in the environmental evaluation of buildings are Global Warming
Potential (GWP) and Primary Energy (PE) [31]. GWP quantifies the overall global warming
effect of the product or building over its life cycle relative to the equivalent amount of CO2
[32]. PE counts for all the energy extracted from renewable or non-renewable sources. The
energy can be used in the form of heat, electricity, and power for different purposes in the
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various stages of the life cycle of the building elements [33]. These parameters quantify the
environmental impacts regarding resource depletion and climate change for each building. The
outcomes can serve as indicators for the comparison of different buildings. An LCA study can
be classified as cradle-to-gate (including stage A), cradle-to-grave (including stages A, B, and
C), or cradle-to-cradle (including stages A, B, C, and D). In a cradle-to-cradle boundary, the
potential environmental benefits from stage D are presented separately to maintain
distinguishability from other stages. This ensures transparency regarding emissions and energy

consumption sources [34,35].

1.3 LCA limitations

LCA analysis is data-intensive [36] and subject to case-by-case variation due to the use of
different system boundaries and databases, which can hinder comparing LCA results of
different buildings. Many producers establish environmental certificates such as the
Environmental Product Declaration (EPD), which quantify the data on the environmental
performance of materials, products, or services over their lifespan [37,38]. Hence, comparing
the environmental impacts of different buildings has become more feasible using these EPDs

and standard LCA methods.

A comparative LCA can be used to analyze the environmental impact of different building
materials for the same building. However, it is essential to note that the results of these studies
can vary due to differences in design codes, transportation distances, construction methods,
and waste processing, which can vary between countries and construction sites. These
variabilities add complexity to conducting these studies. The intricate nature of such studies
hinders the direct comparison between the overall environmental impacts of buildings with

different construction materials. It is rarely possible to find identical buildings with different
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construction materials within the same region according to the same codes and construction

conditions. Therefore, having two similar buildings to compare is a unique opportunity.

1.4 Review of literature

Table 1 summarizes seven LCA studies that compared the environmental impacts of buildings
with alternative structural materials. These studies compared a timber building to a comparable
concrete building, with two of them additionally examining a sheet metal building and a timber-
concrete hybrid. The alternative buildings were functionally identical, which means the number
of floors, floor planning, usage, and energy grade of the buildings were equivalent. Four of the
seven studies considered a cradle-to-gate system boundary, while the rest considered a cradle-
to-grave. The life cycle span considered in these studies varied between 50 to 100 years. The
studies considered various building types ranging from two-story single-family houses to 12-
story residential and office buildings. The environmental impacts of the operational stage and
non-load-bearing elements such as furniture, doors, windows, and mechanical installations
were not considered in any of the studies. The results of the studies show that in all cases, the
GWP of the timber building is noticeably less significant than the alternative in concrete or
steel. When comparing a timber building to a reinforced concrete building can have from 6%
to 84% lower GWP. The compared buildings were not all constructed and some comparisons
were based on a solely designed alternative building. Therefore, related factors to the
construction such as construction time, required logistics, and actual costs were impossible to

be compared.
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Table 1. Summary of seven comparative LCAs between buildings with alternative structural materials.

System Service Compared GWP [kg Embodied s
Reference bounda life buildings ~ CO» eq./m?] energy Building size
ry g 2 €q. [MJ/mZ]

Robertson et
al. (Canada ~ Cradle-to- 50 Timber/ 126/ 11660/  S-story: 14233 m?
2012) [20] gate years

RC 420 8110
Canadian
Wood . .
Council Cradleto- Timber/ 288/ 1181/ Smgle—famllyz
(Canada1999) grave house: 216 m
[39]

Concrete / 354/ 1801/

Sheet 433 2602

metal

Four buildings
Skullestad et 1010~ 60 . from 3-story: 2613
al. (Norway Timber/  26to 67/ - )
2016) [40] gate years m?2 to 21-story:
11823 m?

RC 121 to0 270
Liang et al.
(USA 2020) ~ Cradle-to- Timber/ 193/ 2868 / 12-story: 8360 m>
[41] site

RC 237 2673
Andersen et
al. (Norway Cradle-to- 100 Timber/ 454/ - 8 story: 3973 m?/
2021) [6] grave years

RC 904 5-story: 2449 m?
Chen et al.
(China 2021) ~ Cradle-to- 80 Timber/ 221/ 10711/ 8-story: 3524 m?

ry

[42] gate years

RC 296 7058
Rinne et al.
(Finland Cradle-to- 30 Timber/ 168/ ; 5-story: 7250 m?
2022) [43] grave years

RC/ 178 /

Hybrid 179

1.5  Structure of the paper

A census in 2013 showed that in Luxembourg 83.5% of the residential buildings are single-
family houses [44] from which only 10% are built in timber [45]. This illustrates the capacity
to promote greater adoption of timber construction in Luxembourg. To the authors' knowledge,
no prior research has been done in Luxembourg to compare the environmental impacts of

timber and concrete buildings. Hence, this is the first study to conduct a comparative LCA
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using local resources and databases pertinent to Luxembourg and its vicinity. The aim is to

unveil the potential advantages of advancing timber-based single-family housing in the region.

This study compares two 3-floor single-family houses in reinforced concrete masonry and
timber built in Luxembourg on the same building site. The two buildings are functionally
identical with the difference of having a mirrored floor plan. A BIM model was created for
each building to assess their environmental impacts to gather the necessary life cycle inventory
data. The results obtained from the BIM models were then post-processed in spreadsheets to
evaluate the environmental impacts of each building. The study also investigated the potential
impact of reusing floors in the timber building. The analysis emphasizes the potential of
integrating circular economy principles by exploring the benefits of material reuse, leading to
diminished reliance on new materials and mitigated associated environmental impacts. By
assessing the environmental impacts of this reuse scenario, the study aimed to provide the

potential benefits of incorporating circular economy principles into the construction industry.
2. Materials and methods
2.1 Case study buildings

The buildings are located on the Schoenfels hills, approximately 15 km north of Luxembourg
City in Luxembourg. Initially, both buildings were planned to be built in reinforced concrete
masonry. Still, after finishing the foundation and basement construction, the owner decided to
build one of the buildings in light-frame timber. Hence, the foundation of the timber building
was over-designed since it was initially intended for a reinforced concrete masonry building.
The construction was finished in late 2022. Figure 1 shows the front view of the reinforced
concrete masonry building and light frame timber building which from now on will be
mentioned as concrete building and timber building, respectively. Both buildings have the same

surface area of 389 m? from which 274 m? are heated. The two buildings are functionally
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identical with identical basement and roof structures, differing only in their structural system
and insulation from the first floor to the roof. Both buildings have a rectangular raft foundation
of 9 m by 15 m with a thickness of 30 cm and the basement level is partially buried. The height
of the basement level is 2.35 meters. The rest of the floors have a height of 2.5 meters. The
details of the external walls, internal walls, and floor systems are shown in Figure 2, Figure 3,

and Figure 4.

In the concrete building, in-situ C25/30 concrete was used for the slabs and the staircase wall.
The walls in the basement level are made of reinforced shuttering blocks of 24 cm. Exterior
walls above the basement level were made of 24 cm hollow masonry blocks. The exterior walls
were insulated with a 22cm layer of expanded polystyrene (EPS). The walls are covered by
plaster layers from the interior and exterior. The interior walls were made of hollow blocks
covered from both sides by layers of plaster. The floor system includes plaster, concrete, PUR

insulation, screed, and wooden flooring.

For the timber building, solid C24 class timber and class 4 OSB boards were used for the load-
bearing frames. The walls and slabs were prefabricated. For the walls, different layers of
wooden-based insulations including fiberboards (STEICO flex [46]) and air-injected wood
fibers (STEICO zell [47]) were used. The floor system consists of gypsum boards as false

ceiling, solid timber joists topped with OSB, PUR insulation, screed, and wood flooring.
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Figure 3. Section view of the internal wall of the concrete (left) and timber (right) building.
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Figure 4. Section view of the slab of the concrete (left) and timber (right) buildings.

2.2 Construction and logistics

Construction of the buildings was started along with the demolition of the previous building
on the site and earthworks. After the earthworks, the sequence of the building's construction
continued as casting the foundation, placing the basement walls, and casting the concrete of
the first slab. Once the first slab was made, the concrete and timber buildings had different
construction agenda. The construction of the concrete building continued by placing the load-
bearing walls and the concrete slab of the first and second floor consequently and the walls up
to the roof. Afterward, the prefabricated roof structure was put in place. Lastly, the insulation
and facade were installed. For the timber building, once the foundation and basement were
constructed, the prefabricated timber walls and floors were delivered to the building site. They
were assembled on-site, including the walls and the floors of the first and second floors and the
roof structure. Following the erection of the prefabricated walls, the insulations were installed.
However, unlike the concrete building, the fagade was already prefabricated on the exterior

walls of the timber building.

As Figure 5 shows, the construction time of the timber building was about 52% faster compared
to the concrete building. Prefabrication is the main reason for the faster construction of the
timber building. The timber building needed 10 days for prefabrication which was done in

parallel with other construction processes. The number of required trucks for the transportation
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of the structural materials to the building site is presented in Figure 6. The concrete building

required twice more trucks compared to the timber building.

# Basement B Ground floor B First floor
A Second floor ™M Roof structure Facade

B Prefabrication

Timber building

45.5

Concrete building

'~:;:;:7///
0 10 20 30 40 50 60 7
Time [days]

0 80 90 100

Figure 5. Construction time of the concrete and timber building.
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Figure 6. Number of required trucks for the structural materials of the buildings.
2.3 Assessment workflow

To facilitate decision-making regarding buildings and infrastructure, an adaptive LCA

calculation workflow is essential to address the complexities of environmental impact
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calculations [48]. In this context, a BIM-based LCA calculation can prove beneficial. Figure 7
illustrates the procedural framework adopted for the LCA study. The workflow was started by
3D modeling of the buildings in Revit (depicted in Figure 8) based on the 2D drawings offered
by the construction company. On the other hand, the environmental data for each material was
extracted from the EPD provided by the manufacturing company or by a similar producer.
These environmental data, including the GWP and PE, were defined as project parameters
within the 3D BIM model. The related project parameters for each material and element were
defined for modules A, B, C, and D separately. A material takeoff schedule was generated from
the model after finalizing the model and specifying all necessary attributes. This schedule
offers the pertinent attributes and quantities of the materials utilized in the model. Then, the
schedule from the model was exported to a spreadsheet for postprocessing. In the case of the
timber building, two different scenarios were investigated. As timber environmental benefits
increase when the storage period of used timber in buildings increases and the rotation period
of timber source decreases [6], the second scenario considers the environmental impacts and
the potential benefits of a reusable floor system. For this purpose, reusable timber was defined
as a new material with corresponding environmental impacts. The BIM model facilitated the
calculation of life cycle inventory and impact assessment, enabling the straightforward

consideration of various scenarios.
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Figure 7. The workflow of the life cycle assessment.

Figure 8. The BIM model of the concrete (left) and the timber (right) building.

2.4 Goal and scope

This study aims to perform a comparative consequential LCA on a light timber frame and a
reinforced concrete masonry building. The two buildings are functionally identical and
constructed at the same site and with the same environmental conditions. Therefore, the study
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brings the opportunity to compare the environmental impacts of a single-family house in timber
and concrete in Luxembourg country and its vicinity. To have a comprehensive approach that
ensures no significant environmental impacts are overlooked, a cradle-to-grave LCA boundary
was considered for this study. Additionally, the potential benefits and loads beyond the system

boundary were considered to have an overview of the impact of the EoL stage.

The LCA study is performed according to EN 15978:2011 [30]. The system boundary is shown
in Figure 9, which includes the production (modules A1-A3), construction process (modules
A4-AS5), use (module B1), and the EoL stage (modules C1-C4). Some modules within the use
stage including maintenance (B2), repair (B3), replacement (B4), refurbishment (BS), energy
use (B6), and water use (B7) are assumed identical for both buildings as they have the same
energy class (Energiepass A [49]). Therefore, these modules are excluded from the system
boundary. The benefits beyond the system boundary (module D) are calculated and presented
for comparison. From a geographical perspective, the system boundary pertains to Europe,
where 70% of energy is derived from fossil fuels, whereas only 18% of the energy consumed
comes from sustainable sources [50]. In addition, the life span of the cradle-to-grave analysis

is 50 years equal to the design service life of the buildings.

The functional unit is defined as 1 m? of the floor area of a single-family house during its 50
years lifespan. The functional unit allows the quantification of the environmental impacts to

compare the results with similar buildings.

ptt s ﬁ —in m A el st LAA

Broduction Stage Construction Process Stage Use Stage End-of-Life Stage Benefits and Loads bevond
Al Raw Material A4 Transpont Bl Use C1 De-construction the Syst

A2 Transpon AS Constraction B2 Maintenance C2 Transport D Reuse, rec
A3 Manufacturing B3 Repair C3 Wl processing
B4 Replocement Cd Dhsposal

System boundry B3 Refurbishment

B Energy use
BT Walter use

Figure 9. System boundary of the LCA (the figure is modified from [51]).

64



2.5 Life cycle inventory

2.5.1 Production stage

This stage comprises three modules: A1, A2, and A3. Module A1 deals with extracting the raw
materials necessary to produce the construction materials under investigation. This module
includes activities such as mining, quarrying, or harvesting of resources required for the
manufacturing process. Module A2 focuses on the transportation of raw materials from their
extraction sites to the manufacturing facility and the production site. Module A3 deals with the
manufacturing and production processes involved in transforming raw materials into
construction materials. The EPD provides the necessary data about energy consumption in each
module, such as fuel and electricity, global warming potential, and other environmental

impacts.

2.5.2 Construction process stage

Module A4 considers the environmental impacts associated with the transportation of the
products from the manufacturing facilities to the building site. This module takes into account
the distance between the factory and the construction site, which is provided in Table 1 for
each product. The transport distances for the timber building are on average higher since the
wood products mainly come from neighboring countries. Module A5 considers the installation

of the construction products during the construction process at the building site.
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Table 2. Transportation distance from the production to the buildings site.

Distance [km]

Product Concrete  Timber
building  building

Masonry 25 25
Concrete 20 20
KVH - 60
Wood fiberboard - 60
OSB - 60
Plaster-exterior 30 60
Gypsum wallboard 30 30
Plaster-interior 30 -
Y-tong - 30
EPS 30 30
PUR 30 30
Screed 20 30
Reinforcement 10 10
Steel column - 30

2.5.3 Use stage

The use stage considers the environmental impact of the usage of the building during its service
life, including modules B1 to B7. This study assumes that the buildings do not require
maintenance, repair, replacement, and refurbishment since only the structural parts and
insulation are considered for the LCA analysis. Moreover, energy and water consumption are
neglected during service life since both buildings have the same occupancy and energy class.
Therefore, the only module considered from the use stage is B1, which reflects the carbonation
of the concrete elements and masonry blocks [15]. Nevertheless, other materials have no

environmental impact in the use phase.

2.5.4 End-of-life stage

At the end of the use stage and when the elements reach their planned service life, they will be

deconstructed and transported for waste treatment to get sorted and prepared for incineration,
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recycling, reuse, or landfill. The EoL scenario of each product is determined based on its EPD.

For each product, the EoL can be seen in Table 2.

Table 3. The end-of-life scenario of the used products in the building.

Product EoL scenario
Masonry Downcycling
Concrete Downcycling
KVH Incineration
Steico zell Incineration
Steico flex Incineration
Wood fiberboard Incineration
16% incineration, 17% landfill, and 67%
OSB recycling
Plaster-exterior Landfill
Gypsum wallboard Recycling
Plaster-interior Landfill
Y-tong Downcycling
EPS Incineration
PUR Incineration
Screed 90% downcycling and 10% landfill
Reinforcement 90% recycling and 10% landfill
98% recycling, 1 % energy recovery, and 1%
Steel column landfill

2.5.5 Benefits and loads beyond the system boundary

Module D represents the potential benefits and loads from reusing, recycling, incinerating, or
landfilling the products and materials. This can be energy recovery of wooden-based products
and structural parts, downcycling of concrete and masonry blocks to aggregates, and recycling
of steel parts. No benefit or load beyond the system is considered for some materials such as

plasterboards.

2.6  Life cycle impact assessment

In this study, the environmental impacts are considered as GWP and PE, measured in kilograms
of carbon dioxide equivalent (kg CO2-eq) and megajoules (MJ), respectively. The CO2-eq is a

unit for measurement of the total global warming effect from all emitted greenhouse gases by
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a product converted to the equivalent warming effect of CO2 over the same period [52]. The
data on GWP and PE of the used product in this study are extracted from the EPD provided by
the producer. Where the EPD was unavailable, the EPD of a similar product from the
OKOBAUDAT database was used. OKOBAUDAT is a standardized German database for the
ecological assessment of buildings offered by the Federal Ministry for Housing, Urban
Development, and Building [53]. This resource provides regularly updated generic and specific
environmental declaration datasets and adheres to the EN15804 standard [34]. The German
database is pertinent to Luxembourg's reality because of comparable environmental regulations
and being in the same region. The environmental impact attributes for each material were
assigned to the related project parameter in the BIM model. By extracting the relevant
quantities from the model, the impact assessment was performed in a spreadsheet considering

each stage of the life cycle of the buildings.

3. Results and discussion

3.1 Mass flow of materials

The mass quantities of the two buildings are extracted from the Revit models and are presented
for comparison in Figure 10. It is observed that the concrete building is 4.7 times heavier than
the timber buildings. In the concrete building, the load-bearing components comprise a
significant proportion, accounting for 86.9% of the total mass, equivalent to 290 tons.
Conversely, the load-bearing parts in the timber building constitute 43.2% of the total mass or
30 tons. These findings highlight the substantial disparity in mass distribution between the two
buildings, with the concrete structure placing greater emphasis on load-bearing components

relative to the timber building.
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Figure 10. Comparison of the mass of the concrete and timber buildings.

3.2 Cradle-to-grave environmental impacts

The cradle-to-grave environmental impact of both studied buildings considering GWP and PE
are shown in Figure 11 and Figure 12, respectively. Also, Figure 13 presents the environmental
impacts per square meter of the buildings for each stage and the cradle-to-grave life cycle. The
GWP of the concrete building is 77.1% higher than the timber building. The primary
contributors to emissions in the concrete building are the structural components, accounting
for 61.4% of the total GWP. In contrast, the corresponding figure for the timber building is
only 26.1%. The most significant contributors to the GWP for the timber building are the
insulation and finishing parts, with 59.3%. For the concrete building, this number is 29.7%.
Regarding the non-structural parts, the GWP for both buildings is comparable, except for the
finishing, which is 62.6% higher for the timber building compared to the concrete building.
This is due to the high amount of gypsum fiber boards used in the timber building. However,
the overall GWP value for finishing and insulation in the timber building is only 13% higher
compared to the concrete building. This highlights the need for increased emphasis on
finishings to reduce GWP in timber buildings effectively. For the timber building, the

emissions are mostly related to the EoL stage due to the incineration of the wood-base
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components, although 66% of it is recovered in the production stage. In the case of the concrete
building, all stages except for the use stage contribute to emissions, with the production stage
being the dominant contributor responsible for 80% of emissions. These findings are consistent
with those of Burdova et al. [54], who similarly observed the substantial contribution of

structural materials in single-family house buildings.

The overall PE for the timber building is about 15.6% higher than the concrete building. The
variation arises primarily from finishings, where PE coming from the timber building's
finishing is 211% higher compared to the concrete building. Except for finishing, the primary
contributors to PE in both buildings exhibit comparable proportional contributions. This again
confirms the possibility of diminishing environmental impacts in timber buildings by focusing
on improvements in finishing components. The timber building demands about 2.7 times more
energy during production than the concrete building, mostly recovered during the EoL stage
by incineration and energy recovery of the wooden materials. Despite higher PE requirements
for the timber building relative to the concrete one, approximately 69% of PE in the former is
derived from renewable sources. In contrast, only 17% of PE in concrete buildings is sourced

from renewable sources.

Figure 14 illustrates the benefits and loads beyond the system boundary. The benefits from
module D of the timber building's life cycle in terms of GWP and PE are about 4.5 and 5 times
greater compared to the ones from the concrete building, respectively. This emphasizes the
importance of incorporating the contribution of module D to harness the environmental
advantages timber buildings offer. The majority of the benefits for the concrete building come
from downcycling of concrete, recycling of the reinforcement, and incineration of the
insulations. In contrast, for timber buildings, the benefits are primarily a result of incineration

and energy recovery of all the wooden-based structural and insulation components.
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Timber construction accounts for only 10% of the overall construction in Luxembourg [45].
However, as Luxembourg strives to achieve net-zero emissions by 2050 [55], the results from

this study highlight the potential of a policy promoting timber construction to accelerate the

realization of this goal.
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Figure 11. Comparison of the global warming potential of concrete and timber buildings.
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Figure 12. Comparison of the primary energy of the concrete and timber buildings.
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Figure 13. Cradle-to-grave GWP (left) and PE (right) of the timber and concrete buildings.
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Figure 14. Comparison of the GWP from benefits and loads beyond the system boundary of the concrete and
timber buildings.

3.3  Reusable slab scenario

Deconstruction and reuse of the structural component including timber buildings, can reduce
the environmental impacts [56]. It is possible and practiced in various buildings to reuse old

structural timber elements for new constructions or buildings rehabilitation within a similar or
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different structural system [57,58]. Timber-framed buildings, particularly the studied timber
building with its prefabricated floor systems designed for indoor environments, are well-suited
for deconstruction and subsequent reuse. Hence, this section examines the possibility of reuse
and its potential environmental advantages. To this end, a second scenario was investigated for
the timber building. In this scenario, the floor system was reused at the end of its life cycle
instead of being incinerated as in the first scenario. The rest of the building remained the same
in the second scenario. The results of this analysis are demonstrated in Figure 15 and Figure
16. The figures show that the reusable floor system slightly reduces the GWP and PE of the

buildings by 2.4% and 1.2%, respectively.

In module D of the life cycle, the reusable slab increases the potential benefits in GWP by 39%,
as less material needs to be produced. However, the PE of the building with a reusable floor
system decreases by 29% since the timber is not incinerated and thermal energy and electricity

are not produced.

The results demonstrate that reusable slabs can significantly benefit the environmental impacts
of buildings. As Tam et al. [59] highlighted, reuse can eliminate waste production when the
product is repurposed for the same purpose. However, certain limitations exist, such as the high
cost of reuse [60] and the need for performance testing from authorities to mitigate the risks
associated with further reuse [61]. Therefore, implementing a potential policy to encourage the

reuse of construction materials in Luxembourg can yield significant benefits.
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4. Conclusion

The construction industry is a significant contributor to waste production and CO2 emissions.

In Luxembourg, the majority of the residential buildings are single-family houses. Thus, it is

necessary to study the environmental impacts of such buildings to strive toward net-zero

74



emission goals. This study compared the cradle-to-grave environmental results of two typical
single-family houses in Luxembourg, one constructed with light-frame timber and another with

reinforced concrete masonry.

The study showed that the construction of the timber building was significantly faster, with a
52% reduction in construction time compared to the concrete building. This can be attributed
to the prefabrication process of timber construction. Moreover, the concrete building is 4.7
times heavier than the timber alternative. The Load-bearing parts are 290 tons in the concrete

building, while in the timber building, they are only 30 tons.

Additionally, the results from the GWP comparison showed that:

1. Concrete building emits 77.1% higher GWP than timber building.

2. Primary emission contributors in the concrete building are structural components,
comprising 61.4% of total GWP, while for the timber building, the contribution is only
26.1%.

3. Insulation and finishing parts contribute to 59.3% of the overall GWP in the timber
building. For the concrete building, this proportion is 29.7%.

4. The rise in GWP in finishing parts of the timber building can be attributed to gypsum

fiber boards.

Consequently, it is crucial to investigate the possibility of development in finishing components
within timber buildings to diminish their GWP effectively. The results from the PE comparison

showed that:

e The timber building's overall PE is approximately 15.6% higher than the concrete

building.
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e The finishing components of the timber building require 211% more PE than the

concrete building.

e Except for finishings, primary PE contributors in both buildings show comparable

proportional contributions.

Once more, this reaffirms the potential to reduce environmental effects in timber buildings

through enhancements in finishing components.

The study also evaluated the recycling, recovery, and reuse (module D) of the buildings. In this
stage, the timber building demonstrated significant potential benefits, with 4.5 times the GWP
benefits and 5 times the PE benefits compared to the concrete building. This indicates that the

timber building has better end-of-life prospects regarding environmental impacts.

A second scenario was evaluated for the timber building in which the floor system is reused
instead of being recycled and incinerated at the end of the life cycle. The results indicated that
the reusable floor system slightly improved the GWP and PE of the buildings by 2.4% and
1.2%, respectively. When accounting for module D, the reusable floor system improved the

GWP benefits by 39% while increasing PE loads beyond the system by about 29%.

The major limitation of this study is its inherent case-specific nature in LCA analysis, relying
on direct comparisons, which restricts its generalization to other cases. Considering reuse, the
study is limited to the environmental impact and did not evaluate its technical and cost aspects.
Overall, the findings suggest that the timber building has advantages in terms of construction
speed, transportation impacts, and end-of-life prospects. Hence, it advocates for promoting
timber buildings, particularly single-family houses, as an alternative to similar concrete and
masonry houses in Luxembourg. Moreover, the study points out the possible environmental

gains of reusing timber components.
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3.3 Paper III

The paper “Nonlinear three-dimensional anisotropic material model for failure analysis of
timber” [93] was published in Engineering Failure Analysis journal. The author of this
dissertation served as the first author and his contribution included conceptualization, formal

analysis, investigation, the draft preparation, and visualization.
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Abstract

In this paper, a constitutive material model is proposed to model the nonlinear mechanical
response of timber, as elastoplastic orthotropic material under three-dimensional (3D) stress
state. An associated flow rule model based on Hoffmann yield criterion and plastic potential is
adopted for describing the plasticity of timber under compression. Isotropic strain hardening
during plastic deformation is incorporated into Hoffman yield criterion by assuming that
equivalent yield stress is a function of the equivalent plastic strain. A stress-based continuum
damage formulation with four independent failure criteria in tension and compression is used.
The proposed model is implemented as a user material subroutine UMAT in Abaqus. The
results obtained in numerical simulations are evaluated and compared with experimental
results. A good agreement has been found between numerical simulations and the experimental
results. Therefore, the proposed constitutive model can be used further in numerical

simulations of the anisotropic behavior of timber.

Keywords: Constitutive model; Elastoplastic orthotropic material; Numerical finite element

simulation in Abaqus; Timber

1. Introduction

In the last years, timber has been increasingly used as a construction material due to high

strength to weight ratio while being in parallel reputed to make an essential contribution to a
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sustainable future by its positive environmental impact. Since timber products have a good
load-bearing capacity under both compression and tension, they can be used for a variety of
structural components. Timber is a fully renewable resource as well as it has a low carbon
footprint and high carbon storage capacity, and at the end of its life cycle it can be reused or
recycled more sustainably compared to other construction materials like steel and concrete
[1,2]. Due to its major benefits in sustainability, timber has been noticed rapid development as
structural and non-structural components in the construction industry in the last decades, not

least as a result of the EU shifts towards environmentally sustainable building practices.

Timber is usually a heterogeneous and orthotropic material that exhibits different constitutive
relationship of the material in tension and compression. Although natural imperfections such
as knots and resin pockets are not generally considered in numerical modelling, predicting the
mechanical behavior of timber is still complicated because of its structure. Timber has unique
and independent mechanical properties in three mutually perpendicular axes, defined by the
grain direction: longitudinal (parallel to the grain), radial, and tangential [3]. Furthermore, the
mechanical properties of timber including strength, modulus of elasticity, shear modulus, and
Poisson ratio vary not only by direction but also by the sign of the stress, whether in tension or
compression [4]. The behavior in compression parallel to the grain direction is rather linear
elastic followed by a ductile failure. In compression perpendicular to the grain, timber shows
a plastic behavior with moderate hardening. Under tension, timber shows a linear elastic
response followed by a brittle failure in both parallel and perpendicular to the grain direction
[4]. Also, it is noticeable that the stiffness and strength properties perpendicular to the grain

are much lower than the ones parallel to the grain [5,6].

In order to develop a numerical model of timber structures, it is essential to understand its
mechanical behavior. During the last decades, many material models have been developed to
define a constitutive law for the complicated behavior of timber, but most of them are only
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applicable for 2D finite element (FE) analysis [7-10]. Some earlier efforts to calculate the load-
carrying capacity of dowel-type timber joints were done by some researchers [11-14]. They
developed material models to simulate the brittle failure of timber by studying the initiation of
fracture and its growth based on Linear Elastic Fracture Mechanics (LEFM) and Non-linear
Fracture Mechanics (NLFM). These studies mostly considered a 2D constitutive model of
timber which was only applicable for timber parts with small thickness. Chen et al. [8]
Developed a plane stress nonlinear material model to predict the failure of dowel type joints
with a failure criterion consisting of tensile stress perpendicular to the wood grains and shear
stress parallel to the wood grains. In another approach to investigate the mechanical
performance of dowel-type timber joints, a 3D FE model was developed by Santos et al. [15].

However, the timber material model was limited to an orthotropic elastic constitutive law.

The timber material models which were developed to simulate the non-linear behavior of
timber can be categorized into three groups: Elastic-plastic models, elastic-damage models and

elastic-plastic in combination with damage models [16,17].

In the first group, some studies considered bilinear [18,19] and trilinear [20] stress-strain curves
to describe the non-linear behavior of timber under compression perpendicular to the grain.
Several other studies in the first group considered the classical flow theory of plasticity in
combination with single-surface isotropic yield criteria such as Hill’s criterion [21], Tsai-Wu

criterion [22] and Hoffman criterion [23].

Kharouf et al. [9] proposed a 2D orthotropic material model according to Hill’s yield criterion
associated with anisotropic hardening to model the behavior of timber under compression.
However, the model did not consider the brittle failure under tension and shear stresses. Dias
et al. [18] presented a model that makes no distinction between the radial and tangential

behavior of timber and used orthotropic yield criterion based on Hill’s criterion associated with
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isotropic hardening to define a linear elastic-plastic behavior for timber with different stress
potentials in different directions. However, this model did not realize any difference between
the yield strength of timber in compression and tension and assumed linear elastic-perfect
plastic behavior for all the stress cases. Oudjene and Khalifa [24] presented an anisotropic
elastic-plastic constitutive law with hardening also based on Hill’s criterion and without
distinction between radial and tangential properties. In this model, the strength difference of
timber in compression and tension, the brittle behavior in tension, and densification in
compressionawere applied. Bouchair and Vergne [25] and Clouston and Lam [26] used Tsai-
Wu criterion to develop a 2D FE model of timber. Xu et al. [27] use the Hoffman failure
criterion associated with the Hill criterion to develop an orthotropic 3D constitutive model for
timber based on the elastic-perfect plastic behavior. However, the elastic or elastic-perfect
plastic orthotropic material model cannot retrace the load-deformation behavior of timber

accurately.

These single-surface yield criteria are not able to effectively predict the different failure modes
that occur in materials like timber [28]. To overcome this shortage, researchers [29-32]
proposed multi-surface plasticity criteria. In these criteria, different yield surfaces are
combined to make the global failure surface considering the mode of failure in timber.
Although the multi-surface criteria are more accurate compared to single surface ones in
simulating the different failure modes of timber, they have limitations in usage due to

complicated constitutive laws and the possibility of numerical instabilities [28,33].

The second group of models [28,33-35] use Continuum Damage Mechanics (CDM) to model
the behavior of timber. The CDM method is a simple approach to implement softening and
hardening behavior of timber into the model. In comparison to plasticity, damage is much
easier to implement in material models. In this method, the material behavior is completely
defined by the damage variables which are inserted into fundamental Hooke’s equation to
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reduce the stiffness matrix. Garib et al. [28] used CDM theory to model stiffness degradation
in various stress components and to study the nonlinear behavior under a multi-directional
stress state. Sandhaas and Van de Kuilen [34] developed a 3D anisotropic CDM model which
is based on eight types of stress-based failure criteria governed by six damage variables.

However, no damage interactions were modelled in this model.

The third group of models [36-39] combine the plasticity and different damage models. Most
of these models use Hill’s criterion as yield surface and damage criteria. Xu et al. [36]
developed a timber model includes the anisotropic plasticity coupled with isotropic hardening
according to Hill yield criterion to describe the compressive behavior of timber. To describe
the brittle behavior in tension and shear, the evolution of damage was modelled by using a
reduction of elastic modulus and element removal which is based on modified Hill failure
criterion. Khelifa et al. [38] developed a new timber model within the framework of plasticity
coupled with CDM which incorporates effects of anisotropic plasticity with isotropic
hardening, isotropic damage and large plastic deformations. However, the model uses only one
Hill’s criterion as plasticity and damage criteria, and does not consider different strength
parameters for tension and compression. It is also failed to capture the anisotropic damage
developed in timber beams. Later, Sirumbal-Zapata et al. [4] developed a model to represent
the cyclic behaviour of timber using the Hofmann criterion for plasticity and the Hill criterion
for damage. However, since an isotropic damage was assumed in order to maintain a symmetric
stress tensor, the individual failure modes could not be identified. Benvenuti et al. [16]
proposed a multi-surface elastic-damaging-plastic constitutive model whereas two plastic
activation functions and three damage variables were defined. This constitutive model was
found effective in ductile and brittle failure modes [40]. However, to simplify the development

of the proposed model, the model was restricted only to plane stress cases.
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When performing FE analysis on timber structures, or the constitutive relationship of timber,
previous studies have simplified timber material as anisotropic or orthotropic elastic materials
[15,41-43]. They also do not distinguish the behaviour under tension and compression. Many
of them do not consider material damage [18,19] or simply the damage as isotropic [4,38]. In
addition, several studies set the material stiffness when the stress state reaches the strength
criterion [27,36]. Based on the characteristics of timber's complex anisotropic materials, this
paper attempts to establish a constitutive model that can simulate the complex mechanical

properties of wood.

Thus, in this paper, a constitutive relationship is adopted for timber material based on the
isotropic hardening elastoplastic model using the Hoffman yield criterion, which is an
extension of Hill’s criterion. The proposed material model for timber has the characteristics
such as: 1) an orthotropic stress-strain relationship is used in the linear phase; 2) an associated
flow rule model based on Hoffman yield criterion and plastic potential is used for describing
the plasticity under compression; 3) isotropic strain hardening, which is incorporated into the
Hoffman yield criterion, is applied using a hardening modulus to incorporate timber plastic
flow in the proposed material model under compression; 4) a stress-based continuum damage
formulation with four independent failure criteria in tension and compression is used; 5) three
different tensile damages in the grain longitudinal, radial and tangential directions are
established using the damage factors and fracture energies. Thus, this elastoplastic model is
capable of simulating the brittle behaviour of timber in tension and ductile yielding of timber

under compression.

The proposed material model can be easily implemented as a user material subroutine (UMAT)
in Abaqus [44] commercial FE analysis software. The developed material model is presented

in Section 2, and its implementation in Abaqus is described in Section 3. Subsequently, this
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material model is validated by comparison of results to some experimental results, and it is

presented in Section 4, followed by the conclusion of the study.

2. The constitutive material model

2.1 Orthotropic linear-elastic constitutive behavior

The constitutive relationship reflects the relationship between stress and strain. In the elastic

stage, the stress-strain relationship of an orthotropic material can be written as:

c=FEg¢, (1)

where ¢ and ¢, are the applied stress and corresponding elastic strain tensors, respectively. E

is the orthotropic elastic matrix which is given as:

[E11 Eiz Eis 0 0 07
Ey Eyp Eps 0 0 0
Es; Esp Ezz 0 0 0
E = 2
0 0 0 Eu 0 O (2)
0 0 0 0 Esx O
L0 0 0 0 0 Egl
where
Ein=(Ei/B) (1 —v23.v32);  Ei2=(E1/p) (v21+v23.v31); Ei3=(E1/B) (v31+ v21.032) (3)
E21=(E2/B) (vi2+vi13.032); E22=(E2/B) (1 —viz.v31);  E23=(E2/B) (v32 + v12.013) 4)
E31=(E3/B) (v13 + vi12.v23); E3z2= (E3/B) (v23 +v21.v13); Es3=(E3/B) (1 —vi2.021) (5)
E44= Gi12; Es5=Gi13; Ees= G23 (6)
B=1-(vi2.v21) - (V13.V31) - (V23.V32) - (V12.V23.031) - (V13.V21.032) (7)

where E; represent the Young’s moduli in the three orthotropic directions, v; and Gij; are the
Poisson’s ratio and shear moduli, respectively. Direction 1 is the direction parallel to the grain

(longitudinal) and directions 2 and 3 are the radial and tangential directions.
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Since the elastic matrix relating the stresses and strains is symmetric, the constants are v2; =

v21(E2/E1), v31 = v31(E3/E1) and v32 = v23(E3/E>).
2.2 Elastoplastic constitutive behavior

The behavior of elastoplastic materials can be analyzed by constitutive equations which relate
the stress to the incremental formulation of strain and other internal variables. For most
materials, under monotonic loading, there is a certain limit stress value e, when the stress is
lower than o., the deformation of material will be elastic. When the stress reaches the limit
stress value, the material begins to enter the elastoplastic state. If the load is kept increasing, a
permanent plastic deformation is observed after the release of the load. If the material deforms
at constant stress after the stress reached the limit value oe, the material is called ideally
elastoplastic. Conversely, if the stress reaches oe, while the stress still generally increases with
increasing deformation, it is called strain hardening. For a strain-hardening material, the limit

stress oe is a function of the plastic strain &, which can be expressed in a general form as:

Ock = O¢ (gp) (8)

According to the theory of plasticity, the total strain € can be divided into an elastic component

e and a plastic component &p.
E= €&+ & 9)

Since the plastic deformation is related to the deformation history, it is more convenient to give
the constitutive relationship reflecting the plastic stress-strain relationship in the form of strain
increment. The theory of expressing plastic constitutive relationship in the form of strain
increment is called plastic increment theory. Under the condition of proportional deformation,
the constitutive relationship of the total quantity theory can be obtained through the constitutive

relationship of integral increment theory. When the deviation from the proportional
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deformation condition is not much, the calculation result of the total quantity theory is close to

the actual risk result.

Yield criterion, hardening rule and plastic flow rule are the three fundamental equations in
plastic theory. Under complex stress conditions, yield criterion is useful to accurately
determine the yielding of material. For isotropic materials like metals, while many yield criteria
are available, the most commonly used yield conditions are the Tresca yield condition and Von
Mises condition. However, the yield behavior of anisotropic materials like timber cannot be
modelled by these yield criteria. Thus, the Hill anisotropic yield criterion was introduced by
Hill in 1948 [21] as an anisotropic extension of the Von Mises criterion. The most of existing
models for anisotropic materials are derived based on Hill’s criterion which does not
distinguish between compressive and tensile strengths. This can result in underestimation of
the maximum load that can be applied. Thus, in this paper, a constitutive relationship is
adopted for timber material based on the isotropic hardening elastoplastic model using the
Hoffman yield criterion [23], which was introduced as an extension of Hill criterion
considering the different tensile and compression strengths that could characterize the brittle
behavior. The strength difference of timber in tension and compression can be considered for
the description of the corresponding yield surface in the Hoffman theory. Compared to the
material models based on Hill’s criterion, in total nine independent material strength
parameters representing three compressive strengths, three tensile strengths and three shear
strengths of the material are necessary for the description of yield surface of the proposed
material model for timber. In addition, in order to define linear-elastic orthotropic behavior of
timber, a total of nine mechanical properties such as three elastic moduli, three shear moduli

and three Poisson’s ratios are used in the proposed material model.

In this paper, no plastic response is considered for the timber under tension and Hoffman
criterion [23] is adopted to consider the plastic deformation of timber under compression. It
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means, the timber will show elastic response and will fail in a brittle way when it is subjected
to tensile stress. If the timber is subjected to compression, once the stresses reaches the yield
criterion, the timber will yield with plastic flow and hardening and will fail in a ductile way.

The yield function f (o) used in this elastic-plastic model can be expressed by Eq. (10) [45].

f(0) = ay3(0, — 03)2 + ay3(03 — 01)2 + a13(0; — 0'2)2 + 1101 + Q20 + @3303 +

30!440'42 + 30!550'52 + 30!660'6? - O-ez (10)
with
a _og( 1,1 1 ) 11
12 2 \01¢01t O2¢02t 03¢03¢t
o3 1 1 1
0(23=— - + + (12)
2 01c01t  O2¢02t  03¢03¢
oz = % (L L) (13)
13 2 \01¢01t O2¢02t 03¢03¢t
2 (%1c — 01t
= oF (22 14
11 e 0101t ( )
_ 2 GZC—Gzt)
a,, =0 (— 15
22 e 62002t ( )
2 (O3c — 03t
s = o7 () 16
33 e 03¢0t ( )
2
Oe
Qpy = —— 17
44 30.%2 ( )
2
O¢
Qe = 18
55 30.%3 ( )
2
O¢
Qe = 19
66 36%3 ( )

where o7, 62 and o3 are the normal stresses in the direction of orthotropic axis /, 2 and 3,

respectively. a4 05 and g6 are the shear stresses in the planes /2, 13 and 23, respectively. oeis
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the equivalent yield stress, gic and oi: (i=1, 2, 3) are the compressive and tensile strengths in the
axes of orthography, respectively. 012, 013 and 023 are the shear strengths in planes /2, /3 and

23, respectively.
The Hoffman yield criterion can be formulated as follows:
flo) = %O’TPO' +07Q — o2 (20)

where, ¢ is the stress tensor in a vector form as ¢! = (o1, 62, 03, G4, G5, 66). P and Q are the

Hoffman mapping matrix and vector, respectively, defined in [45].

2(aq3 + ayq3) —2a4; —2a43 0 0 0 7
—2a4; 2(azs + aq3) —2a;3 0 0 0
—2a —2a 2(aq3 + ay3) 0 0 0
pP= 13 23 13 23 71
0 0 0 6ay4 0 0 @1
0 0 0 0 6ags 0
0 0 0 0 0 6]
Q"= (ou1, a2, a33, 0, 0, 0) (22)

For an ideal elastoplastic material, since there is no strengthening effect, the value of the yield
function remains constant during the entire plastic deformation process. For strengthened or
softened materials, the yield condition will change with the increase of plastic deformation.
The changed yield condition is called the subsequent yield condition. The proposed model

considers linear isotropic hardening for timber yield stress under the compression as follows:

O = 0, + h.k (23)

where / is hardening modulus and £ is the isotropic hardening variable.

k depends on the equivalent plastic strain obtained by means iterative method (Newton-
Raphson) for each load increment. However, /4 is an input parameter of the proposed model
which can be directly obtained from the uniaxial stress-strain diagram. Depending on the

chosen value of 4, perfect plasticity, slight hardening or softening can be modeled. Simply, the
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following equation can be used to calculate the value of h for a particular case of uniaxial

plasticity [4].

=Ze Bals (24)

O2¢ E2-T;

where 7> is the plastic tangent modulus in the direction of orthotropic axis 2 (the direction

perpendicular to the grain).

In the hardening state, each yield value will change depending on the corresponding hardening
parameter ki (i = 1,2,..,9). Thus, the parameters in the mapping vector Q change also. Isotropic
hardening is considered in this paper, because it assumes that the initial yield surface expands
uniformly without translation and distortion as plasticity occurs [46]. Thus, all the yield values
change in the same order. Consequently, the parameters ass, 022 and o33 in the mapping vector
QO will change depending on the hardening parameter £. Thus, the Hoffman yield function

combined with the isotropic hardening can be written in a general form as follows:
f(o,k) = %O’TPO' +aTQ(k) — a2, (25)

The stress point must remain on the yield surface to obtain plastic deformations. The yield
condition is the condition that each combination of stress components should satisfy.
Mathematically speaking, the yield function must be less than zero for elastic deformations and

it must remain zero for a short period for material yielding so that plastic flow can occur.
f(o,k) <0 forelastic (26)
f(o,k) =0 yield condition (27)

When the stress reaches the strength criterion of Eq. (27), the elastoplastic radial mapping

algorithm is used to constrain stress point on the yield surface. According to the theory of
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plasticity, the total strain increment Ae can be divided into elastic component Ag® and plastic

component AgP as:

Ag = Ae® + A€P (28)

In this study, the associated flow rule was used to determine the plastic strain and is given as:
- 2

ne? = a1 (Z) (29)

where A4 denotes the plastic multiplier and Z—Z is the gradient vector of the plastic potential

energy function of f(o,k) which can be written as:

2(ay3 + a13)01 — 20420, — 24303 + aqq
—201,01 + 2(Qy3 + @12)0; — 203303 + Ay,

(5_f) _ | —2a1301 — 20330, + 2(a13 + az3)03 + @33 (30)
9o 604404

65505

66606

2.3 Damage evolution equations

A damage model is needed to characterise the different responses of timber in tension and
compression. The damage in any direction of the timber causes a gradual degradation of its
stiffness. The effective stress concept has been successfully used in the most damage
mechanics models recently. The effective stress is the stress acting on the undamaged material.
According to the continuum damage mechanics, the hypothesis of strain equivalence states that
the strain associated with the Cauchy stress in the damaged state is equivalent to the strain
associated with the effective stress in the undamaged state [47]. Therefore, the relationship of
the Cauchy stress, that is the stress tensor associated with the damaged state, o, and the
effective stress tensor associated with the undamaged state, &, can be described by the

following equation:

o=Md)G 31)
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where M (d) is a fourth-order tensor which characterise the state of damage.

Accordingly, the constitutive relationships of undamaged and damaged states of timber,

respectively, are given as

g=Ee, (32)

c=E, ¢, (33)

where E; is the damaged stiffness matrix.

In this study, anisotropic damage with non-uniform distribution of micro cracks and voids in
all directions of the timber matrix is considered. To consider the anisotropic damage, three
different damage factors must be introduced. The reduction of the elastic stiffness matrix is
simulated here as a function of damage evolution in three orthogonal directions. Therefore, the

damaged stiffness matrix with the damage factors can be written as [48]

(1 —dy)Eyy (1-d)(A—-dy)E;; (1—dy)(1—d3)Ess 0 0 0
(1-d)(A —dr)Ep, (A —d2)Ep (1—-dy)(1—d3)Ex 0 0 0
E, = (1-d)(A—d3)E;3 (1—dx)(1—d3)Ez (1 —ds3)Es3 0 0 0 (34)
a 0 0 0 (1-d)(A —dy)Eq 0 0
0 0 0 0 (1—-dy)( —d3)Ess 0
[ 0 0 0 0 0 (1 — dy)(1 — ds)Egel

where di, d2 and ds are the damage factors defined in the longitudinal, radial and tangential
directions, respectively. The damage factor, d; (i= 1,2,3), increases from 0 to 1 as damage grows

from threshold value to its ultimate value.

Since the timber has different damage evolution for tensile and compression failures, the
damage models proposed by Wang et al. [49] are used to define the tensile and compression
damage evolutions. In this study, different tensile damages in three orthogonal directions and
compressive damage in only longitudinal direction were considered as shown in Egs. (35) and

(36).

. (u—ma;%“)
dp=1-—e e (i=1273) (35)
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dip=1-— i (1-4)-4 eB (1-Fic) (36)

where di;, and Gi’; are the tensile damage factor and fracture energy under tension in the i-th
direction of the timber, respectively. dic is the compression damage factor in the longitudinal
direction of the timber. Lc is the element characteristic length. Fir and Fic are the variables

defined in Eqgs. (35) to (38). 4 and B are the material constants.

The stress-based continuum damage formulation with different failure criteria in tension and
compression is used in this study. It means, damage starts to accumulate as soon as the stresses
satisfy the failure criterion. The failure criterion proposed by Sandhaas and Van de Kuilen [34]
is used in this study due to successful applications in combining ductile and brittle failures

within on model, which is described as

—-0q

If o, <0; Fe= 22 <1 (37)
Ifo,>0; Fy, = ;’—; <1 (38)
>0 = (2 (2 (2 = ®
o> 0 Rem (2) s (2) (@) <1 o

Damage models can encounter convergence problems in static analysis. In order to improve
the convergence, viscous regularisation method [50,51] is used to define the model. In the
viscous regularisation, the response of damaged material is evaluated using a viscous

regularized damage variable d” which is defined as

dv = (d - d") (41)
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where 7 is the viscous parameter. A small value of the viscous parameter usually helps to
improve the convergence rate of the model without significantly influencing the results. Thus,

the value of viscous parameter is chosen to be equal to 0.0001, in this study.
By the introduction of A4z, that is the increment of time, into Eq. (41), the regularised damage
variable at the (n+1)™ load increment can be derived as

At
n + At

v __n v
n+1 — dn+

T dnss (42)

where d¥ and dY,,are the regularised damage variables of the n™ and (n+1)" steps,

respectively. d,, 4, is the non-regularised damage variable of the (n+1)" step.
2.4 Numerical integration

In the numerical algorithm, nonlinear plastic response of timber, as elastoplastic orthotropic
material under three-dimensional (3D) stress state, is solved by the use of strain increment-

based method. The numerical integration steps are presented in this section.

At the moment f,+1, the state variables &n, €€, €0, Agn+1, On, Gekn, and di.» are known. The current
) " *Ns *n» 5 5 ]

value of the total strain e,+; can be expressed as
Ent1 = En T AEpyy (43)

The effective stress at the end of the load increment n+1/, 6,4, can be calculated as a
summation of the effective stress at the beginning of the load increment 6, and the stress

increment AG,, .
Opt1 = Op + AGp4q (44)
Substitution of Eq. (33) into Eq. (44) and rearranging gives

On+1 = Op + E Degyy (45)
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According to the theory of plasticity, for the finite load increment n+1/, the increment of total

p

strain Ag,, ;1 can be divided into an elastic component Ae;, , ;and a plastic component Ag;, | ;.

Agnq = Ael,, + Aeh (46)
Therefore, subsequent substitution of Eq. (46) into Eq. (45) and rearranging gives

On+1 = Op + E (Bgpyq — A£p+1) (47)

n

In the developed algorithm, an elastic predictor step is carried out to predict the trial elastic

stress "4 considering no plastic strain increment in the n+/ load increment as

51511{11 =0n+ E dgyyy (48)

Then, by the substitution of Eq. (44) into Eq. (43), the plastic corrector of the effective stress

in the n+1 load increment can be derived as
Gn+1 - Griz-lill - E A‘gn+1 (49)

The incremental plastic strain Asfl’ +1can be written as the product of a plastic multiplier A4 and

the derivative of f(a,k) with respect to a.

P _ af
AP, = Myiq (%)n+1 (50)
where
2(a13 + a12)01 — 20120, — 21303 + g
—201,071 + 2(@z3 + @12)0; — 203303 + Ay,
(5_f) _ | —2a1307 — 20330, + 2(a13 + @33)03 + az3 (51)
00/ n+1 6“440'4
\ 6as5505
604606 n+1
It can also be written as
of _
(%)n+1 =P0n41 + Quis (52)
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Subsequent substitution of Egs. (50) and (52) Eq. (49) and rearranging gives
Tns1 = Ottt — E Adpyq (P By + Quat) (53)

According to Owen and Hinton [52], the incremental equivalent plastic strain AP can be

defined as,
A&P = E(Aep)TZAeP (54)
with
1 00 0 0 O
0 1.0 0 0 O
|0 01 0 0 O
Z=lo 0 0 05 0 0 (33)
lO 0 0 0 05 0 J
0 0 0 O 0 05
Now Eq. (54) can be rewritten with the aid of Egs. (50) and (52) as follows:
> - 2o\ cof
AS n+l Al’ln+1 3 (66)n+1 Z (66)n+1 (56)
2 — —
B = Bl (2P Gy + Q) Z(P G + Qi) (57)
2 — —
épn+1 = gpn + AAn+1\/§ (P On+1 + Qn+1)TZ(P On+1 + Qn+1) (58)

where &P, and &P, are the equivalent plastic strain at the beginning and at the end of the

load step increment, respectively.

According to the Egs. (53) and (58), the updated effective stress 0,4 and equivalent plastic
strain €P,,, ; are a function of AA. The Newton-Raphson method is used to obtain the unknown
parameter AA,.,. At the end of n+/ load increment, the updated stresses and effective

accumulated plastic strain must also satisfy the yield criterion condition. Then, Eq. (25) gives:
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fn+1 - Un+1PUn+1 + 0n+1Qn+1 - ( k)n+1 =0 (59)

In the Newton-Raphson method, if AZ has approximate expression f (AA) = 0 is not true, there
are residual values. In fact, in specific calculations, when f(A4) # 0, but extremely small (less
than 10”), then it is considered that fis close to the true value and the iteration is stopped. In

this method, the k” iteration of the AA is obtained as,
AN = AT 4+ SAQK (60)

If the & iteration is a true solution, it can be expanded according to the Taylor series as,

A
FQ@NE = Fank + (LLED )) SAXE =0 (61)
Then,
Kk —f@ankt
SANK = e (62)
dAA

The derivative of f'is given by

df(an) _ = (PF +Q)— dg deP

dAd anr 2% gz ami (63)

When A1 is computed, the new stress 0,,,, and equivalent plastic strain £P,,,; can be computed
using Egs. (53) and (58), respectively. Subsequently, plastic strain sfi +1 and elastic strain &5 4
will be updated. Then, the damage factors and damaged stiffness matrix are computed using

Egs. (34) to (36). Accordingly, the final stress g,,,; at the end of load increment n+/ can be

updated using Eq. (33).
3. UMAT implementation in Abaqus

Today vast number of Finite Element (FE) codes are available that are capable of analyzing

challenging engineering problems. Among many finite element analysis software, researchers
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are keen to use Abaqus because it provides users with powerful, easy-to-use secondary
development tools and interfaces, allowing users to easily carry out FE modelling, analysis and
post-processing to meet the needs of specific engineering problems. Through the user material

subroutine interface, the user can define any supplementary material model.

This research work aims to develop a user subroutine for the timber material model. As
described in the previous chapter, the constitutive relationship adopted in this paper is the
isotropic hardening elastoplastic model coupled with the Hoffman yield criterion and
anisotropic damage. The implicit integration algorithm formulas for calculating the problem
are derived from the Newton-Raphson method. The Abaqus/Standard FE software was used to
conduct numerical simulations via a Fortran UMAT user subroutine. The flow diagram of the

developed timber material subroutine is shown in Figure 1.
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Step 10: ABAQUS generates new strain £;,,, and checks convergence

equilibrium iterations for convergence

Eq. (64)

Figure 1. Flow chart for analysis of timber material in UMAT.
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To implement the previously described material law a user-defined material model (UMAT)
was implemented as a subroutine in Abaqus. Regarding the writing format of UMAT, the
variables commonly used in UMAT are defined at the beginning of the file. As described in
the previous chapter, in addition to the typical nine orthotropic elasticity parameters, the
proposed material model requires three compressive strengths, three tensile strengths and three
shear strengths parameters as well as two strain hardening parameters, which leads to a total of

twenty input parameters.

In the code, for a given strain increment Adex+; (DSTRAN), the results of the previous time step
tn, that is stress o» and strain ., are used to calculate and update the Jacobian matrix
(DDSDDE), stress tensor (STRESS) and solution-dependent state variables (STATEV) at the
current time step #+1. First, the trial stress is calculated using the elastic stiffness matrix. Then,
if the longitudinal stress is compressive, it is evaluated in order to determine if there is strain-
hardening or not. In the next step, the compression stress is evaluated into the flow criterion is
derived from Hoffman yield function coupled with the strain hardening is described by the
effective plastic strain to transfer the yield surface. In the case of plasticity, the value of plastic
multiplier Al»+; and the equivalent plastic strain &P, are obtained by solving the equations
above according to the Newton-Raphson method. In the next step, the effective stress tensor
and the stiffness matrix are updated. In the case of no plasticity, the effective stress tensor is
updated with the trial stress. Then, the conditions of the failure criterion is evaluated and the
damage variables are calculated. Following, the effective stress tensor and the Jacobian matrix
are updated. At the end of UMAT, the updated value of the variable will be returned to the

Abaqus solver through the interface and convergence conditions must be satisfied.

In Abaqus implicit analysis, the displacement of the node (and thus the strain) is calculated, so

that the balance of internal force and external force is as follows:
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Fint(d) = [ext (64)

where d is the vector of displacement of nodes, and F"* and F*" are the internal force vector
and external force vector, respectively. Except for small deformation and linear elasticity
problems, Eq. (64) is non-functional, and an iterative method should be used to solve the

discretized equilibrium equation for the FE model as follows:

Fii§ — F™(dhy) = Kr Ad (65)
dith = dhyq + Ad (66)

where K7 is the global tangent stiffness matrix, i represents the i iteration within an

incremental step, and n represents the n™ incremental step.

Iterations are repeated in each time increment until convergence is achieved. To converge
quickly, the displacement increment should change along the direction of the gradient. No
matter how fast the convergence is, the Eq. (64) for force equilibrium which is attained at every

node, is the only criterion for judging the accuracy of the results.
4. Results and Discussion

In this section, the performance and accuracy of the developed model are verified against an
experimental test and some examples obtained by other researchers. A timber specimen under
4-point bending is simulated in the first simulation to validate the timber model introduced in
this paper in predicting the flexural behavior of timber. Compressive tests for parallel to grain
and perpendicular to grain which are conducted by Kargiannis et al. [53] and Oudejene and
Khelifa [24] are simulated in the second example to validate the proposed material model in
compression. In the third example, the tensile test results presented in ref. [37] are used to

validate the timber model in tension.

4.1 Example 1: Compression test
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Several authors have described that timber depicts a compressive failure with softening parallel
to grain while the loading in the perpendicular direction to the grain exhibits a plateau region
due to the plastic yielding and the damage evolution, after the linear elastic response
[3,24,28,53,54]. Hence, in this example, the developed material model for timber is examined
for the compression and verified against the available test data in refs. [24,53]. The compressive
strength of a material is the capacity of a material to withstand loads tending to reduce size.
The compressive strengths of the timber vary along the grain and against the grain. Thus, the
compression behavior of timber with loads acting parallel and perpendicular to the grain are
studied in this example. Karagiannis et al. [53] conducted a series of compression and shear
load tests using Scandinavian spruce specimens with a mean density of 430 kg/m® and a
moisture content of approximately 10%, according to European standards EN408. In order to
validate the developed material model under uniaxial compressive loadings, compressive test
results from Karagiannis et al. [53] was chosen in this study. For the compression tests, they
have used a total of eight wood cubes of 45 mm x 45 mm x 45mm and nine wood cuboids of
45 mm x 70 mm x 90 mm under compression parallel and perpendicular to the grain direction,
respectively. The axial load was incrementally increased at a rate of I mm/min. Figure 2 shows

the obtained curves of the stress versus the strain for the compressions tests [53].
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Figure 2. Stress-strain relationships from compression tests (a) parallel (b) perpendicular to the grain [53].

106



Figure 3 shows the FE models used for the numerical simulations to adequately reproduce the
uniaxial compression tests carried out on these real specimens of Karagiannis et al. [53]. Eight-
node 3D elements (C3D8R) were used to discretize the timber cube and cuboid. The bottom of
the wood specimens was assumed to be fixed in all directions. The simulations were carried
out by applying a downward load acting on the top surface of the specimens. The material

properties adopted for wood are listed in Table 1.

(a) (b)

Figure 3. FE models for uniaxial compression tests (a) parallel (b) perpendicular to the grain.

Table 1. Material properties of wood for FE modelling of compression tests.

Elasticity parameters
E; (MPa) E,=E;(MPa) Gy; (MPa) Gi;=Gy3 (MPa) vy V2 =Vy3
2050.8 172.1 68 145.2 0.5 0.45
Strength components
o, (MPa) o©,.=03(MPa) o, (MPa) oy =03(MPa) ©y(MPa) op,-03(MPa)
35 2.5 20 0.7 0.5 5
Hardening parameters
h (MPa)
1200
Fracture energies
G e (Nfmm) Gy (N/mm) Gy, (N/mm)
60 0.5 0.5
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The stress-strain curves obtained from the numerical analyses are selected to compare the
numerical results with the experimental results. Figure 4(a) illustrates the obtained stress-strain
curve from the numerical analysis until the failure under loading parallel to the grain. It can be
seen that under compression parallel to the grain, the timber cube shows an almost linear elastic
behavior until the compression strength of timber, and then shows a plastic behavior as
observed by Karagiannis et al. [53]. As the predicted stress-strain curve ranges between the
upper and lower bound of the experimental results, it can be stated that the FE model predicts

the stress-strain curve with good agreement compared to experimental results [53].

The results obtained under loading perpendicular to the grain are shown in Figure 4(b). It is
also observed that the predicted stress-strain curve has a good correlation with the experimental
curve as again the numerical results range between the upper and lower bound of the
experimental results. Although the results of the experiment varies, the trends of the graphs are
similar. Timber shows a linear elastic behavior and plastic hardening under the compression
perpendicular to the grain. A good level of agreement between the numerically predicted stress-
strain curve and their corresponding experimental results under both compression tests, the
tests parallel and perpendicular to the grain, demonstrate that the proposed material model

adequately simulates the non-linear response of the timber element in compression.
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Figure 4. Stress versus strain curves for uniaxial compression tests (a) parallel (b) perpendicular to the grain.
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4.2 Example 2: Tensile test

In this part, the developed material model for timber is validated under tensile stress in
comparison to the available experimental data [37] found in literature. Khennane et al. [37]
developed a numerical model for the failure of timber under bending and tension parallel to the
grain direction and compared the result of the material model to experimental results. In this
example, the results of uniaxial tensile modelling is compared to the results from Khennane et

al. [37].

Khennane et al. [37] conducted the tensile tests using 40mm long x 10mm wide x 2mm thick
pine wood specimen with the density of 460 kg/m>. The tensile test parallel to the gain direction
was carried out and the axial load was incrementally increased at a rate of 1 mm/min. A
rectangular cuboid timber specimen with the dimensions of 40 mm x 10 mm x 2 mm was
modeled with the material model developed in this study under the uniaxial tensile test as
depicted in Figure 5. Since strain hardening is not considered for timber under tension, the
hardening modulus is not important for the analysis. The same modelling procedure that has
been used in two previous examples is used here as well. The properties of the timber that were
used as the inputs of the UMAT are shown in Table 2. The specimen was meshed using the
C3D8R element available in Abaqus/Standard library. Fixed boundary conditions were applied
at the two ends of the specimen and the loading was implemented by displacement in the Y-

direction parallel to the grain.
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Figure 5. FE model for uniaxial tensile test.

Table 2. Material properties of timber for FE modelling.

Elasticity parameters
E;(MPa) E,=E;(MPa) Gy3(MPa) Gjr=G;; (MPa) V23 V2 =03
13010 870 340 980 0.02 0.29

Strength components
0. (MPa) oy, =03 (MPa) o, (MPa) oy=03(MPa) oy(MPa) oy,-063(MPa)
50 4.5 43.1 0.7 0.5 6.9

Fracture energies
Gy, (N/mm) Gy ¢ (N/mm) Gy ¢ (N/mm)
5 0.7 0.7

The FE model mesh size influences significantly on the behavior of the model when the

material exhibits softening. This is due to the energy dissipation decreases with the mesh
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refinement. Therefore, a mesh sensitivity study was carried out with 780, 1560, 1950, 2340,
2730, 3120, 3510 and 6240 elements. The load-displacement curves of the numerical results
for each case are shown in Figure 6. It is evident that the softening stage of material is strongly
dependent on the mesh size. However, it is also clear that the models with finer meshes have

considerably similar softening behaviour of the material.

1000
---@--- 780 elements
900 1560 elements
1950 elements
800
2340 elements
700 -=-@®--2730 elements
- ® -=3120 elements
. 600 — % =3510 elements
% 500 —A— 6240 elements
o
—
400
300
200
100
0

0 0.05 0.1 0.15 0.2
Displacement (mm)

Figure 6. Load-displacement from numerical study with different mesh sizes.

To validate the model, the load-displacement diagram of the numerical and the experimental
results are compared in Figure 7. The results from the load-displacement curve of the FE model
show satisfactory compatibility with the experimental results from Khennane et al. [37]. It can
be seen that the specimen starts to deform linearly before reaching the yield strength and the
model accurately predicts the brittle failure of timber specimen under tension. Even though the
failure strain was underestimated, the model predicts the characteristic tensile strength of

timber and failure mode precisely. As mentioned above, the differences in results are caused
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by the differences in actual timber specimens and material properties used in the numerical

model.
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Figure 7. Load-displacement curves of timber under uniaxial tension force.

4.3 Example 3: Bending test

In this section, to validate the constitutive timber model under bending two models have been
developed. In both models, timber is modelled as elastoplastic orthotropic material according
to Hoffman yield criterion coupled with isotropic hardening. However, the anisotropic damage
evolution combined with the failure criterion is not used in first model (Model 1). In second
model (Model 2), the damage evolution combined with the failure criterion proposed by
Sandhaas and Van de Kuilen [34], discussed in Section 2.3, is associated with Hoffmann yield

criterion is adopted to model the timber.

To validate the model, the experimental test program carried out by the authors at the laboratory

of Solid Structures of the University of Luxembourg is used. Three timber boards manufactured
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from KVH-Si timber material of strength class C24 were tested under four-point bending tests.
The specimens of length 1 m had a cross section of 30 mm x 170 mm. All the timber boards
were simply supported over 0.8 m span and they were subjected to two-point loading through
two 30 mm diameter steel rods which were positioned at a distance of 0.37 m from the ends of
the timber board, as shown in Figure 8. The loads were applied at a loading rate of 0.1 kN/s.
During the experiment, mid-span deflection of the timber board was measured a LVDT (Linear

Variable Displacement Transducer) mounted on the top face of the specimen.

LVDT 1 and 2

Timber C24 F/2

{

Fr2

,r»']OOmm * 270mm H— 130mm —H*— 130mm —% 270mm * 100mm—1’
1000mm

Figure 8. Experimental Setup.

The mid-span deformation of the timber specimens versus the load is shown in Figure 9. It was
observed that all the specimens presented a brittle failure at mid-span and that the ultimate load
resisting capacity is in the range of 8.2-12.1 kN. Such variations are apparent since the timber
products are heterogeneous and some natural growth variations and defects exist in the

specimens.
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Figure 9. Load-deformation curves of the test specimens.

The software package Abaqus was used to develop the finite element (FE) models for the
timber boards. Figure 10 shows a schematic view of the FE model utilized in the study. Taking
advantage of symmetry, only a quarter of the specimen was modelled with the material
properties of C24 timber material [34] given in Table 3. The FE model consists of a three-
dimensional timber specimen as well as one cylindrical support and one cylindrical loading
rod, which are modelled as analytical rigid surfaces. The timber specimen has the same

dimensions as those used in the experimental tests.
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Figure 10. Quarter of FE model of a four-point bending test.

Table 3. Material properties of timber for FE modelling.

Elasticity parameters
E; (MPa) E,=E;(MPa) Gy3(MPa) G;,=G;; (MPa) 023 V12 =03
11000 370 60 690 0.5 0.45

Strength components
0. (MPa) o). =03.(MPa) o, (MPa) oy =05(MPa) oy(MPa) oy,-03(MPa)
36 4.6 24 0.7 0.5 6.9

Hardening parameters
h (MPa)
6436

Fracture energies
Gy, (N/mm) Gy ¢ (N/mm)  Gs ¢(N/mm)
6 0.5 0.5

Linear hexahedral elements (C3D8R) of Abaqus with reduced integration were employed to
discretize the timber board and the average mesh size was first set to 15 mm. The boundary
conditions were modelled using the cylindrical support constrained in all degrees of freedom.
The loads were applied as a constant displacement in the vertical direction using the cylindrical
rigid body acting on the timber board. The contact between the timber specimen and the

cylindrical rigid bodies was defined in both normal and transverse directions with the
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consideration of Pressure-overclosure “Hard” contact, and the static coefficient of friction
equaled to 0.4, respectively. In addition, a relevant symmetric boundary condition was assigned

at the symmetric plane.

In Model 1, mesh sensitivity was considered with a convergence study. Since the thickness of
the timber element is significantly smaller than its length and width, the thickness was assigned
with a minimum number of four elements. Thus, in a first approach, a model with a mesh size
of 15 mm was analyzed leading to at least four elements over the thickness of the timber board.

Then, the mesh size was subsequently reduced to 2 mm in five different scenarios.

To find a proper mesh size configuration, the results were compared by comparing the
deflection accuracy and computing time. Figure 11 plots the mid-span deflection of the timber
board for various mesh sizes. It can be seen that the mesh size affects the analysis to approach
the solution that governs the exact response. It can be seen that the coarse mesh gives less
accurate deflections at the mid-span of the timber board. However, the fine meshes (2, 3 and 5
mm mesh size) show a very similar pattern for the load-deflection curve and little change in

the solution. Thus, Smm mesh size is assumed to have converged.
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Figure 11. Load vs mid-span deflection for various meshing size.

The computing time and the number of finite elements of each mesh scenario are shown in
Figure 12. When the meshing size decreases, the number of element in the model increases. As
a result of decreasing meshing size, the solution procedure uses an excessive number of
increments and iteration, and hence the computing time also increases. As a summary of the
convergence study, the 5 mm mesh size is almost accurate as of the 2 mm and reduces the

computation time by almost 88 percent.
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Figure 12. Computing time vs number of elements for various mesh size.

The load-displacement curves obtained from the numerical analysis is illustrated in Figure 13
and compared with the experimental test results. The stiffness of the FE model is in line with
the experimental results in the elastic zone. Overall, a reasonably good correlation between the
numerical and experimental results is observable. In Model 1, timber depicts a plateau region
due to the plastic yielding, and it grows continuously because of no failure criterion is
introduced. It can be seen that the predicted response of Model 2 is in good agreement with the
experiment because local failure of timber specimen is defined. Therefore, it demonstrates that
the proposed material model adequately simulates the non-linear response of the timber

element in bending.
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Figure 13. Comparison between experimental and numerical load-deflection responses.

Figure 14 shows the maximum principal stress distribution of the timber specimen in Model 1.
It can be seen that the highest stress values are at mid-span which are almost equal to the
defined strength of the timber. Therefore, it is clear that the failure in the FE model occurs at

mid-span and starts about the same load as in the test results.

Figure 15 shows the damage evolution in the timber in Model 2. It is clearly seen that first
damage occurs in the vicinity of the loading rod. The damaged zone increases with the load
increases. Subsequently, the failure occurs at mid-span deflection of 20.2 mm due the fact that
damage is highly localized in the vicinity to the loading rod. The predicted failure of the model
is in good agreement with the observed rupture in the experiment as shown in Figure 16. Hence,

Model 2 can accurately predict the localized damage in the timber element.
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Figure 14. Stress distribution of timber model at failure load (values in MPa).

SDV14

(Avg: 75%)
+8.946e-01
+8.201e-01
+7.455e-01
+6.710e-01
+5.964e-01
+5.219e-01
+4.473e-01
+3.728e-01
+2.982e-01
+2.237e-01

+7.455e-02
+0.000e+00

SDV14
(Avg: 75%)
+9.900e-01

+4.125e-01
+3.300e-01
+2.475e-01
+1.650e-01
+8.250e-02
+0.000e+00

SDVi4

(Avg: 75%)
+9.900e-01
+9.075e-01

+1.650e-01
+8.250e-02
- +0.000e+00

Figure 15. Damage evolution in the timber model.
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Figure 16. Failure in timber specimen obtained in bending test experiment.

5. Conclusions

Timber is a heterogeneous and orthotropic material. In structural engineering applications, the
nonlinear response of timber is typically predicted by phenomenological models and 2D
analysis. In this study, a new 3D constitutive model was developed to model nonlinear
mechanical response of timber, as elastoplastic orthotropic material. Since there are only a few
3D FE models representing timber behavior available in the literature, the proposed model

makes an important addition to the structural timber engineering.

An isotropic hardening elastoplastic model that is combined with Hoffman yield criterion,
which defines the anisotropic yield of materials, and combined with anisotropic damage effect
in failure criterion was developed and implemented as a user material subroutine UMAT in
Abaqus FE code. The strain hardening of the timber was introduced into the Hoffman criterion
using the strength of the material is a function of the equivalent plastic strain. An associated
flow rule model based on Hoffman yield criterion and plastic potential was used for the
development of the plasticity when the timber under compression. A stress-based continuum

damage formulation with four independent failure criteria in tension and compression was used
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to distinguish the timber response under tension and compression. Three tensile damages in the
grain longitudinal, radial and tangential directions was established using the damage factors
and fracture energies. Abaqus provides the development function for users to develop their
own material model to complete various material analyses. The FORTRAN syntax was used
to program the UMAT which includes the integration procedures using vector formed state
variables. The algorithm formulas for calculating the problem were derived from the Newton-

Raphson method.

Three timber specimens were tested in bending in order to study their structural behavior. Finite
element simulations of timber elements with hardening behavior were carried out and the
analysis is validated by comparing with the experimental test results. In addition, the material
model developed in this study was validated in the context of uniaxial compressive and tensile
loadings by comparing it to the experimental results available in literature. The validation of

the developed constitutive model was confirmed.
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3.4 Paper IV

The paper “Experimental and numerical investigation of a novel demountable timber—concrete
composite floor” [94] was published in Buildings journal. the author of the dissertation served
as the first author contributing to conceptualization, methodology, formal analysis,
investigation, resources, data curation, writing—original draft preparation and visualization of

the paper.
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Abstract: In recent years, there has been an increasing interest in timber—concrete composite
(TCC) floors as a sustainable structural solution. Until now, only a few studies have
investigated the demounting of TCC floors, which is essential to increase sustainability and
improve the end-of-life environmental benefits of a floor system. This study investigates an
innovative and straightforward demountable TCC slab that has notched and bolted connections.
Six downscaled slabs are tested under four-point bending. The results show that the slab system
has high composite action with an efficiency of 0.73. A three-dimensional finite element model
is developed and calibrated with the experimental result. The model is used to study the
influence of several parameters, such as the shape and dimensions of the notch as well as the
bolt location on the load-bearing capacity and the load-deflection behavior of the slab. The
results show that the failure tends to be more ductile when a birdsmouth-shaped notch is used,
and the bolt is placed within the notch. Moreover, the load-bearing capacity of the shear
connection increases by increasing the distance of the notch to the end of the slab and using a

triangular notch.

Keywords: timber—concrete composite floors; demountable shear connection; notched shear

connection; design for deconstruction; demountable structures
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1. Introduction

The building industry is responsible for significant energy and natural resource consumption
and greenhouse gas emission. Construction and demolition wastes have a substantial share in
waste generation. For example, in Europe, this goes up to more than one-third of all waste
production [1]. To develop new structural solutions, it is critical to consider two key factors.
The first factor is the promotion of the use of more sustainable construction materials, while
the second factor is the incorporation of de-sign for deconstruction (DfD) [2] principles into
the development of structural elements. DfD encourages the design of structural elements with
reflection on their end-of-life scenario in addition to their load-bearing capacity and durability
[3]. DID elements can be demounted, reused, or recycled with limited energy, time, and re-
source consumption. Regarding sustainable construction materials, in the last few years, the
focus on timber and engineered wood products as the appropriate solutions has increased, as
they are renewable, have a low carbon footprint, and have high car-bon storage capacity.
However, when considering timber structural elements, such as slabs and beams, some
unfavorable features, such as springiness, vibration, and poor sound insulation, have to be
considered, mostly in the serviceability stage. These drawbacks can be improved by using

timber as hybrid solutions such as timber—concrete composite (TCC) [4,5].

TCC structural systems have been extensively studied and employed as different structural
elements in both new construction and rehabilitation applications since the early decades of the
last century [6,7]. TCC slabs are typically designed with the concrete slab on the top
predominantly subjected to compression, while all or most of the timber section at the bottom
bears tensile stresses. If the system is effectively developed, it can exhibit a three to five times
higher load-bearing capacity compared to conventional timber or concrete systems [8]. In
addition, a proper shear connector system is used to effectively transfer the shear between the

timber and the concrete com-ponents. The shear connection between the two materials is a
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critical component in the performance of TCC slabs [9]. It directly impacts the composite
behavior, stress distribution, deformations, and the design of the slab. In the last two decades,
new shear connections were developed using different methods, such as nails [10], screws [11],
adhesives [12], perforated plates [13], and notches [ 14], to connect concrete and timber. Figure
1 illustrates some of these connection techniques. These studies investigated the mechanical
properties of shear connections like stiffness and strength through push-out and bending tests.
Among all, notched shear connections offer an exceptional combination of mechanical
performance and simplicity since they are easy to con-struct and present high stiffness and
strength [6]. Moreover, notched connections are suitable for DfD as no permanent bond is
needed for their fabrication. However, the failure mode in the notched connection is brittle
[15,16]; therefore, it is usually accompanied by steel fasteners that are embedded in the

concrete to improve the post-failure performance [17,18].

AT Py
iRt "RET)
FRes. u Rewt

Dowels Notches Glued-in-Plate

Figure 1. Longitudinal cross-section of a TCC beam with 3 different shear connections: dowels, notches, and
glued-in-plate. Figure from Mirdad et al. [19].

Most of the existing shear connections permanently bond timber to concrete. Consequently,
the slabs in which they are used cannot easily be prefabricated, de-mounted, overhauled, or
reused. Thus, the sustainability of these slabs is diminished. Several researchers attempted to
address the prefabrication in TCC floors by proposing wet—dry [20-23] and dry—dry systems
[24-30]. In the wet—dry system, the concrete is cast directly on the timber component, while
the shear connection is implemented on the timber part. In the dry—dry system, the concrete
part is precast, and the shear connection is embedded within the concrete. Subsequently, it is

fastened to the timber component using screws and bolts. Although certain dry—dry systems
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may have the potential for disassembly, the demounting of these connections was not studied.
While many researchers have investigated demountable shear connectors for steel-concrete
composite floors [31-34], only a few studies investigated the deconstruction of TCC slabs.
Khorsandnia et al. [35,36] developed and tested six different types of demountable connections
using screws, bolts, and steel sections. The researchers addressed that the accuracy required for
fabrication and assembly and the labor required for fabrication and installation are among the
most crucial characteristics of deconstruction. Derikvand and Fink [37,38] introduced a
demountable TCC shear connection using a self-tapping screw. The shear and bending tests
showed that the connection was al-most as good as a similar non-demountable one. However,
the screw connection inherently showed a low stiffness and strength compared to other types

of connections.

In this paper, a novel modular prefabricated TCC floor system is proposed, which is fully
demountable. The novelty of this floor system corresponds to its demountable shear connection
that upgrades the sustainability of the floor system since it facilitates its reusing and recycling.
Also, this modular system is designed to be prefabricated in the wet—dry system so that the
concrete is cast on the timber part, which is a fast process that is not labor-intensive, and
overcomes the construction and assembly challenges that exist in similar floor systems. The
TCC module can then be transferred to the building site and put in place in a dry—dry process.
The shear connection is de-signed to have high stiffness and strength to achieve a high level of
shear connection. This paper presents an experimental study on a downscaled model of the
floor where the structural performance and fabrication process are investigated. Later,
analytical and numerical studies on the floor system are presented, and a parametrical study is

performed on the shear connection.
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2. Experimental Study
2.1. The Demountable TCC Floor System

The TCC floor system consists of a concrete layer on a timber layer that is connected via a
demountable shear connection. The timber part can be in the form of joists or a timber slab,
which is made from a suitable type of timber or engineered wood products as presented in
Figure 2. The shear connection includes a triangular notch that transfers the shear force between
the two layers. The notched connection is chosen as the shear connection because notches
transfer the shear force through the direct contact of the two materials without a permanent
bond. Notched connections show relatively high strength and stiffness compared to other non-
binding connections [39]. The shear connection is associated with a vertical bolt instead of the
commonly embedded steel fasteners in notched connections, which keeps the two layers
together and avoids the uplift of the concrete. The bolt is placed in a slotted hole so that it does
not resist any shear but only the uplift forces caused by the eccentric forces at the connection.
The bolt is designed to perform in the elastic zone so that it does not undertake permanent

deformation in favor of deconstruction and reuse.

Secondary timber beam

(Joist) 3

Concrete slab

Slab-Slab joint

°p rimary timber beam™ ~

- -~

Figure 2. Conceptual design of the novel demountable timber—concrete composite floor system.
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2.2. Fabrication

Before casting the concrete, the notches and the holes for the bolt in the timber are cut, and the
formworks for the bolts in the concrete are placed. The wet—dry system is used for the
fabrication of the floor modules, which means that the concrete layer is directly cast against
the timber part. Therefore, there is no need to consider assembly tolerances between the
concrete and timber. When the concrete is hardened, the bolt formwork is removed, the bolt is
installed, and the TCC module is completed. Then, the modules are transferred to the
construction site and installed on the main frame of the structure as depicted in Figure 2. The
TCC modules are connected to the primary beams with a simple supported connection. The
dimensions of the grids of the building dictate the length (L), width (b), and number (n) of the
modules. This paper investigates the fabrication and demounting possibility and the flexural

behavior of one module.

2.3. Downscaled Model

To investigate the proposed floor with the available resources and facilities, a downscaled
model of the TCC slab was designed, which is presented in Figure 3. One shear connection is
placed on each side of the slab. Based on the design, the concrete mixture was developed, and

the timber was cut and prepared for fabrication.
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Figure 3. Design of the downscaled novel TCC slab (Dimensions are in mm).

2.3.1. Concrete

The concrete layer in the downscaled model of the slab has a thickness of only 10 mm, which
is not deep enough for concrete with conventional aggregate sizes. Accordingly, the placement
of steel reinforcement in the concrete layer is impossible; therefore, the tensile stresses due to
shrinkage and loading must be borne by the concrete itself. Moreover, the concrete must fill
the notched geometry without air voids. Hence, a special self-compacting mixture with fine
aggregates and high tensile strength was developed. A mixture of water, high-performance
binder [40], CEN standard sand [41], and superplasticizer [42] was used to develop the special
mixture for the concrete layer of the downscaled element. To find the best mixture with
appropriate self-compacting properties while avoiding segregation effects, five different
mixtures with water—binder ratios from 0.15 to 0.29 and superplasticizer—binder ratios from
0.3% to 2.0% were batched and tested under compression according to the DIN EN 196-1 [41].

In addition, the vertical section of the samples was visually checked for segregation.

The compression strengths of the mixtures are compared in Figure 4 in the function of the

water—binder ratio and the superplasticizer—binder ratio. As expected, the strength of the

135



mixtures improved by reducing the water—binder ratio. On the other hand, the superplasticizer
dosage must be adjusted separately for each water—binder ratio to achieve self-compacting
properties without segregation effects. The mixture with the water—binder ratio of 0.15 was
chosen based on the self-compacting behavior, lack of aggregate segregation, and compression

strength. Details of the chosen mixture are shown in Table 1.
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Figure 4. Comparison of the strength of the different concrete mixtures.
Table 1. Chosen mixture specifications.
Item Amount [kg/m3]
Sand 1108
Binder 1108
Water 169
Superplasticizer 13.4
Total 2399

Table 2 presents the mechanical properties of the concrete used for producing the TCC slab on
28-day-old specimens. The properties include the E-Modulus under compression, strength

under compression, and tensile splitting strength of the concrete. It is important to consider
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that, due to the thin thickness of the concrete similar to thin-walled sections, the mechanical

properties may differ from standard test results [43].

Table 2. Mechanical properties of the special mixture for 28-day-old specimens.

Compression Modulus of Tensile Splitting
Strength [MPa] Elasticity [GPa] Strength [MPa]
Range 105.5-113.1 43.9-46.0 6.9-7.8
Average 109.1 45.0 7.5
SD 2.8 1.1 0.5
COV [%] 2.6 23 6.7

2.3.2. Timber

The timber board was from the C24 strength class. The strength and stiffness of the timber

material are depicted in Table 3 according to EN 338:2009 [44].

Table 3. Timber C24 characteristic values according to EN 338:2009.

Strength Properties [MPa]

Bending 24

Tension parallel 14

Tension perpendicular 0.4
Compression parallel 21

Compression perpendicular 2.5
Shear 4

Stiffness Properties [MPa]

Mean Modulus of Elasticity parallel to grain

direction 11,000
Mean Modulus of Elagticity perpendicular to 370
grain direction
Mean Shear Modulus 690
Mean density [kg/m’] 420
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2.4. Experimental Setup

The experiment program was carried out at the Laboratory of Solid Structures at the University
of Luxembourg. Six downscaled slabs were tested under a four-point bending experiment. All
specimens were simply supported at a distance of 100 mm from the end of the slab and spanned
a distance of 800 mm. The timber grain orientation for all specimens was aligned parallel to
the span length. The loading was applied at a rate of 0.1 kN/s until the failure of the specimens.
The experimental setup is shown in Figure 5. Linear Variable Displacement Transducers
(LVDT) were used to measure the mid-span deflection and the slip between the concrete and
timber (Figure 6). The absolute deflection of the slab w was calculated by the average of the

two LVDT sensors at mid-span.

Mid-span LVDT
P/2

End-span LVDT

800 mm
1000 mm

‘ )[—32270 mm——#——I| = 260 mm—*——a = 270 mm—{ ‘

Figure 5. Experimental setup.

(a) (b)

Figure 6. LVDT displacement sensors for (a) slip measurement at end-span and (b) deflection measurement at
mid-span.
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2.5. Experimental Results

Figure 7a illustrates the results of mid-span deflection versus loading for the TCC specimens.

The ultimate load of the specimens primarily varies due to variations in timber properties. To

address this, Figure 7b presents the normalized load-deflection graphs. The load-deflection

behavior is quasi-linear at the beginning of the loading for all the specimens, and later, the slab

starts to deflect nonlinearly before a brittle failure occurs. The two failure modes observed in

the specimens are the shear failure in timber, which occurred from notch to end-span (Figure

8a), and the bending failure, which occurred around mid-span (Figure 8b). After the failure,

the timber and concrete are still easily detachable. No permanent deformation was observed in

the bolt.
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Figure 7. Results from the experiment: (a) Load-deflection; (b) Normalized load-deflection.
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Figure 8. Failure modes in timber: (a) Horizontal shear failure at the notch, (b) Bending failure at mid-span.
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The load-deflection measurements from the test results are used to calculate the bending
stiffness and the effective flexural rigidity of the composite slab in different loading stages. In
Table 4, the mid-span deflection and the bending stiffness at ultimate load Pu are presented as
wu and ku, respectively. Accordingly, the deflection and the bending stiffness for the linear
deformation part are calculated at 30% of the ultimate load Po3 and presented as wo.3 and ko3,

respectively. The effective flexural rigidity is calculated at Po.3 with the following formula [45]:

(El)eff = P0.3a(3L2 — 4a2)/48W0.3 (1)

which corresponds to a four-point bending loading setup. The ultimate load and the bending
stiffness vary among the specimens, which is expected due to the inherent variation in the wood

properties.

Table 4. Summary of the experimental results.

[1) . N
At Ultimate Load At 30% of the Ultimate Effective

Load Rigidity

Specimens ., (KN] wa [mm] ki p kN] 02 [klil(;)i;m (ED)esr

No. [KN/mm] [mm] | [KN.m?2]
Tl 19.5 19.4 1.01 5.9 4.6 1.29 11.8
T2 14.8 15.0 0.99 4.4 4.1 1.09 10.0
T3 17.5 18.0 0.97 5.3 4.6 1.13 10.4
T4 13.3 14.9 0.89 4.0 4.2 0.95 8.7
TS5 15.2 19.5 0.78 4.6 4.8 0.94 8.6
T6 17.8 15.9 1.12 53 4.2 1.26 11.5
Average 16.3 17.1 0.96 4.9 4.4 1.11 10.2
SD 2.10 1.95 0.10 0.63 0.27 0.13 1.22

CV% 129% 114% 10.8% 12.9% 62% 12.0% 12.0%

140



2.6. Analytical Analysis

The method that is commonly used to design TCC slabs is a linear—elastic method proposed by
Ceccotti [46] based on the method known as the y-method in annex B of Eurocode 5 [47]. This
method assumes that the slab is simply supported where the two individual parts, here concrete
and timber, are connected through shear connections with a slip modulus of K. In this method,

effective flexural rigidity is defined as:

(ED)esr = Eclp + Ve E Acal + Edy + v E Aaf (2)
and
1
Ye = an—%&s ?3)
ve=1 “4)

where the subscripts ¢ and ¢ refer to the concrete and timber, and E, I, 4, and a indicate Young’s
modulus, the second moment of area, the area, and the distance from the centroid of the element
to the neutral axis of the composite section, respectively. In the formula of y, s is the space
between the shear connectors, and / is the beam span. y. can vary between zero, which means
no composite connection, and one, which means a full composite connection between the two
layers. The slip modulus of the shear connections K and the space between them s is decisive
in determining the value of y.. Based on the above formulas and the experimental results, the
effective flexural rigidity of the current slab for the extension of no composite to full composite
is shown in Table 5. For analytical analysis, only the linear part of the experimental results at

30% of the ultimate load is considered.
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Table 5. Composite action of the slab.

Composite ;
Connection Te Tt (ED)esr [KN.m?]
No composite 0 1 48
Experlmqnted 023 . 0o
connection
Full composite 1 1 17.8

Considering the results, the efficiency of the composite slab can be calculated with the method

proposed by Gutkowski et al. [48]:

Ay — 4,
EFF = ——
Ay — B, ©)

where An, Az, and Ac represent the theoretical deflection of no composite system, the measured
deflection, and the theoretical deflection of the completely composite system, respectively.
According to the experimental results and the analytical calculations, the load-deflection
graphs for these three cases are depicted in Figure 9. By substituting the values of An, Az, and
Ac in Equation (5) (where at P/Pu = 0.15, these values are 4.67, 2.20, and 1.27, respectively, as

depicted in Figure 9), the efficiency of the current slab can be calculated as 0.73.

0.3

Full composite

Experiment

No composit

Ac A, Ay

0 1 2 3 4 5
Deflection [mm]

Figure 9. Analytical load-deflection graphs for no composite, full composite, and experimental composite action.
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3. Numerical Study

In this section, a numerical model is presented for the investigation of the structural
performance of the slabs under quasi-static loading conditions during a four-point bending test.
A three-dimensional finite element (FE) model was developed using the Abaqus software
package. The developed FE model was validated using the experimental results, which were

described in the previous section.

The geometry of the slab has two symmetric planes. For the benefit of saving computation
costs, only one-quarter of the geometry was modeled, and symmetric boundary conditions were
assigned at the symmetry planes. A linear hexahedral element type with reduced integration
(C3D8R) was used. The loading and support parts were modeled as a 3D analytic rigid shell.
All dimensions were identical to the experimental ones. The loading was applied by
displacement of the rigid loading profile in the Y-direction at a constant rate. The support was
applied by constraining all the degrees of freedom of the support profile. The geometry of the

model is shown in Figure 10.

The interaction between the parts was characterized by pressure—overclosure “Hard” contact
in the normal and static coefficient of friction in the tangential directions. The static coefficient
of friction was defined as 0.57 between timber—concrete [49] and concrete—steel [50], 0.4

between timber—steel [51], and 0.15 for all other contact pairs.
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Figure 10. The geometry of the modeled bending experiment in Abaqus.

3.1. Material Modeling
3.1.1. Concrete

The Concrete Damage Plasticity (CDP) model was used for modeling the concrete. The CDP
model assumes that the main two failure mechanisms are tensile cracking and compressive
crushing of the concrete material [52]. In the CDP model, the total strain tensor is as € = £ +
eP! where £ and P! are the elastic and plastic parts of the strain, respectively. The stress—
strain relations in both compression and tension are governed by scalar damaged elasticity as

[52]:

o= (1-d)DE: (s —eP) (6)

where d is the scalar stiffness degradation variable that can be in a range of 0 for undamaged
material to 1 for fully damaged material, D& is the undamaged elastic stiffness of the material,
€ is the total strain, and €P! is the plastic part of the strain. The evolution of the degradation

variable is defined by d = d(&, €P!), where G is the effective stress that is defined as [52]:
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G & DE: (e — ePh) (7

and €P! is the hardening variable. The damaged states in tension and compression are

individually considered by two hardening variables, ef ' and el l, which refer to equivalent
plastic strain in tension and compression, respectively. Accordingly, the Cauchy stress can be

represented as:

c=(1-d)a ®)

In this model, the states of failure or damage are determined with the yield function as
F(G,&PY). The yield function represents a surface in the effective stress space, which is
controlled by the hardening variables. Conveniently, uniaxial loading conditions in
compression and tension are considered for formulating the evolution of the hardening
variables, and later, it is extended to multiaxial conditions. The uniaxial behavior is considered
differently under tension and compression. Under uniaxial tension, the stress—strain behavior
is considered a linear elastic response until the failure stress g;o. After the failure, a softening
stress—strain response represents the formation of micro-cracks. Under uniaxial compression,
the response is linear until the value of the initial yield, ., followed by a stress hardening
until the ultimate stress, g.,,. Beyond that, the response is characterized by stress softening. In
both tension and compression stresses, in the softening response region, the unloading response
of the concrete specimen is weakened by the degrading (damage) variables d; and d, standing

for tensile and compressive damage, respectively [52].

To define the stress—strain behavior of the concrete for numerical calculations, the behavior
should be extracted either from test results or from mathematical constitutive models. The
concrete in this study was high-strength concrete. The stress—strain response of high-strength
concrete in compression is different from conventional concrete. With an increase in the

strength of concrete, the initial trend of the stress—strain response tends to become mostly
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linear, and the linear portion of the ascending part of the graph extends [53]. Moreover, to some
extent, the strain at maximum strength becomes greater, and the descending part of the stress—
strain response becomes steeper [54]. Considering the behavior of high-strength concrete and
the test results, the response curve was based on the model from Carreira and Chu [55], which

1s as follows:

0 = fem 5 (9)
B—1+ (Eiu)
and
1
S 10
guEit

where f_,, is the concrete maximum stress, &, is the strain at maximum stress, and Ej; is the
initial tangent modulus of elasticity. Considering the above formulas and the results from the
tests on the concrete mixture presented in Section 2, the stress—strain response in Figure 11a

was used as input for the CDP model.

The post-failure behavior of concrete in tension, i.e., the strain-softening for cracked concrete,
can be defined by tension stiffening in the CDP model, which can be defined either by the
stress—strain relation or by applying a fracture energy cracking criterion. When no
reinforcement exists in the region, the latter method is preferable to avoid mesh sensitivity in
the results [52]. Therefore, in this model, the post-failure behavior under tension was defined
by a bilinear stress-crack opening (Wc) response as demonstrated in Figure 11b, which was

calculated based on the fracture energy of concrete [56].
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Figure 11. (a) Stress—strain response of the concrete in compression; (b) Post-failure crack opening response of
the concrete under tensile stress.

3.1.2. Timber

Timber is an orthotropic material that shows different mechanical behavior in three mutually
perpendicular axes and has different strengths under compression, tension, and shear.
Therefore, three mutually perpendicular planes needed to be defined for the timber-board part
so that the mechanical properties of longitudinal, radial, and tangential axes were assigned in
the right orientations. Directions 1, 2, and 3 were assigned to the X, Y, and Z axes, respectively,
where direction 1 was parallel to the grain, and directions 2 and 3 were in the tangential and

radial directions, respectively.

There is no predefined material model in Abaqus to model the orthotropic nonlinear behavior
of timber. The material model used in this model was developed by Eslami et al. [57], which
is a nonlinear anisotropic elastoplastic three-dimensional material model with failure analysis
capacity that was implemented as a UMAT subroutine for Abaqus. The model associates
Hoffman’s [58] yield criterion with isotropic hardening to model the plastic strain hardening
behavior of timber under compression. Also, four failure criteria are defined to trigger the

damage propagation under both compression and tension. Hoffman’s criterion, which is an
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extension of Hill’s [59] criterion, is considered for this material model because it distinguishes
between the compression and tension strengths. Some timber mechanical properties, such as
elasticity, strength and hardening parameters, and fracture energies, that are needed as the
inputs of the material model vary for different timber types. The timber material properties that
were used in the material model are shown in Table 6. These properties were calibrated based
on the test results reported on the same batch of timber by Eslami et al. [57]. For further detail
about the material model, its implementation, and validation and also the tests on timber

material, please see reference [57].

Table 6. Material properties of timber for FE modeling.

Elasticity Parameters

G2 =Gi3

Ei [MPa] E:=E3;[MPa] G23 [MPa] [MPa] V23 Vi2 = VI3
11,000 370 60 690 0.5 0.45
Strength parameters
_ 02t = O3t G12 =013
c1c [MPa] o2c = 63c [MPa] o1t [MPa] [MPa] 623 [MPa] [MPa]
54 6.9 36 0.7 0.5 3.5

Hardening parameters

h [MPa]
6436
Fracture energies
Gy, Gs, t
[N/mm] Gatf [N/mm] [N/mm]
10 0.2 0.2

3.2. Results and Discussion

The load-deflection curve obtained from the FE model is illustrated in Figure 12 and compared
with an average graph of the load displacement of the experimental results. The stiffness of the

FE model is in line with the experimental results. Overall, a reasonably good correlation

148



between the numerical and experimental results is observed. Also, the brittle failure is

simulated with the numerical model.
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Figure 12. Load-deflection result from the FE model compared to the experimental results.

Figure 13 illustrates the maximum principal stress distribution in the concrete and timber parts.
The maximum compression stress happened at mid-span in the concrete part close to the
loading zone. For the tensile stress, the concentration was in the timber part at mid-span as well
as at the notched corner, which is in correlation with the damage evolution in the timber
presented in Figure 14. The figure shows the damage evolution with the increase in the load. It
can be observed that the first damage occurred in the vicinity of the notch. The damaged zone
increased with the increase in load and propagated toward the end of the slab in the longitudinal
direction. The failure occurred later when the damage was initiated and distributed between the
loading part and the mid-span. The predicted failure of the model is in good agreement with

the observed rupture in the timber part during the experiment, as shown in Figure 8.
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Figure 14. Damage evolution in the timber part at (a) P/Pu = 0.67; (b) P/Pu = 0.95; (c) P = Pu.
4. Parametric Study

The FE model is used to perform a parametric study on the TCC slab. The models and their

varying parameters are presented in Table 7. For each parameter, the primary model is
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compared to two or three other models. The parameters that are considered are notch depth
(ND), notch length (NL), and timber length in front of the notch (NH) in addition to the shape
of the notch (NS) and the bolt’s position (BP). The parameters are depicted in Figure 15. For
the shape of the notch, triangular, rectangular, and birdsmouth shapes are considered. The bolt
location, which in the original design is between the notch and mid-span (BN), is studied as

well when located in the notch (IN) and between the notch and the end span (AN).

Table 7. Parameters in the parametric models.

Notch Notch

Model Depth Length Not[cmhnI;I]ead Notch Shape P(g?tliton
[mm] [mm]

ND—O06 6 121 116 Triangular BN
ND—09 9 121 116 Triangular BN
ND—I11 11 121 116 Triangular BN
ND—12 12 121 116 Triangular BN
NL—100 9 100 116 Triangular BN
NL—115 9 115 116 Triangular BN
NL—121 9 121 116 Triangular BN
NL—140 9 140 116 Triangular BN
NH—100 9 121 100 Triangular BN
NH—108 9 121 108 Triangular BN
NH—116 9 121 116 Triangular BN
NH—140 9 121 140 Triangular BN

NS—B 9 121 116 Birdsmouth BN

NS—T 9 121 116 Triangular BN

NS—R 9 121 116 Rectangular BN
BP—IN 9 121 116 Triangular IN
BP—BN 9 121 116 Triangular BN
BP—AN 9 121 116 Triangular AN
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Figure 15. Parameters of the shear connection considered in the parametric study.

The ultimate load and the deflection at the ultimate load for each model are presented in Figure
16. The highest and lowest ultimate load belong to models NH-140 and BP-AN, respectively.
The largest deflection at the ultimate load occurs in model NS-B. Accordingly, the bolt position
has the most influence on the strength of the slab, while for the deflection at the failure, the

shape of the notch is the most influential parameter.
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Figure 16. Results of the parametrical study.

Figures 17-21 depict the load-deflection curves and damage propagation at the failure load in
the timber part for each varied parameter. The results show that the studied parameters have no

noticeable influence on the stiffness of the slab, especially in the first one-third of the loading
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stage. However, the impact is more noticeable in the strength and the maximum deflection
before the failure of the slab. Figure 17 shows that the shape of the notch does not have a
significant influence on the strength and bending stiffness of the slab, while the slab with the
birdsmouth notch shows the best ductility at failure. Figure 18 shows that the bolt positions in
BN and IN are not significantly different in strength and bending stiffness but having the bolt
in the AN position causes the separation of concrete and timber parts between the notch and
loading part and decreases the strength of the slab by approximately 20%. Figure 19 shows that
the notch length does not have a noticeable effect on the bending behavior of the slab within
the modeled lengths. As Figure 20 depicts, increasing the depth of the notch from 6 mm to 9
mm does not change the load-bearing capacity. However, when increasing the depth by 12 mm,
the load-bearing capacity of the slab decreases by approximately 7% since the effective cross-
section of the timber is reduced considerably because of the notch cut. Lastly, Figure 21
illustrates that an increase in timber length in front of the notch (the distance between the notch
and the end of the slab), which concurrently increases the distance of the notch from the

support, increases the strength and stiffness of the slab.
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Figure 17. Influence of the shape of the notch on load deflection and failure of the TCC slab.
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Figure 18. Influence of the position of the bolt on load deflection and failure of the TCC slab.
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Figure 20. Influence of the depth of the notch on load deflection and failure of the TCC slab.
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Figure 21. Influence of the timber length in front of the notch on load deflection and failure of the TCC slab.

5. Conclusions

In this study, the aim was to present and examine a novel prefabricated modular TCC floor that
facilitates the construction process and can be demounted at the end of the service life. This
study proposed a modular demountable slab with a notched shear connection, which can be
prefabricated with a wet—dry system. The production of the downscaled specimens showed that
the slab is fully demountable, and the modular wet——dry prefabrication design facilitates the
fabrication process. The four-point bending experimental results showed a profound load-
bearing behavior of the proposed slab. A FE model was developed, a parametric study was
carried out, and variations of different parameters were studied. In brief, this study shows the

following:

e The floor system is fully demountable before and after failure;

e The proposed construction method of the floor system facilitates the prefabrication and
installation of the slab;

e The slab has a noticeable efficiency of 0.73 of the composite action;

e The studied parameters mostly affect the load-bearing capacity and the deflection at the

failure of the slab rather than its stiffness;
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e The birdsmouth notch increases the ductility of the slab compared to rectangular and
triangular notches;

e The position of the bolt can vary the load-bearing capacity up to 20%;

e The length of the notch does not have a significant influence on the strength of the slab;

e An increase in the timber length in front of the notch increases the bearing capacity of
the shear connection;

e An excessive increase in the notch’s depth decreases the bending capacity of the slab;

This study contributes to the research field of DfD in TCC floors by featuring a straightforward,
demountable shear connection with remarkable load-bearing behavior. Since the study was
performed based on a downscaled model and limited specimens, more work is required to
determine the load-bearing behavior, the influence of the frequency of notches and bolts, and
the fabrication and deconstruction process in real-scale flexural and push-out tests. Also, since
the used concrete in this study can vary from the conventional concrete, the impact of the

concrete mixture must be investigated in future studies.
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3.5 Paper V

The paper “Experimental and numerical study on shear behavior of a demountable CLT-
concrete composite shear connection” [95] was published in Construction and Building
Materials journal. The author of the dissertation served as the first author and his contribution
was conceptualization, methodology, formal analysis, investigation, resources, data curation,

writing—original draft preparation and visualization of the paper.
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Abstract

Recently, there has been a growing interest in using Cross-Laminated Timber (CLT) in the
construction industry, particularly as slabs and walls. This heightened interest is attributed to
CLT’s favorable mechanical properties, ease of prefabrication, and environmental advantages.
Consequently, CLT-Concrete Composite (CCC) floor systems have gained more attention for
their application in mid- and high-rise buildings. These CCC systems offer substantial
advantages over standalone CLT slabs, including enhanced bending stiffness, increased load-
bearing capacity, and improved dynamic performance. However, a notable research gap exists
when it comes to the deconstruction of CCC slabs, a crucial aspect for enhancing sustainability
and reducing the environmental impacts of these structural elements. This study investigates
innovative demountable shear connections designed for a reusable prefabricated CCC floor
system. A series of push-out tests were conducted on six different shear connectors to obtain
the shear properties of the connection. The demountable shear connections exhibited a load-
bearing capacity similar to conventional permanent connections. Moreover, these connections
demonstrated a significantly higher stiffness than existing options. One specimen was
examined in a reuse scenario test to evaluate its reusability, which revealed a notable increase

in stiffness during its second use. A three-dimensional finite element model of the push-out
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test was validated and calibrated with the experimental results. This model was utilized to study

the load-bearing behavior of the notched connections.

Keywords: Timber-concrete composite; CLT-concrete composite; Demountable shear

connection; Design for Deconstruction; Push-out test

1. Introduction

The building industry is responsible for significant natural resource consumption and waste
production [1,2]. The manufacturing processes of conventional construction materials such as
steel and concrete are energy-consuming and contribute significantly to carbon dioxide
emissions [3]. Consequently, in the last decades, substantial attention has been devoted to
fostering the usage of timber and engineered wood products (EWPs) [4]. They are more
sustainable due to their low embodied energy, high carbon storage, and renewability [5]. Other
characteristics of timber, such as its high strength-to-density ratio, desirable aesthetic, and low
thermal conductivity, made it a good solution for substituting steel and concrete in structural

elements [6-8].

However, when considering timber solutions such as slabs and beams, some unfavorable
features such as springiness, vibration, and poor sound insulation are challenging for designers
[9,10]. These defaults led to an increased usage of timber as a hybrid structure with concrete
[11]. Timber-concrete composite (TCC) floors consist of a concrete slab on top of the timber
part as a joist or slab connected through a shear connection [12]. The shear connection
determines the level of composite action between the two components under bending [13]. The
concrete component resists the compression dominantly and the timber component undertakes
the tension [14]. A well-developed TCC system can enhance the bending capacity of a
conventional timber floor by a factor of 3 to 5 [15]. This method reduces the amount of concrete

used, which causes a decrease in self-weight and carbon dioxide emissions. Research findings
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show that TCC slabs can exhibit a 30% [16] to 70% [17] reduction in global warming potential
compared to concrete slabs of equivalent flexural properties. As a result, many researchers
focused on developing new TCC slabs and shear connections [18,19]. In TCC slabs, the timber
component can comprise joists or a panel-type EWP. Panel-type EWPs became substitutes for

conventional timber joists as the demand for prefabrication and rapid on-site assembly grew

[20].

Cross Laminated Timber (CLT) is a panel-type EWP with substantial appeal in the construction
industry. It offers benefits such as orthogonal rigidity, sound and thermal insulation properties,
and efficient prefabrication [21,22]. CLT has rapidly found its way into TCC floor systems as
a prominent panel-type EWP. CLT-Concrete Composite (CCC) floor has all the benefits of a
TCC floor system. The adoption of CCC floor systems in mid- and high-rise buildings, as
opposed to traditional timber joist TCC slabs, can lead to a decrease of up to 30 cm in the
overall thickness of the slab per floor [23]. Although contingent on factors like span length and
joist separation, this reduction potentially translates to gaining an extra floor in a 10-story

building for a predetermined total height.

Accordingly, many investigations have been done on CCC floor systems in recent years. Mai
et al. studied the shear [24] and bending [25] behavior of CCC shear connections made of
mechanical fasteners with various connection types, angles and spacing. The results showed
that the inclined fasteners outperformed orthogonal connectors in terms of stiffness. The study
compared the performance of a CLT panel to another CLT panel with the same thickness but
with an additional 100mm concrete topping. The findings revealed improvements in vibration
behavior by up to 25% and an enhancement in bending capacity from 3 to 5 times. Wang et al.
[26] investigated the shear performance of the self-tapping screw shear connection between
CLT and concrete. The results showed that the screw configuration, inclination angle, and
thread type are the main affective factors in the stiffness of the connection. The maximum load
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of the connection was most significantly influenced by factors such as screw configuration,
inclination angle, and penetration length into CLT. Although mechanical fasteners are cheap
and easy to install, they show a lower stiffness and strength compared to other types of shear

connections.

Gerber and Tannert [27] tested TCC floors with three panel-type EWPs, including CLT,
Laminated Veneer Lumber (LVL), and Laminated Strand Lumber (LSL). These EWPs were
fastened using screws and adhesive-bonded steel mesh as the shear connection. Higgins et al.
[28] carried out short-term and long-term tests on a full-scale CCC floor. They found that the
HBYV system has superior performance, providing close to the full composite action. The HBV
system comprises a perforated steel plate, with its lower section glued within a groove in
timber, while its upper segment is embedded within concrete [29]. In another study, Tannert et
al. [30] did short- and long-term tests on CCC with self-tapping screws, HBV and epoxy
adhesive. In the long-term study of about 2.5 years, the effective bending stiffness and the load-
bearing capacity of the tested TCC panels degraded on average by 16% and 5%, respectively.

During the same time, the vibration performance did not change noticeably.

Figure 1 HBV system as a timber-concrete composite shear connection. The figure is rebuilt based on [29].
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An alternative method to achieving a rigid connection between timber and concrete involves
gluing the two materials using adhesives [31]. While this approach yields a high degree of
shear connection, when wet glue is used to bond the wet concrete to the CLT panel, the
deflection due to shrinkage can consist of about 60% of the total deflection after 125 days
[32,33]. Bajzecerova et al. [33] tried to overcome this deflection by prestressing the CLT panel
before casting the concrete. The CLT panel was precambered about 0.01 of the span length.
The results of the long-term loading showed that the precambered was enough to eliminate the
deflection from shrinkage. In addition, they estimated that prestressing a CCC slab would

increase the load-bearing capacity by about 20%.

Notch shear connections are another suitable connection type used in CCC slabs because of
their reliability, strength, stiffness, and cost-effectiveness [34]. The parametric experimental
study of Thai et al. [23] showed that the notch’s depth and heel length (timber length ahead of
the notch) significantly impact the connection’s stiffness and maximum load, unlike concrete
thickness and length of the screw, which did not demonstrate significant influence. In addition,
they found that the notched connection with removable screws has the potential for
disassembly. The bending test results by Lamothe et al. [35] on a CCC slab employing high-
performance concrete and ultra-high-performance fiber-reinforced concrete demonstrated the
feasibility of achieving a ductile floor system with a notch connection. As the moisture from
concrete can cause delamination between the laminae of the CLT panel, it is vital to limit the
moisture transfer between concrete and timber by separation layers [36]. However, an
experiment conducted [35] on slabs with notch connections revealed that using a separation
layer between the concrete and timber reduced the stiffness of the slabs as it diminished the
interaction of the two materials at the notch. Xu et al. [37] found that adding glue or self-
tapping screws to a notch connection can reinforce the shear capacity of a notch CCC system.

Shear connections with steel kerf plates, examined by Shahnewaz et al. [38] in a 10-story mass
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timber building, proved highly efficient and provided exceptional stiffness and strength to the
floor system. The authors recommended maintaining an embedment depth not exceeding the
thickness of the first layer in the CLT panel to prevent the timber’s rolling shear strength from

governing the slab’s failure.

Furthermore, the shear connection impacts the mechanical performance of the TCC slab and
influences its construction method. The fabrication methods of TCC floors can be divided into
two categories: wet-dry and dry-dry. In the wet-dry process [39—41], the timber part is
generally put in place on the construction site and the cast-in-situ concrete is poured on the
timber part. In this method, the shear connection is usually installed on the timber part before
pouring the concrete and then embedded in it. Therefore, the wet-dry shear connectors usually
generate a permanent bond between the two materials. In the dry-dry method [42—44], the
concrete is prefabricated with the shear connection embedded inside and bolted or glued to
timber. The advantage of the dry-dry method is that it allows the prefabrication of the TCC
slab, resulting in various benefits, including reduced waste, material consumption, and labor
costs. Simultaneously, it enhances the construction process's safety, speed, and precision [45—
47]. Several studies developed prefabricated TCC floor systems in the last two decades.
Lukaszewska [48] investigated the feasibility of prefabrication by embedded connection in a
precast concrete slab, which will later be installed on-site on the timber joist. Yeoh et al. [49]
explored semi-prefabricated LVL joists and plywood sheets with preassembled connections
and cast-in-situ concrete on top. Researchers performed different experiments to develop
prefabricated TCC floors, such as shear tests [50], short-term [51] and long-term [52] 4-point
bending tests. The results showed that the prefabricated TCC slabs are feasible, reliable, and

beneficial.

Although prefabricated TCC floors were studied, not much effort has been put into the
possibility of deconstruction and reusability of this kind of slab. Concerning the quest for more
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sustainable construction, design for deconstruction (DfD) [53] is essential in reducing the use
of material and construction and demolition waste. DfD elements can be demounted, reused,
repaired, and recycled with minimum energy, time, and resource consumption [54]. Although
some of the prefabricated TCC floors can be deconstructed, only a few researchers attempted
to investigate this issue in TCC floors. Khorsandinia et al. [55] investigated the bending
performance of several demountable TCC beams manufactured from LVL joists and concrete
segments. The construction and deconstruction processes were successfully performed. A 1D
and 2D finite element models were developed to simulate the nonlinear behavior of these
beams [56]. Wacker et al. [57] performed static, cyclic and fatigue push-out and bending tests
on a reusable TCC system for bridge decks. The results showed while the load capacity was
slightly decreased, the stiffness was increased under cyclic and fatigue loading. Derikvand and
Fink [58] studied the shear behavior of demountable connections using self-tapping screws.
The demountable connections performed similar shear behavior and properties to the
permanent ones. The Authors investigated the shear connection under bending on a CCC slab
[59]. Once again, the results confirmed the similar static and dynamic behavior between the
demountable CCC slab and a comparable non-detachable one. Pang et al. [60] developed and
tested separable CCC floors with round-notch shape shear connections. They employed a high-
sulfated calcium silicate cement-infused concrete, limiting energy demands during cement
production. Despite push-out test outcomes indicating a lower slip modulus than similar
notched connections, the researchers discovered that the composite slab outperformed a pure
CLT slab. Specifically, the composite design allowed for 1.9 and 1.5 times longer spans,

aligning with load bearing and deflection limits.

The practical application of demountable TCC floors is constrained by limited research and
challenges, including the absence of adaptable connection systems and higher initial costs than

existing systems [61]. Accordingly, in a previous study [62], the authors of this paper addressed
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these gaps in the field by proposing a modular prefabricated TCC floor system with a
demountable shear connection. As illustrated in Figure 2, the concept was designed to offer a
straightforward prefabricated TCC modular slab, facilitating reuse at the module level.
Subsequently, upon reaching the end of its lifecycle, the demountable shear connection enables

the effortless separation of the two materials for separate recycling or reuse purposes.

Secondary timber beam \'\/>\

(Joist) o)

Concrete slab

Slab-Slab joint

B ~ ~
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= =

~ -»._

Figure 2 Conceptual design of the demountable TCC floor system with the demountable shear connection. Figure
from Eslami et al.[62].

Building upon the findings of the downscaled study [62], which highlighted the significant
potential of the proposed concept, this paper presents the results of a real-scaled parametric
investigation for a demountable CCC floor system. Six connection variations were tested under
push-out tests, wherein their shear performance, maximum strength, and failure modes were
investigated. A three-dimensional nonlinear finite element (FE) model was developed and
validated with the experimental results. Subsequently, the FE model was applied to study the

load-bearing behavior of the connections.
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2. Experimental study

2.1 Materials and setup

The experiment setup contains a CLT panel with a thickness of 280 mm comprised of 7 layers
with varying thicknesses of 60 mm, 40 mm, 20 mm, 40 mm, 20 mm, 40 mm, and 60 mm. The
CLT panel is positioned between and being pushed against two concrete layers with a thickness
of 100 mm. As shown in Figure 3 (left), a notch in the CLT on each side linked the two
materials with the company of a fastened rod to overcome the uplift caused by the eccentric
force at the shear connection. The CLT panel and the concrete layers, including the notch, have
an identical width of 300 mm. Six samples of the shear connection were designed, and four
specimens were cast for each sample. The variables between the samples were the notch’s

shape and heel length. The drawings for all samples are shown in Figure 4.
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Figure 3 Assembly of the specimens (left) and the experiment setup (right).
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Figure 4 Drawing of all push-out samples. Dimensions are in mm.

The CLT parts were cut with the notches and holes for the rod. Then, the required formworks
were used to cast the concrete directly on CLT (Figure 5). The hole for the rod was considered
as a slotted hole as illustrated in Figure 3 (left) in both CLT and concrete to allow the rod to
keep the two materials together without undertaking direct shear. Only in sample C M16 lag
screws were used instead of the rod. For this sample, the same hole was precast in concrete,
but in the CLT part, holes with a diameter of 12 mm were predrilled to avoid splitting the
timber when installing the lag screw. When the concrete was hardened, the formworks were
removed. Then the rods and nuts or screws attached the concrete layers to the CLT panel. The

properties of all the used fasteners can be found in Tablel.
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Figure 5 Push-out specimens ready for concreting.

Table 1 List of fasteners used in the experiment and their properties.

Part Image Standard I(;ZEiertlzi [mm] Sr(l)(lil r;):reog;itr;e:iiiails
Threaded rod DIN 976-1 16 [63]
Lag screw L aMnnann® DN 571 16 [64]
Washer DIN 9021 17 [65]
Nut DIN 934 16 [66]

The experiment was undertaken in the Laboratory of Solid Structures at the University of

Luxembourg. The mechanical properties of the concrete were tested to determine the

compression strength, modulus of elasticity and tensile strength, which were, on average, 50.6

MPa, 38.8 GPa and 4.0 MPa [67-69]. The CLT panel comprised C24 timber boards
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manufactured based on ETA-06/0009 [70]. The material properties for C24 timber based on
EN 338:2009 [71] are shown in Table 2. Additional shear tests were performed on the timber
parts cut out of the CLT panel near the failure area after the push-out test. The push-out test
was performed in a symmetric setup, as shown in Figure 3 (right). Four LVDT displacement
sensors (two on each side) measured the horizontal gap, and four others measured the vertical
slip between concrete and timber. The final slip was calculated as average of the four vertical

LVDTs. No significant disparity was observed between the measurements of the sensors.

Table 2: Timber C24 characteristic values according to EN 338:2009[71].

Strength properties [N/mm?] C24
Bending 24
Tension parallel 14
Tension perpendicular 0.4
Compression parallel 21
Compression perpendicular 2.5
Shear 4
Shear (test) 4.14

Stiffness properties [N/mm?]

Mean modulus of elasticity parallel 11000
Mean modulus of elasticity

perpendicular 370
Mean shear modulus 690
Mean density [kg/m’] 420

2.2 Loading configuration

The loading was performed according to EN26891 [72], originally used for timber joints made
with mechanical fasteners. However, it has also been used for push-out tests on TCC shear
connections. The estimated maximum load Fesr was initially calculated through analytical
design for each sample. If the disparity between the maximum load Fmax derived from tests and
Fest exceeded 20%, Fest was recalculated for the rest of the specimens based on the previously
measured Fmar. As shown in Figure 6, the loading procedure started with an initial increase of

up to 40% of Fesr. Once this load was reached, the specimen was unloaded to 10% Fes.. Then,
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the loading continued until the specimen failed or the connection slip exceeded 15mm,

whichever came first.
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Figure 6 Loading procedure according to EN 26891 [72].

Two different loading configurations were tested and compared on sample A. In the first
loading configuration tested on specimens Al and A2, the load was implemented on the entire
section of the CLT panel. This loading configuration did not allow the shear failure in timber
since the CLT was confined to the loading plate. On the other hand, in the second loading
configuration implemented on specimens A3 and A4, the loading plate implemented the load
partially on the CLT section at a distance from the edge of the CLT panel to allow the shear
failure. The second loading configuration imitates the last notch toward the end span of a TCC
slab. In contrast, the first loading configuration represents the other notches toward the mid-
span of the slab. The two loading configurations and the corresponding load-slip results are
shown in Figure 7. A shear failure in timber occurred for both specimens with the second load
configuration. In comparison, ductile compression failure in timber (specimen A1) and shear

failure in concrete (specimen A2) happened for the specimens with the first load configuration.
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The results show that the stiffness and strength of the connections loaded with the first load
configuration are about 20% higher than those with the second. As the second loading
configuration feature is more critical, it seemed more appropriate for testing the notch
connection between timber and concrete. Therefore, this loading configuration was used for

the rest of the experiment.
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Figure 7 Comparison of the results and setup of different load configurations of the push-out test with loading a)
entire and b) partial surface of the CLT section.

2.3 Failure modes
Figure 8 illustrates the observed failures during the test. The rod and screw, explicitly designed
to avoid direct shear forces, showed no signs of failure or permanent deformation. In all

specimens, as the load increased, a crack initiated and propagated in the concrete, originating
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from the notch and extending toward the concrete’s surface (Figure 8a). Specimen A2 exhibited
shear failure in concrete at the notch due to the extensive opening of this crack, as depicted in
Figure 8b. Moreover, concrete crushing under compression was observed in some specimens
(Figure 8c). The observed failures in the CLT panel involved both compression-induced
crushing and longitudinal shear failure of the timber, as depicted in Figure 8d and Figure 8e,
respectively. Furthermore, as shown in Figure 8f, rolling shear failure was observed in the
second layer of the CLT panel in specimen C4, attributed to the embedment of the screw in the
second and third layers of the CLT panel. While the shear failure in concrete and timber

resulted in a brittle failure, the compression crushing in both timber and concrete was ductile.

The failure modes that occurred for each specimen are noted in Table 3.

Figure 8 Failure modes of the notched connection: a) crack in concrete, b) shear failure at the notch; c) crushing
of concrete; d) compression failure in timber at the face of the notch, e) shear failure in timber, f) rolling shear
failure in CLT.
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Table 3 Calculated Fey and failure modes occurred for all specimens according to the modes presented in Figure
8.

Failure mode

Specimen  Feg a b ¢ d e f
A3 340 X X

A4 270 X X

B1 320 X X X

B2 285 X X X X

B3 285 X X X

B4 285 X X X X X

Cl 260 X X X

C3 325 X X

C4 325 X X
D1 225 X X

D3 270 X X

D4 270 X

El 345 X X X

E2 345 X X X

E4 320 X X X

F1 280 X X

F2 275 X X X

F3 265 X X X

F4 275 X X X X

2.4 Results and discussion

The load-slip results of all specimens are shown in Figure 9. In these curves, the slip is the
average of the 4 vertical LVDTs, and the load is the measured load on the specimens divided
by two to represent the load on each shear connection. As the load-slip diagrams depict, minor
settlements were evident in the subsequent initial loading and unloading stage, ranging from
0.08 mm for sample D to 0.3 mm for sample F. Further loading led to a gradual linear increase
in slip for all specimens, reaching approximately 80% of the maximum load. After the linear
stage, a softening in the shear connection stiffness can be observed until reaching the maximum
load. Upon reaching the maximum load, two distinct behaviors became evident. The first
behavior was a brittle failure in most specimens without further deformation, attributed to

timber’s brittle shear failure. The second behavior involved more deformation after the
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maximum load. Specimens B4 and F4 showed a plastic deformation after the maximum load

and then a brittle failure, while specimens E1, F2 and F3 showed a plastic slip until the test

finished at the slip of 15 mm without a brittle failure.
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Figure 9 Load-slip results of all the push-out specimens.
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The results from the experiment, including maximum load Fmax, slip at the maximum load vimax,

and slip modulus from different load stages, are presented in Table 4. Sample D has the

minimum average strength, while sample E has the highest. Figure 10 shows that longer notch

heel lengths (samples B, C, E, and F) are associated with higher Fmax, indicating a correlation

between connection strength and heel length. Samples E and F exhibited increased vmax,
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suggesting more significant deformation in these connections than in others. This trend is
visually noticeable in the load-slip diagrams in Figure 9. The percentage coefficient of variation
(CV%) for Fmax ranges from 2.6% (sample A) to 11.9% (sample D), while for vmax, CV% varies
from 14.5% (sample B) to 46.2% (sample A). The increased variability in slip at the maximum
load can be attributed to the sophisticated behavior of the connection, influenced by variations

in material properties and inherent imperfections in fabrication.

Table 4 Results from the experiment.

Series A B C D E F
No. of 2 4 3 3
specimens
Frax [KN] Average 274.4 300.3 291.2 237.4 316.1 294.0
shb*? 7.1 14.7 12.7 28.3 30.4 29.3
CV%"° 2.6% 4.9% 4.4% 11.9% 9.6% 10.0%
Vmax [mm] Average 0.6 1.3 0.9 0.5 1.4 1.7
SD 0.04 0.18 0.22 0.11 0.47 0.40
CV% 6.7% 14.5% 24.7% 22.2% 33.8% 24.0%
Ki Average 604.4 465.2 393.7 589.6 493.6 289.6
[kN/mm] SD 59.6 42.5 78.6 25.3 228.3 33.8
CV% 9.9% 9.1% 20.0% 4.3% 46.3% 11.7%
Ks Average 786.3 757.9 901.9 769.3 1019.9 741.7
[kN/mm]  sD 56.4 99.9 238.0 95.2 146.4 148.9
CV% 7.2% 13.2% 26.4% 12.4% 14.4% 20.1%
Kos Average 719.2 628.7 748.7 721.8 861.9 533.0
[kN/mm] SD 3.8 74.3 192.3 67.5 89.5 55.1
CV% 0.5% 11.8% 25.7% 9.4% 10.4% 10.3%
Ko.s Average 641.9 525.1 639.7 649.3 638.1 432.5
[kN/mm] SD 0.9 35.7 162.4 39.3 34.1 45.3
CV% 0.1% 6.8% 25.4% 6.1% 5.3% 10.5%

aStandard deviation; ® Percentage coefficient of variation
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Figure 10 Comparison of the experiment results for the maximum load and the length of the notch heel.

The slip moduli were calculated based on the slope of the lines shown in Figure 11. As
demonstrated, the initial slip modulus Ki is calculated at the first loading cycle. The
serviceability slip modulus Ks is calculated in the second loading cycle at 40% Fest. Ko.c and
Ko.s represent the slip moduli at 60% and 80% of Fes, respectively, marking the ultimate and
close-to-failure load states. As illustrated, the initial settlement is not considered in the Ks, Ko.s,
and Kos calculations. The average slip modulus results for each connection sample are
presented in Table 4. For all samples, the highest slip modulus is at Ks, and the slip modulus
decreases with the load increase. Samples E and C have the highest slip modulus, while the
values for the rest do not differentiate noticeably. The CV% of the results for Ks ranges from
7.20% (sample A) to 26.40% (sample C). The disparity of the results decreases for Ko.s and

Kos.
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Figure 11 Demonstration of calculated slip modulus as the slop of the demonstrated lines for initial (Kj),
serviceability state (Ks), ultimate state (Ko.g), and close to failure (Ko.g) slip modulus

Given the diverse post-failure behaviors of the samples, a comparison of their ductility p was

conducted. According to [73] p can be formulated as:

\%

‘Ll:

u ~ Vmax

Vmax

where wuis the slip at the ultimate load Fu. Fuis defined as the 80% of Fmax load at the softening
side of the load-slip curve or the load at the end of the experiment (at 15 mm slip), whichever
occurred earlier. If failure occurred before either of these conditions, then Fu is the load just
before the failure initiation. Figure 12 illustrates the determination of Fmax, Fu, Vmax and vu on

the load-slip curve.

max

F/

0 5 Slip 10 15

Figure 12 The determination of the maximum load (F ) and ultimate load (F,), along with their corresponding
Slips (Vmax and vy).
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The average ductility for each connection sample is presented in Figure 13. Specimens E1 and
F1 were excluded from this average calculation due to their distinctive failure modes compared
to the other specimens in their respective samples, as well as their significantly different levels
of ductility. Samples A and D demonstrate the lowest ductility, likely due to the length of the
notch heel and the brittle nature of the failure mode. Sample F has the highest ductility, which
can be attributed to the inclined shape of the notch.

6.0

5.0

4.0

3.0

ul-]

2.0

1.0

0.0 S

Figure 13 Ductility u for each connection sample.

2.5 Overall comparison of connection samples

Three categories were considered to compare the connection samples: strength (Fmax), stiffness
(Ks), and ductility (u). A scoring system was defined, assigning a score based on a scale of 1
for each category, where 0 represents the worst score and 1 is the best. The maximum
achievable score for each sample was 3. The score was calculated for each category by dividing
their values by the maximum value in that category. The results are presented in Figure 14.
Overall, sample F emerges as the top connection with a score of 2.7, followed by sample E
with a score of 2.0. While sample F exhibits notable ductility, sample E excels in strength and

stiffness.
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Figure 14 Overall comparison of the connection samples.

Although deconstruction was feasible for all samples, some proved easier to disassemble than
others. To compare the ease of deconstruction of the samples, a qualitative grading system was
employed, consisting of three levels: Attainable, Simple, and Effortless, ordered with
increasing degrees of ease. Sample D received a score of Attainable due to the rectangular
notch shape, which made its deconstruction more time and effort-consuming compared to other
samples. Samples E and F, characterized by inclined notch faces, were graded as Effortless,
denoting the simplest assembly and deconstruction process. The inclined faces of the notch
facilitated easy assembly, as they were self-adjusting while tightening the bolts, and simplified
demounting procedures. Samples A, B, and C received a score of simple, reflecting
deconstruction that was not as complex as sample D but not as straightforward as samples E

and F.

2.6 Comparison to results from the literature

Generally, TCC shear connections with notches show higher load-bearing capacity and
stiffness than those using self-tapping screws but lower than connections with adhesives or
glued-in steel plates like the HBV system [19,23,38,74]. Here, only experimental results from

the literature focusing on notched shear connections for CCC systems were considered for
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comparison with the results of this study. Table 5 displays some of the notch connections for
the CCC system existing in the literature, which are distinguished by a number from 1 to 8.
The presented notches have different geometries: rectangular, triangular, trapezoidal, inverted
trapezoidal (dovetail), and circular. Apart from connection no. 2, no. 4 and no. 5, the rest of the
connections from the literature lack separability between timber and concrete and, as a result,
are not suitable for DfD. This lack of separability often arises from factors such as embedded
screws in concrete, the use of adhesives, and the shape of the notch. The concrete strength
under compression (fc) is presented in the table, ranging from 23.6 to 60 MPa. These values

are derived from tests on cylindrical specimens or converted accordingly.

Table 5 Details of similar CCC notch connections from the literature compared to the experimental results of this
study.

No. Ref. DfD Connection Notch shape and dimensions Concrete f.
system (length*width*depth [mm]) [MPa]

1 [34] No notch + 2 lag Rectangular (200*450%*25) 36.8°
screws + stirrup

2 [23] Yes notch+2screws Rectangular (200¥200%20-35) 36.8°

3 [75] No notch + 2 screws  Triangular (250%200%*20) 60

4 [60] Yes Notch Circular (100*20°) 36.2

5 Yes Notch Circular (200*20P) 36.2

6 [37]. No Notch + adhesive Trapezoidal (250*200%*25) 23.6°

7 No Notch + 2 Rectangular (200*200*20-30) 23.6°
inclined screws

8 [76] No Reinforced notch Inverted trapezoidal 34.4

(150*400*50)

2= Cube results converted to cylinder by formula from [77]

b= Diameter*depth
The maximum load and the slip modulus of the shear connections from the literature are
compared to those tested in this study in Figure 15. The strength and stiffness of a notch
connection vary directly with the width of the notch. Thus, the results are presented per one
mm width to compare notches with different widths. Consequently, the maximum load and the

slip modulus are expressed in kN/mm and kN/mm?. Connection E exhibits the highest load-

bearing capacity per width at 1.05 kN/mm. Connection no. 2, a demountable connection with
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a load-bearing capacity of 0.90 kN/mm, is slightly weaker than all connections in this study
except for sample D. Other demountable connections, no. 4 and no. 5, display significantly

lower strength, measuring at 0.31 and 0.44 kN/mm, respectively.

1.2 4.0
10 35
o 3.0
£ 08 ‘25
= £
£ 06 S 20
% =
g 04 g 12 3
Y 1.0
0.2 - ]
0-> g iK 1oL
0.0 : , 0.0 AMENENEN e
A B CDZEF 1 2 3 456 7 8 A B CDEF 1 2 3 45 6 7 8
B This study £ The Literature B This study [0 The literature
a) b)

Figure 15 Comparison of the experimental results of this study with similar notch connections from the literature:
a) the maximum load per mm width of the notch; b) the slip serviceability slip modulus per mm width of the notch.

Overall, the connections tested in this study demonstrated significantly higher stiffness per unit
width compared to the connections presented in Figure 15. The stiffest connection in the
literature, connection no. 1, exhibits a stiffness of 1.92 kN/mm?, approximately 29% lower than
the least stiff connection (sample F) from this study. This highlights the superiority of the
connections introduced in this study compared to other demountable and conventional

permanent connections in strength and stiftness.

Except for connections 4 and 5, all literature results are derived from experiments with a
loading setup covering the CLT panel's entire loading/supporting face. As discussed in Section
2.2, this confinement of the timber leads to an increase in both strength and stiffness. Given
this, the results from this study are even more significant than those presented in Figure 15

from the literature.

2.7  Reuse scenario of the connection
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Specimen C4 was used to investigate the reuse of the connection concerning fabrication and
mechanical performance. For the first use stage, the specimen was fabricated, assembled,
loaded up to 60% of the estimated load, and unloaded. Then, for the second use stage, the
specimen was unassembled, re-assembled, and loaded according to the loading procedure. The
load-slip results of the two stages are shown Figure 16. When comparing the initial slip
modulus, an increase from 375 kN/mm to 461 kN/mm is observed from the first use to the
second one. However, it is important to note that the residual deformations are not factored
into the calculation of the second-use slip modulus. The observed increase in the initial slip
modulus can be attributed to the elimination of the existing gap between the concrete and
timber faces at the notch, along with the stiffening effect induced by compression on the timber
face. While this observation indicates an increase in stiffness through the reuse of the shear
connection, it is crucial to emphasize that further experimental studies are required before any
conclusion can be made. On the other hand, no difficulty was observed during the fabrication

and reassembly of the connection since no permanent deformation or bond was noticed.
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Figure 16 Load-slip results of specimen C4 for a reuse scenario.
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3. Numerical study

This section presents numerical models developed to simulate the shear behavior of the
connections under push-out test conditions. Three-dimensional FE models were developed
using the Abaqus software package. The models were validated against the experimental results
presented in Section 2. The validated models were subsequently employed to examine the shear

behavior of each connection sample.

3.1 Geometry and contact

The geometry of the push-out test specimens has 2 symmetry planes. Therefore, only one-
quarter of the specimen was modeled to save computation costs, and Symmetric boundary
conditions were applied to the symmetric planes. The modeled geometry is depicted in Figure
17. All dimensions are identical to the experimental ones. A linear hexahedral element type
with reduced integration (C3D8R) with hourglass control was used for timber and concrete. A
ten-node tetrahedral element (C3D10) was used to mesh the bolt as it facilitated the meshing
of its geometry. A 2-node linear 3-D truss (T3D2) element type was used for the steel mesh
and stirrup, which is suitable for parts that take only axial stress. The support was provided by
translational boundary conditions implemented at the bottom plane of the concrete part. The
loading was implemented by displacement of an analytical rigid shell in the Y-direction with a

constant rate at the top plane of the timber part, simulating the loading plate.
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Figure 17 Geometry of the push-out FE model in Abaqus

The interaction between the parts in the normal direction was characterized by pressure-
overclosure “Hard” contact type, preventing penetration and separating the contacting surfaces.
In the tangential direction, the static coefficient of friction was set as 0.57 for timber-concrete
[78] and concrete-steel [79] pairs. This value was set at 0.4 [75] for the timber-steel pair, and

for the loading part pairs a value of 0.15 was applied. Contact pairs are specified for the surfaces

where two adjoining parts come into contact.

3.2 Material modeling

The concrete was modeled using the Concrete Damage Plasticity (CDP) material model, which
considers tensile cracking and compressive crushing as two main failure mechanisms. More
details about the CDP material model can be found in a previous paper by the authors of this

paper [62] and in [80]. The stress-strain behavior of concrete was defined based on the formulas

from Eurocode 2 [81] as:
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Compression Stress [MPa]

Oc = fem < (2)
1+ (k—2)(—)
gu
and
eu
k = 1.05E;, X — (3)
fem
where f.,, is the strength of concrete, &, is the strain at maximum stress and E,, is the modulus
of elasticity as the secant value between o.= 0 and 0.4f,,,. Considering the above formulas and
the results from the tests on the concrete mixture presented in Section 2, the stress-strain
response in Figure 18a was used as input for the CDP model. The post-failure behavior under
tension was defined by a bilinear stress-crack opening W. response, as demonstrated in Figure
18b, which was calculated based on the fracture energy of concrete [82].
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Figure 18 a) Stress-strain response of the concrete in compression, b) post-failure crack opening response of the
concrete under tensile stress.

The timber material model used in this study is a three-dimensional nonlinear anisotropic
elastoplastic material model with failure analysis capacity developed by Eslami et al. [83] and
implemented as a UMAT subroutine for Abaqus. Hoffman’s yield criterion [84], an extension
of Hill’s criterion [85], was used in this material model due to its ability to distinguish the

strength of timber under compression and tension. The yield criterion was coupled with
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isotropic hardening to represent timber’s plastic strain hardening behavior under compression.
Additionally, four failure criteria trigger damage propagation under both compression and
tension. Further details about the material model, its implementation and validation can be

found in [83]. The input parameters of the timber material model are demonstrated in Table 6.

Table 6 Timber properties for FE material model

Elasticity Parameters
E1 [MPa] E> = E3 [MPa] G23 [MPa] G2 = Gi3 [MPa] V23 V12 = Vi3
11,000 370 60 690 0.5 0.45

Strength parameters

coic [MPa]  o2¢ = o3c [MPa] o1t [MPa] o2t = o3t [MPa] o023 [MPa] o112 =013 [MPa]

24.8 33 16.5 0.5 1.0 3.0

Hardening parameters
h [MPa]
6436

Fracture energies
G, f[N/mm]  Gouf [N/mm] Gz, £[N/mm]
60 0.2 0.2

For the steel parts, including the bolt and the reinforcements, an isotropic elastic fully plastic

material behavior was defined with Young’s Modulus of 210 GPa and yield stress of 420 MPa.

3.3 Mesh size

The behavior of a model is significantly impacted by the mesh size when the material
undergoes softening, owing to a reduction in energy dissipation with increased mesh
refinement [83]. Hence, it became essential to undertake a mesh sensitivity study. Sample B
was studied with various mesh sizes to determine the appropriate one. Given that the depth of
the notch is markedly smaller than other dimensions in the model, a minimum of 3 elements in

the depth direction was assigned in all models. Figure 19 depicts the load-slip diagram and the
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correlation between the number of elements and computing time for six models with different

mesh sizes ranging from 30 mm to 11 mm.
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Figure 19 Various meshing size finite element analysis results for sample B: a) load-slip diagram,; b) number of
elements vs. computing time.

The mesh size noticeably influences the analysis in approaching a solution that accurately
represents the system's response. Specifically, a coarse mesh yields less accurate load-slip
results, while finer meshes exhibit similar load-slip curves with minimal solution variance.
Notably, the 12mm and 11mm mesh sizes demonstrate a compatibility of 99%. Consequently,
the model with a 12mm mesh size was deemed to have converged. Figure 19b illustrates that
reducing mesh dimensions increases the number of elements, resulting in longer computation
times. Opting for the model with a 12mm mesh dimension over 1 1mm resulted in a significant

66% reduction in computing time while maintaining an acceptable level of accuracy.

3.4 Results and discussion

The results from the FE analysis of samples A to F are shown in Figure 20 to Figure 25. The
load-slip response derived from the FE model and corresponding experimental results are
demonstrated for each sample. The comparison reveals that the model replicates the linear stage
of the responses with comparable stiffness to the experimental results. Furthermore, the model

accurately reproduces the specimen’s stiffness softening and eventual failure, standing well
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with the experimental data. This agreement between the model and experimental results
validates its accuracy and suitability for simulating the behavior of the specimens under the

given loading conditions.

Additionally, the damage propagation in concrete and timber and the principal stress
distribution in the whole model at the maximum load are depicted for each sample. In Figure
20, the crack initiation in concrete is observable in sample A. The shear failure of the
connection is evident in the timber damage. The stress distribution illustrates a concentration
of compression stress in both materials at the notch face. Furthermore, the bolt undertakes
tension, resulting from the tendency of separation between the CLT and concrete components.
In Figure 23, sample D demonstrates results closely resembling sample A with similar damage
and stress patterns, differing only in reduced crack propagation in concrete. In Figure 21,
sample B reveals more tensile crack openings in the concrete due to higher loading.
Compression failure is observed in the timber at the notch face, also beginning beneath the
loading plate in the first CLT panel layer. While high compression stresses exist in the concrete
at the notch face, the bolt experiences minimal forces. The stresses in the bolt become more

prominent following the failure of the connection.

Similar to sample B, sample F in Figure 25 exhibits a comparable behavior, with the difference
being lower stress concentrations. Concrete compression stress drops from around 59 MPa to
about 40 MPa, and timber tensile stress reduces from approximately 16 MPa to 11 MPa.
Sample E in Figure 24 shows a stress distribution similar to sample F. The notch shape in
sample F facilitates a smoother transition of the load in concrete from the notch to the support
compared to sample E. This can be attributed to the higher ductility of sample F compared to
sample E. In Figure 19, sample C displays damage in the timber at the screw embedment in the

second and third CLT layers. High principal stress, reaching up to 150 MPa, is noticeable in
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the screw. The damage in concrete and timber failure at the notch face resembles those

observed in samples B, E, and F.
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Figure 20 Sample A finite element analysis results. Crack opening in concrete and shear failure in timber can be

observed.
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Figure 22 Sample C finite element analysis results. Crack opening in concrete and compression failure in timber

can be observed.
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Figure 23 Sample D finite element analysis results. Small crack opening in concrete and shear failure in timber

can be observed.
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Figure 25 Sample F finite element analysis results. Crack opening in concrete and compression failure in timber
can be observed.

4. Conclusion

This study used push-out tests to test six demountable notch shear connections for a modular
prefabricated CLT-concrete composite floor system. The study examined the influence of two
loading configurations and a reuse scenario. The experimental findings revealed the following

outcomes:

e The loading configuration for a notch shear connection in an experimental test must
allow the evolution of the horizontal shear failure in the timber.

e The strength of the shear connection increases as the heel length of the notch in timber
increases. Notched connections with inclined faces show greater ductility than those
with perpendicular faces.

e The proposed shear connections have load-bearing capacity comparable to
conventional permanent shear connections and surpass existing demountable ones for
CCC slabs, with the average results of the proposed connections being up to three times
higher.

e The stiffness of the proposed connections is noticeably higher than that of existing
connections for CCC slabs, with the average results being up to seven times higher than

those of existing connections in the literature.
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e The shear connections are fully demountable and reusable without any fabrication or
reassembly issues, remaining demountable even after loading up to 60% of the
estimated strength.

While the results are promising for the demountable modular prefabricated CCC floor system,
further work is necessary. This includes expanding the number of push-out tests and conducting

short-term and long-term bending tests to advance the development of the system.

Acknowledgments
This research is in the framework of the project Eco-Construction for Sustainable Development
(ECON4SD). The experimental studies were conducted with the support of the Laboratory of

Solid Structures personnel at the University of Luxembourg.

Funding
This work was supported by the program “Investissement pour la croissance et I’emploi”™—

European Regional Development Fund (2014-2020) (Grant agreement: 2017-02-015-15).

References

[1] M. Sandanayake, W. Lokuge, G. Zhang, S. Setunge, Q. Thushar, Greenhouse gas
emissions during timber and concrete building construction—A scenario based
comparative case study, Sustainable Cities and Society 38 (2018) 91-97.

[2] A. Hafner, Contribution of timber buildings on sustainability issues, Proceedings of the
World Sustainable Building (2014).

[3] B. D’Amico, F. Pomponi, J. Hart, Global potential for material substitution in building
construction: The case of cross laminated timber, Journal of Cleaner Production 279
(2021) 123487. https://doi.org/10.1016/j.jclepro.2020.123487.

[4] Z. Chen, H. Gu, R. Bergman, S. Liang, Comparative Life-Cycle Assessment of a High-
Rise Mass Timber Building with an Equivalent Reinforced Concrete Alternative Using
the Athena Impact Estimator for Buildings, Sustainability 12 (2020) 4708.
https://doi.org/10.3390/sul2114708.

[5] L. Tupenaite, L. Kanapeckiene, J. Naimaviciene, A. Kaklauskas, T. Gecys, Timber
Construction as a Solution to Climate Change: A Systematic Literature Review, Buildings
13 (2023) 976. https://doi.org/10.3390/buildings13040976.

[6] F. Franzini, R. Toivonen, A. Toppinen, Why Not Wood? Benefits and Barriers of Wood
as a Multistory Construction Material: Perceptions of Municipal Civil Servants from
Finland, Buildings 8 (2018) 159. https://doi.org/10.3390/buildings8110159.

197



[7] F. Asdrubali, B. Ferracuti, L. Lombardi, C. Guattari, L. Evangelisti, G. Grazieschi, A
review of structural, thermo-physical, acoustical, and environmental properties of wooden
materials for building applications, Building and Environment 114 (2017) 307-332.
https://doi.org/10.1016/j.buildenv.2016.12.033.

[8] A.B. Robertson, F.C.F. Lam, R.J. Cole, A Comparative Cradle-to-Gate Life Cycle
Assessment of Mid-Rise Office Building Construction Alternatives: Laminated Timber
or Reinforced Concrete, Buildings 2 (2012) 245-270.
https://doi.org/10.3390/buildings2030245.

[9] E.S.Bernard, Dynamic Serviceability in Lightweight Engineered Timber Floors, J. Struct.
Eng. 134 (2008) 258-268. https://doi.org/10.1061/(ASCE)0733-9445(2008)134:2(258).

[10] L.J. Hu, Y.H. Chui, D.M. Onysko, Vibration serviceability of timber floors in residential
construction, Prog. Struct. Engng Mater. 3 (2001) 228-237.
https://doi.org/10.1002/pse.69.

[11] H. Zhou, W. Lu, B. Lu, L. Wang, Y. Bao, J. Zhang, Z. Chen, Experimental and Numerical
Analyses on the Fire Resistance of Timber—Concrete Composite Boards Using an
Innovative = Form  of  Partial  Protection, Buildings 13  (2023) 725.
https://doi.org/10.3390/buildings13030725.

[12] A. Ceccotti, Timber-concrete composite structures, Timber Engineering—STEP 2 (1995)
E13.

[13] AM.P.G. Dias, Mechanical behaviour of timber-concrete joints, Universidade de
Coimbra, 2005.

[14] D. Yeoh, M. Fragiacomo, M. De Franceschi, K. Heng Boon, State of the Art on Timber-
Concrete Composite Structures: Literature Review, J. Struct. Eng. 137 (2011) 1085-1095.
https://doi.org/10.1061/(ASCE)ST.1943-541X.0000353.

[15] A. Siddika, Md.A.A. Mamun, F. Aslani, Y. Zhuge, R. Alyousef, A. Hajimohammadi,
Cross-laminated timber—concrete composite structural floor system: A state-of-the-art
review, Engineering Failure Analysis 130 (2021) 105766.
https://doi.org/10.1016/j.engfailanal.2021.105766.

[16] K. Holschemacher, L. Hoffmann, B. Heiden, Environmental impact of timber-concrete
composite slabs in comparison to other floor systems, in: Santiago, Chile, 2021: p. 6.

[17] H. Eslami, A. Yaghma, L. Bhagya Jayasinghe, D. Waldmann, INFLUENCE OF
DIFFERENT END-OF-LIFE CYCLE SCENARIOS ON THE ENVIRONMENTAL
IMPACTS OF TIMBER-CONCRETE COMPOSITE FLOOR SYSTEMS, in: World
Conference on Timber Engineering (WCTE 2023), World Conference on Timber
Engineering (WCTE  2023), Oslo, Norway, 2023: pp. 982-988.
https://doi.org/10.52202/069179-0134.

[18] S. Monteiro, A. Dias, S. Lopes, Distribution of Concentrated Loads in Timber-Concrete
Composite  Floors:  Simplified = Approach, Buildings 10  (2020)  32.
https://doi.org/10.3390/buildings10020032.

[19] A. Dias, J. Schénzlin, P. Dietsch, Design of timber-concrete composite structures, A
State-of-the-Art Report by COST Action FP1402/WG (2018).

[20] T. Tannert, A. Gerber, T. Vallee, Hybrid adhesively bonded timber-concrete-composite
floors, International Journal of Adhesion and Adhesives 97 (2020) 102490.
https://doi.org/10.1016/j.ijadhadh.2019.102490.

[21] K. Jones, J. Stegemann, J. Sykes, P. Winslow, Adoption of unconventional approaches in
construction: The case of cross-laminated timber, Construction and Building Materials
125 (2016) 690-702. https://doi.org/10.1016/j.conbuildmat.2016.08.088.

[22] A. Di Bella, M. Mitrovic, Acoustic Characteristics of Cross-Laminated Timber Systems,
Sustainability 12 (2020) 5612. https://doi.org/10.3390/sul2145612.

198



[23] M.V. Thai, S. Ménard, S.M. Elachachi, P. Galimard, Performance of Notched Connectors
for  CLT-Concrete = Composite  Floors,  Buildings 10 (2020) 122.
https://doi.org/10.3390/buildings10070122.

[24] K.Q. Mai, A. Park, K. Lee, Experimental and numerical performance of shear connections
in  CLT-concrete  composite  floor, @ Mater  Struct 51 (2018) 84.
https://doi.org/10.1617/s11527-018-1202-3.

[25] K. Quang Mai, A. Park, K.T. Nguyen, K. Lee, Full-scale static and dynamic experiments
of hybrid CLT—concrete composite floor, Construction and Building Materials 170 (2018)
55-65. https://doi.org/10.1016/j.conbuildmat.2018.03.042.

[26] M. Wang, Q. Xu, K.A. Harries, L. Chen, Z. Wang, X. Chen, Experimental study on
mechanical performance of shear connections in CLT-concrete composite floor,
Engineering Structures 269 (2022) 114842.
https://doi.org/10.1016/j.engstruct.2022.114842.

[27] A. Gerber, T. Tannert, Timber-Concrete Composites Using Flat-Plate Engineered Wood
Products, in: Structures Congress 2015, American Society of Civil Engineers, Portland,
Oregon, 2015: pp. 2314-2325. https://doi.org/10.1061/9780784479117.201.

[28] C. Higgins, C. Blank, A.R. Barbosa, Structural Tests of Concrete Composite-Cross-
Laminated Timber Floors, 2017.

[29] DOPS, HBV-Ceilings, TiComTec GmbH (n.d.). https://ticomtec.de/en/hbv-systems/hbv-
ceilings/ (accessed August 17, 2023).

[30] T. Tannert, M.M. Ebadi, A. Gerber, Serviceability Performance of Timber Concrete
Composite Floors, Mocs (2019) 206-212. https://doi.org/10.29173/mocs95.

[31] A. Nemati Giv, Q. Fu, L. Yan, B. Kasal, Interfacial bond strength of epoxy and PUR
adhesively bonded timber-concrete composite joints manufactured in dry and wet
processes, Construction and Building Materials 311  (2021)  125356.
https://doi.org/10.1016/j.conbuildmat.2021.125356.

[32] J. Kandcz, V. Bajzecerova, S. Steller, Timber-concrete composite elements with various
composite connections. Part 3: Adhesive connection, Wood Res 60 (2015) 939-952.

[33] V. Bajzecerova, J. Kanocz, M. Roviidk, M. Kovag, Prestressed CLT-concrete composite
panels with adhesive shear connection, Journal of Building Engineering 56 (2022)
104785. https://doi.org/10.1016/j.jobe.2022.104785.

[34] Y. Jiang, R. Crocetti, CLT-concrete composite floors with notched shear connectors,
Construction and Building Materials 195 (2019) 127-139.
https://doi.org/10.1016/j.conbuildmat.2018.11.066.

[35] S. Lamothe, L. Sorelli, P. Blanchet, P. Galimard, Lightweight and slender timber-concrete
composite floors made of CLT-HPC and CLT-UHPC with ductile notch connectors,
Engineering Structures 243 (2021) 112409.
https://doi.org/10.1016/j.engstruct.2021.112409.

[36] Y.-J. Song, S.-Y. Baek, I.-H. Lee, S.-I. Hong, Variations of moisture content in
manufacturing CLT-concrete composite slab using wet construction method, BioRes 16
(2020) 372-386. https://doi.org/10.15376/biores.16.1.372-386.

[37] Q. Xu, M. Wang, L. Chen, K.A. Harries, X. Song, Z. Wang, Mechanical performance of
notched shear connections in CLT-concrete composite floor, Journal of Building
Engineering 70 (2023) 106364. https://doi.org/10.1016/j.jobe.2023.106364.

[38] M. Shahnewaz, R. Jackson, T. Tannert, CLT concrete composite floors with steel kerf
plate connectors, Construction and Building Materials 319 (2022) 126092.
https://doi.org/10.1016/j.conbuildmat.2021.126092.

[39] P. Kuklik, P. Nechanicky, A. Kuklikova, Development of Prefabricated Timber-Concrete
Composite Floors, in: S. Aicher, H.-W. Reinhardt, H. Garrecht (Eds.), Materials and

199



Joints in Timber Structures, Springer Netherlands, Dordrecht, 2014: pp. 463—470.
https://doi.org/10.1007/978-94-007-7811-5_42.

[40] S. Yilmaz, S. Demir, N. Vural, Experimental investigation of a prefabricated timber-
concrete composite floor structure: Notched-slab approach, Advances in Concrete
Construction 12 (2021) 13-23. https://doi.org/10.12989/ACC.2021.12.1.013.

[41] W. Sebastian, S. Webb, H.S. Nagree, Orthogonal distribution and dynamic amplification
characteristics of partially prefabricated timber-concrete composites, Engineering
Structures 219 (2020) 110693. https://doi.org/10.1016/j.engstruct.2020.110693.

[42] R. Crocetti, T. Sartori, M. Flansbjer, Timber-Concrete Composite Structures with
Prefabricated FRC Slab, in: 11th World Conference on Timber Engineering 2010, Curran
Associates, Inc., Trentino, Italy, 2010: pp. 121-130.

[43] T. Sartori, R. Crocetti, Prefabricated timber-concrete composite floors, Eur. J. Wood
Prod. 74 (2016) 483—485. https://doi.org/10.1007/s00107-016-1007-4.

[44] B. Shi, W. Zhu, H. Yang, W. Liu, H. Tao, Z. Ling, Experimental and theoretical
investigation of prefabricated timber-concrete composite beams with and without
prestress, Engineering Structures 204 (2020).
https://doi.org/10.1016/j.engstruct.2019.109901.

[45] M. Fragiacomo, E. Lukaszewska, Development of prefabricated timber—concrete
composite floor systems, Proceedings of the Institution of Civil Engineers - Structures
and Buildings 164 (2011) 117-129. https://doi.org/10.1680/stbu.10.00010.

[46] V.W.Y. Tam, C.M. Tam, S.X. Zeng, W.C.Y. Ng, Towards adoption of prefabrication in
construction, Building and Environment 42 (2007) 3642-3654.
https://doi.org/10.1016/j.buildenv.2006.10.003.

[47] D. Yeoh, M. Fragiacomo, A. Buchanan, C. Gerber, Preliminary Research Towards A
Semi-Prefabricated LVL— Concrete Composite Floor System for the Australasian Market,
Australian ~ Journal  of  Structural = Engineering 9  (2009) = 225-240.
https://doi.org/10.1080/13287982.2009.11465025.

[48] E. Lukaszewska, Development of prefabricated timber-concrete composite floors,
Division of Structural Engineering, Luled University of Technology, 2009.

[49] D. Yeoh, M. Fragiacomo, The Design of a Semi-Prefabricated LVL-Concrete Composite
Floor, Advances in Civil Engineering 2012 (2012) 1-19.
https://doi.org/10.1155/2012/626592.

[50] E. Lukaszewska, H. Johnsson, M. Fragiacomo, Performance of connections for
prefabricated timber—concrete composite floors, Mater Struct 41 (2008) 1533—-1550.
https://doi.org/10.1617/s11527-007-9346-6.

[51] R. Crocetti, T. Sartori, R. Tomasi, Innovative Timber-Concrete Composite Structures
with  Prefabricated FRC Slabs, J. Struct. Eng. 141 (2015) 04014224.
https://doi.org/10.1061/(ASCE)ST.1943-541X.0001203.

[52] B. Shi, W. Liu, H. Yang, Experimental investigation on the long-term behaviour of
prefabricated timber-concrete composite beams with steel plate connections,
Construction and Building Materials 266 (2021) 120892.
https://doi.org/10.1016/j.conbuildmat.2020.120892.

[53] J. Kanters, Design for Deconstruction in the Design Process: State of the Art, Buildings
8 (2018) 150. https://doi.org/10.3390/buildings8110150.

[54] A.S. Allam, M. Nik-Bakht, From demolition to deconstruction of the built environment:
A synthesis of the literature, Journal of Building Engineering 64 (2023) 105679.
https://doi.org/10.1016/j.jobe.2022.105679.

[55] N. Khorsandnia, H. Valipour, J. Schinzlin, K. Crews, Experimental Investigations of
Deconstructable Timber—Concrete Composite Beams, J. Struct. Eng. 142 (2016).
https://doi.org/10.1061/(ASCE)ST.1943-541X.0001607.

200



[56] N. Khorsandnia, H. Valipour, M. Bradford, Deconstructable timber-concrete composite
beams with panelised slabs: Finite element analysis, Construction and Building Materials
163 (2018) 798-811. https://doi.org/10.1016/j.conbuildmat.2017.12.169.

[57] J.P. Wacker, J.A. Campos, A.M. Dias, Development of a Reusable Timber-Concrete-
Composite System for Bridge Decks, in: Santiago, Chile, 2021.

[58] M. Derikvand, G. Fink, Deconstructable connector for TCC floors using self-tapping
SCIews, Journal of  Building Engineering 42 (2021) 102495.
https://doi.org/10.1016/j.jobe.2021.102495.

[59] M. Derikvand, G. Fink, Bending properties of deconstructable cross-laminated timber-
concrete composite floor elements, Wood Material Science & Engineering (2022) 1-8.
https://doi.org/10.1080/17480272.2022.2077658.

[60] S.-J. Pang, K.-S. Ahn, S. Jeong, G.-C. Lee, H.S. Kim, J.-K. Oh, Prediction of bending
performance for a separable CLT-concrete composite slab connected by notch connectors,
Journal of Building Engineering 49 (2022) 103900.
https://doi.org/10.1016/j.jobe.2021.103900.

[61] M. Derikvand, G. Fink, Design for Deconstruction: Benefits, Challenges, and Outlook for
Timber—Concrete Composite Floors, Buildings 13 (2023) 1754.
https://doi.org/10.3390/buildings13071754.

[62] H. Eslami, L.B. Jayasinghe, D. Waldmann, Experimental and Numerical Investigation of
a Novel Demountable Timber—Concrete Composite Floor, Buildings 13 (2023) 1763.
https://doi.org/10.3390/buildings13071763.

[63] Wiirth Belux, Threaded rod DIN 976-1 (shape A) with standard metric ISO thread, zinc-
plated steel 8.8, blue passivated (A2K) (0959016), (n.d.).
https://eshop.wurth.be/Threaded-rod-DIN-976-1-shape-A-with-standard-metric-ISO-
thread-zinc-plated-steel-88-blue-passivated-A2K-THRROD-DIN976-A-88-A2K-
M16X1000/0959016.sku/en/US/EUR/ (accessed February 24, 2024).

[64] Wiirth Belux, Wood screw Hexagon head DIN 571, steel zinc-plated blue (019216 200),
(n.d.). https://eshop.wurth.be/Wood-screw-Hexagon-head-DIN-571-steel-zinc-plated-
blue-SCR-HEX-DIN571-WO-WS24-A2K-16X200/019216%20200.sku/en/US/EUR/
(accessed February 24, 2024).

[65] Wiirth Belux, Washer with large outside diameter DIN 9021, steel, plain (041716), (n.d.).
https://eshop.wurth.be/Washer-with-large-outside-diameter-DIN-902 1 -steel-plain-
WSH-DIN9021-140HV-D170/041716.sku/en/US/EUR/ (accessed February 24, 2024).

[66] Wiirth Belux, Hexagon nut DIN 934, steel I61/I81, zinc-plated, blue passivated (A2K)
(031716), (n.d.). https://eshop.wurth.be/Hexagon-nut-DIN-934-steel-161-181-zinc-plated-
blue-passivated-A2K-NUT-HEX-DIN934-181-WS24-A2K-
M16/031716.sku/en/US/EUR/ (accessed February 24, 2024).

[67] CEN: Brussels, ILNAS-EN 12390-3:2019 Testing hardened concrete - Part3:
Compressive strength of test specimens, (2019).

[68] CEN: Brussels, ILNAS-EN 12390-6:2009 Testing hardened concrete - Part 6: Tensile
splitting strength of test specimens, (2009).

[69] CEN: Brussels, ILNAS-EN 12390-13:2013 Testing hardened concrete - Part 13:
Determination of secant modulus of elasticity in compression, (2013).

[70] European Technical Assessment ETA-06/0009, (2017).
https://www.dibt.de/pdf storage/2017/ETA-06%210009%288.03.04-37%2116%29¢.pdf
(accessed August 17, 2023).

[71] EN 338:2009 - Structural timber - Strength classes, (2009).

[72] European Committee for Standardization, ILNAS-EN 26891:1991 Timber structures -
Joints made with mechanical fasteners - General principles for the determination of
strength and deformation, (n.d.).

201



[73] L.-M. Ottenhaus, R. Jockwer, D. van Drimmelen, K. Crews, Designing timber
connections for ductility — A review and discussion, Construction and Building Materials
304 (2021) 124621. https://doi.org/10.1016/j.conbuildmat.2021.124621.

[74] A. Ceccotti, Composite concrete-timber structures, Prog. Struct. Engng Mater. 4 (2002)
264-275. https://doi.org/10.1002/pse.126.

[75] S. Lamothe, L. Sorelli, P. Blanchet, P. Galimard, Engineering ductile notch connections
for composite floors made of laminated timber and high or ultra-high performance fiber
reinforced concrete, Engineering Structures 211 (2020) 110415.
https://doi.org/10.1016/j.engstruct.2020.110415.

[76] V. Ouch, P. Heng, Q.-H. Nguyen, H. Somja, T. Soquet, An experimental investigation on
the dovetail notched connection for cross-laminated-timber-concrete composite slabs,
European Journal of Environmental and Civil Engineering 0 (2023) 1-31.
https://doi.org/10.1080/19648189.2023.2194351.

[77] M.A. Mansur, M.M. Islam, Interpretation of Concrete Strength for Nonstandard
Specimens, J. Mater. Civ. Eng. 14 (2002) 151-155. https://doi.org/10.1061/(ASCE)0899-
1561(2002)14:2(151).

[78] A.M.P.G. Dias, C. Helena, S. Lopes, J.W.G. Kuilen, Experimental shear—friction tests
on dowel-type fastener timber—concrete joints, in: Lahti, Finland, 2004.

[79] B.G. Rabbat, H.G. Russell, Friction Coefficient of Steel on Concrete or Grout, Journal of
Structural Engineering 111 (1985) 505-515. https://doi.org/10.1061/(ASCE)0733-
9445(1985)111:3(505).

[80] SIMULIA, Abaqus 6.11 Theory Manual, Dassault Systémes, 2011.

[81] CEN: Brussels, Eurocode 2: Design of concrete structures - Part 1-1: General rules and
rules for buildings, (2004).

[82] Federation Internationale du Beton, P. Beverly, Fib Model Code for Concrete Structures
2010, Ernst & Sohn, Berlin, Germany, 2013.
https://books.google.lu/books?id=wEUqnwEACAAJ.

[83] H. Eslami, L.B. Jayasinghe, D. Waldmann, Nonlinear three-dimensional anisotropic
material model for failure analysis of timber, Engineering Failure Analysis 130 (2021)
105764. https://doi.org/10.1016/j.engfailanal.2021.105764.

[84] O. Hoffman, The Brittle Strength of Orthotropic Materials, Journal of Composite
Materials 1 (1967) 200-206. https://doi.org/10.1177/002199836700100210.

[85] R. Hill, A theory of the yielding and plastic flow of anisotropic metals, Proc. R. Soc.
Lond. A 193 (1948) 281-297. https://doi.org/10.1098/rspa.1948.0045.

202



4 CCC slab under bending

In Paper IV, a modular and prefabricated TCC concept for a demountable floor system was
developed. Paper V's experiments presented the strength and stiffness of different shear
connections proposed for a demountable and reusable CCC slab. The experimental results
showed that connection sample F, featuring a birdsmouth-shaped notch, achieved the highest
overall score. Consequently, this connection was chosen to design a modular slab for Building
Prototype 3, as detailed in Paper I. A CCC slab was designed for a 10-meter span, connected
by 10 shear connections. Figure 22 illustrates the designed CCC slab, which is 10.6 meters
long, comprising a 280 mm deep CLT plate and a 100 mm concrete layer. The first notched
connection is 600 mm from the slab edge, with subsequent connections spaced 500 mm apart.
The notch design and reinforcements align with those presented in Paper V for connection
sample F, while the stirrup setup was modified for easier installation. The slabs in Paper I were
presented with a width of 1800 mm. However, practical laboratory limits led to a reduction to
a width of 700 mm for this experiment. All materials, including CLT, concrete, and bolts, have

the same material properties as presented in Paper V.
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Figure 22. The CCC slab designed for the bending experiment. Dimensions are in millimeters.
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The experiment was done in the laboratory of solid materials at the Technical University of
Darmstadt. Three CCC slabs B1, B2 and B3 were fabricated for this test. The CLT plates were
initially cut to form the notched shapes and holes for the bolts. Formworks for the concrete slab
and bolts were installed, and reinforcement was placed. The concrete was then cast directly
onto the CLT slab. Figure 23 shows the slabs prepared for concreting. The bolts were installed

after the concrete had completed its curing time.

N

formwork \
V7 r Slab
y / : : 2 formwork

i R

Figure 23. Slabs before casting concrete.

Figure 24 illustrates the experimental setup for the six-point bending test, depicting the
positions of loading, support, and displacement sensors. Sensors hl to h14 measured the slip
between CLT and concrete, with h1 to h12 on the front side and h13 and h14 on the opposite
side as control points. Sensors w1 to w4 gauged the vertical deflection, and sensors v1 and v2
measured the vertical separation between the concrete layer and CLT at the mid-span. The
displacement sensors are shown in Figure 25. The load was recorded as the total load implied
on the slab. The average displacement measured by sensors w2 and w3 was considered the

mid-span deflection.
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Figure 24. Six-point bending experiment setup. Dimensions are in millimeters.

Figure 25. Displacement sensors in the bending experiment used for 1) vertical deflection (wl-w4), b) end-span
slip (h1 and h12), c) separation of the concrete and timber at the mid-span (vl and v2), and d) slip at each notched
connection (h2-hll1, hi3 and hi4).

The loading procedure for all specimens is depicted in Figure 26. CCC-B1 was loaded up to
70 kN, then unloaded and demounted, and the concrete slab was removed for separate testing

of the CLT panel (CLT-B1). CLT-B1 was then loaded until failure with the setup depicted in
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Figure 24 but without the sensors for measuring the horizontal slip (h1-h14) and vertical gap
(vl and v2). CCC-B2 underwent loading and unloading for 3 cycles before being loaded until
failure. CCC-B3 experienced loading and unloading for 4 cycles, followed by loading until
failure. For all specimens, load control mode was used with a rate of 0.5 kN/s, except during
loading until failure, where displacement control with a rate of 0.3 mm/s was applied. The load

was kept constant for 60 seconds between each loading and unloading.
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Figure 26. Loading procedure of the bending experiment for a) CCC Bl, b) CLT B1, ¢) CCC B2, and d) CCC B3.

Figure 27 illustrates both the global and local failure modes of the specimens. Global failure in
all cases resulted from brittle flexural failure of the CLT panels. CLT-B1 and CCC-B2

experienced this failure near the mid-span, while CCC-B3 encountered it closer to the loading
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point. Flexural failure originated from the failure of finger joint connections or tensile
splintering of timber boards on the lower layer of CLT panels. Additionally, local failures were
observed at notched shear connections, involving compression crushing and shear crack

opening in timber and concrete.

Tensile cracks
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Figure 27. Failure modes of the specimens: a) flexural failure of the CLT panel in CLT-B1, b) flexural failure of
the CLT panel and tensile crack opening in concrete in CCC B2, ¢) flexural failure of the CLT panel in CCC-B3,

d) concrete crushing under compression at the notch, e)shear crack opening in concrete at notch, f) shear crack
propagation at the concrete from notch to concrete surface, g) shear cracks in timber at notch, h) timber crushing
under compression at notch, i) finger joint failure in the tensile zone under bending at the midspan.
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The load-deflection results from the bending experiments are depicted in Figure 28. For CCC-
B1, a linear deflection was recorded with the load increase. The unloaded slab had about 8 mm
of settlement. CLT-B1 deflected linearly up to close to the failure load. Before the failure, the
stiffness drop due to the failure of some timber laminated boards and finger joints can be
observed. CCC-B2 and CCC-B3 also performed linearly until the brittle failure. After loading

and unloading cycles, an accumulation of permanent settlements can be observed.
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Figure 28. Load-deflection results of the bending experiment for a) CCC-B1, b) CLT-B1, ¢) CCC-B2, and d) CCC-
B3.

Figure 29 depicts the end-span slip of each slab as recorded by sensors h1 and h12. The results
are similar for all the slabs. A hardening in the slip curve can be observed during the initial
loading cycle. This can be attributed to the gap closures between the concrete and timber at the

notched connections. With the load increase in later cycles, the slip increases more linearly.
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Stiffness softening in the 3™ and 4™ loading cycles can be observed in CCC-B2 and CCC-B3,

respectively. This softening becomes more significant in the last loading cycle, specifically

before the failure of the slab.
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Figure 29. End-span slip of a) CCC-B1, b) CCC-B2 and ¢) CCC-B3.

Table 1 presents results from bending stiffness and the effective flexural rigidity of the
composite slab at the ultimate load and service load stages. The ultimate load Fu, mid-span
deflection at the ultimate load Awy, and the bending stiffness at ultimate load ku are extracted
from the last loading cycle of the load-deflection curves. Accordingly, the first loading cycle
was used to calculate the service load Fser, deflection at service load wser, and bending stiffness

at service load kser. The effective flexural rigidity is calculated at Fser with the following formula

from structural mechanics:

209



(El)eff = BEsera(Lz - 4a2)/32Wser )

corresponding to a six-point bending loading setup. The flexural rigidity of the three CCC slabs
is similar, averaging 28.91 MN.m? with a %CV of 0.67%. The average strength of the CCC
slabs is 193.10 kN with a %CV of 2.13%. The results indicate that the composite slab exhibits

2.2 and 3.4 times higher strength and stiffness, respectively, compared to the CLT panel.

Table 1. The results from the six-point bending experiment.

At the ultimate load cycle At service load (first load cycle) F}egu‘ral

rigidity
Specimens  Fu Awy ku Fier Wser Kser (ED)est

No. [kN] [mm] [kN/mm] [kN] [mm] [KN/mm] [MN.m?]
CCCBI - - - 60.0 32.8 1.83 28.82
CCCB2 1972 1049 1.88 59.4 32.1 1.85 29.17
CCCB3 189.0 106.5 1.77 59.6 32.7 1.82 28.74

CLT B1 89.4 199.0 0.45 26.7 49.7 0.54 8.45

Figure 30 shows the CCC-B2 slab demounted after failure. After opening the bolts, the concrete

slab was easily separated from the CLT panel.

Figure 30. Demounted CCC-B2 slab after failure.

The demounting of concrete from the CLT panel in specimen CCC-B1 after the first loading

cycle is depicted in Figure 31. The figure shows that the concrete slab was cut into smaller
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pieces and easily removed. This demounting represents the ease of deconstruction in the

proposed floor system.

Figure 31. Demounting concrete slab from CCC-B1 after the first loading cycle.
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5 Discussion

In this chapter, the results from the five papers included in this dissertation are discussed. For
each paper, the highlights, relevance to the dissertation topic, limitations, and connections to
other papers in this dissertation are examined. Furthermore, considering that there may be a
time gap between the publication of the papers and the writing of this dissertation, any possible

updates and relevant studies in the literature during this gap are presented.

5.1 Paper I

To examine the implications of various materials utilized in a floor system, this paper
conducted a comparative analysis of the environmental impacts associated with a TCC floor
system in contrast to RC and SCC systems, all designed for identical loading conditions and
span lengths. The results showed that the TCC floor system has slight advantages compared to
the SCC system. However, compared to an RC floor system, the impacts were reduced by the
TCC system to one-third. The result demonstrated the importance of this dissertation in

exploring new shear connections for TCC floor systems.

In the latter part of the paper, a comparison was drawn between various EoL scenarios for the
timber component within a TCC floor system. Upon reaching the end of the lifecycle of a TCC
floor system, the paper suggested that the concrete undergoes downcycling, while the steel
parts were recycled. Subsequently, different scenarios were proposed for the timber
component, as a CLT panel, with reuse emerging as the most sustainable solution, given its
lowest GWP and required PE. Moreover, the environmental advantages of the reuse scenario
were deemed more sustainable, taking into account both GWP and PE metrics. The outcome
highlighted the importance of developing demountable shear connections for TCC systems to

enable the reuse of timber while minimizing time and energy expenses.
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While the paper underscored the benefits of TCC floor systems and demountable shear
connections, it is important to note that the analysis only encompassed data pertinent to
Luxembourg and its surrounding regions. Additionally, the range of alternative floor systems
considered in the study was limited, indicating a need for further research to comprehensively
address the environmental impacts of the floor systems. Expanding the scope to include a
broader array of solutions would provide a broader understanding of different materials and

methods within this context.

Since the publication of Paper I, other studies have delved into the same topic. In a similar
study [96] researchers compared the greenhouse gas emissions of CLT, TCC, and RC slabs
designed for equivalent structural performance. The findings revealed that CLT slabs emitted
75% less carbon dioxide compared to RC slabs under all conditions. Similarly, TCC slabs
exhibited a reduction in emissions ranging from 50% to 70%, depending on the span length of
the slab. The study identified span length as the most crucial structural design factor, rather
than material strength or live load. These outcomes are consistent with those presented in Paper
I, despite the absence of consideration for the EoL stage. Additionally, this study highlights the
significant role of timber components in mitigating the carbon footprint of buildings.

Furthermore, it demonstrates that TCC slabs become more beneficial in longer spans.

Another study [97] compared the environmental impacts of various CLT-hybrid walls and
insulation types with conventional RC walls in tall residential buildings using LCA. The
findings showed that when factoring in insulation, the environmental impacts of CLT walls are

about 35% lower compared to traditional ones.

5.2 Paper 11

Continuing with the same objective, Paper II extended the LCA study from the component

level, as done in Paper I, to the building level. This paper presented a real case study comparing
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the environmental impacts of two functionally identical buildings in Luxembourg constructed

with different structural materials: masonry reinforced concrete and light-frame timber.

BIM models of the buildings were developed based on 2D drawings, enabling the extraction
of material quantities for environmental impact assessment. The findings indicated that the
timber building surpasses the concrete structure, with a 43.5% lower global warming potential.

Conversely, the concrete building exhibited a 15.6% reduction in primary energy demand.

In assessing benefits and loads beyond the system's boundaries, the timber building showcased
substantial advantages over the reinforced concrete masonry counterpart. Specifically, it
delivered 3.6 times greater benefits in global warming potential and 4 times greater benefits in

primary energy.

Moreover, the study delved into the impact of reusing floors within the timber building.
According to the LCA, reusing timber slabs enhanced the building's global warming potential
by 2.4% and its primary energy by 1.2%. However, when considering benefits and loads
beyond the system's boundaries, reusing the floor system demonstrated a significant 38.9%
increase in global warming advantages, albeit at the expense of a 28.1% reduction in primary
energy benefits. These findings underscored at the level of building analysis, the necessity of
promoting timber construction and reusable elements which aligns closely with the goal of this

thesis.

The study holds significant value as it compares two real buildings constructed on the same
site by the same company. This provided a realistic basis for conducting the comparative LCA,
as factors such as design conditions, transportation methods and distances, and climate
conditions were consistent between the buildings. Despite its importance, the study is
constrained by the fact that it focuses on single-family houses, limiting its applicability to larger

structures. Additionally, both buildings were constructed with identical basements and
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foundations, which diminishes the potential benefits for the timber building, as timber typically

requires less strong foundations.

Given the recent publication of Paper II, there are few new scientific publications in the
literature. For instance, a study [98] comparing 48 non-residential buildings also underscores
the advantages of timber as a structural material. Likewise, another study investigates the
environmental performance of prefabricated construction compared to traditional methods,
employing LCA and focusing on an office building case study in Sri Lanka. The findings of
this research demonstrate an approximate 8% reduction in greenhouse gas emissions and
overall impact savings across various impact categories for the prefabricated building. Once
more, these findings underscore the significance of timber structures and prefabrication in

mitigating the environmental footprint of buildings.

5.3 Paper III

Timber exhibits a complex mechanical behavior when subjected to loading. As an orthotropic
material, it demonstrates linear elastic characteristics with a brittle failure mode under tension,
whereas under compression, it displays elastic-plastic behavior with strain softening and
ductile failure. To conduct numerical studies on timber structural components effectively, it is
crucial to utilize an accurate three-dimensional material model that can simulate timber's

behavior, including its damage and failure mechanisms.

The extended literature review of Paper III demonstrated that timber material models designed
to replicate the non-linear behavior of timber can be classified into three main groups: elastic-
plastic models, elastic-damage models, and a combination of elastic-plastic and damage
models. Although different models exist in the literature, this paper proposes a model as an
elastoplastic orthotropic material under a 3D stress state. A flow rule model associated with

the Hoffmann yield criterion and plastic potential is utilized to characterize the plastic behavior
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of timber under compression. Isotropic strain hardening during plastic deformation is
integrated into the Hoffmann yield criterion by considering the equivalent yield stress as a
function of the equivalent plastic strain. The Hoffman criterion was chosen as it differentiates
between the strength under compression and tension, unlike other models. As of the present
date of writing this thesis, to the knowledge of the author, no other material model has been

proposed in the literature for timber since the proposal of this particular model.

The paper facilitated the numerical studies on the demountable TCC floor system proposed in
this thesis. The material model is used in Paper IV and Paper V for the simulation of the

downscaled TCC slab and the shear connection, respectively.

5.4 Paper IV

Recognizing the significance of timber structures and reusability for sustainability in
construction, Paper IV aimed to explore the design of a modular TCC system that optimizes
processes related to prefabrication, transportation, installation, maintenance, disassembly,
modular reuse, deconstruction, and material recycling. The paper proposed a novel TCC
modular floor system capable of prefabrication, modular reuse, demounting, and recycling at

the end of its lifecycle using demountable shear connections.

The paper conducted a downscaled experimental and numerical study on the proposed floor
system. Subsequently, it carried out a parametric numerical investigation to identify the key
parameters influencing the mechanical behavior of such a slab under bending. To accomplish
this, the paper utilized the timber material model proposed in Paper III. The findings indicated
that the system exhibits a high level of composite action, along with suitable stiffness and

strength, rendering the floor system reliable for its intended purpose.

Demonstrating the feasibility and, more importantly, the reliability of the system, Paper IV

paved the way for the real-scaled study on the demountable shear connection, as implemented
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in Paper V. Any gaps identified between the literature review of Paper IV and the most current

literature were subsequently addressed in Paper V.

5.5 Paper V

Continuing the exploration of the novel demountable floor system proposed in Paper IV, Paper
V explored the key parameters that influence the design of the system and ensured its reliability

and adaptability considering the stiffness, strength, and load-bearing behavior.

Six different shear connections for a CLT-concrete composite floor system were designed and
fabricated for testing, with various parameters examined against their stiffness, strength, and
failure modes. The experimental test outcomes were subsequently utilized to develop

numerical models, employing the material model introduced in Paper II1.

The results from this paper were essential in determining the reusability of the connection and
the essential parameters required for designing and analyzing the real-scaled floor system, as
explored in Chapter 4 of this thesis. Since the paper was published recently, to the author's
knowledge, no gaps exist between the literature review of the paper and the most updated

literature.
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6 Conclusion and outlook

The challenges in the modern construction industry demand contemporary solutions. Over the
past few decades, the construction sector has focused on reducing energy consumption and
carbon footprint. Initially, efforts were concentrated on minimizing energy demand during the
use stage of a building's life cycle, resulting in the development of passive houses as the new
standard in construction. The outcomes have been significant, with about a 30% decrease in
the carbon footprint during the use stage (Paper II). However, it's crucial to recognize that the
use stage does not solely determine the environmental impact of buildings. The production,
construction, and end-of-life stages also contribute significantly to resource consumption and
emission production. To mitigate the environmental impacts of these stages, a concentrated

effort on the construction materials used in buildings is essential.

As a structural material, timber has gained significant attention for its potential to reduce the
environmental impact of buildings. This reduction can be as much as 77.1% in GWP in a single-
family house compared to a concrete masonry structure (Paper II). The arrival of EWPs has
expanded the possibilities of using timber not only in low-rise buildings but also in mid- and
high-rise constructions. The advantages of timber extend beyond its environmental benefits as
it offers construction advantages such as rapid erection and ease of prefabrication. On the other
hand, timber has certain drawbacks, like springiness, vibration, and poor sound insulation.

These issues must be addressed, particularly during serviceability design.

The application of TCC floor systems emerged as a solution to harness the hybrid benefits of
timber and concrete. A TCC slab, while exposing about one-third of the GWP compared to a
conventional concrete slab (Paper 1), can achieve a flexural stiffness approximately 3.4 times
higher than a plain timber slab (Chapter 4). Consequently, TCC floor systems have garnered

significant attention for sustainable construction. Prefabrication, with its associated advantages
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like waste reduction, decreased labor hours, and shorter construction time leading to
environmental benefits, has been studied in several studies. However, limited research has
focused on the possibilities of reusing and deconstructing TCC floor systems. Deconstructing
and reusing a TCC slab can double its EoL benefits, particularly regarding GWP (Paper I).
Therefore, the primary focus of this study was to incorporate the DfD concept in a TCC floor

system.

Four key topics were explored to address this study's primary focus. The first topic involved
determining the potential environmental benefits of timber and TCC structures. This
investigation was undertaken in Papers I and II through a series of LCA studies, comparing
timber and TCC solutions to conventional ones. Additionally, various EoL scenarios for timber

were examined.

The second topic involved finding a material model to simulate the behavior of timber as a
construction material, as discussed in Paper III. This task was challenging due to timber's
anisotropic nature and differing behaviors under compression and tension stresses. An
orthotropic material constitution law was developed based on Hoffman’s yield criterion. The
material model accurately simulated the strain-hardening behavior of timber under
compression and the brittle failure under tension. It was also valid for simulating timber's
behavior and failure in bending. Moreover, the material model could address the propagation
of the damage in timber. This material model facilitated the development of numerical studies

used in developing the TCC shear connection.

The third topic focused on the conceptual design of a modular and prefabricated slab that could
be reused and easily demounted for material separation and recycling. The concept involved
prefabricated reusable modules of TCC slabs with demountable shear connections. This

approach allowed the TCC slab to be reused as a module and, at the end of its life, easily
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demounted to separate timber and concrete for new applications or recycling with minimal
effort, time, and energy. The concept was detailed in Paper IV, and a downscaled slab sample
was fabricated and tested. Additionally, a parametric numerical study was conducted to explore

the behavior of different shapes of the notched shear connection.

The fourth topic involved a real-scaled investigation of the shear connection and the floor
system. The focus was on the shear behavior of the shear connection through a push-out
experiment campaign, as presented in Paper V, and the bending performance of the real-scaled
slab detailed in Chapter 4. CLT was chosen as the timber component in the TCC slab due to its
orthogonal rigidity, sound and thermal insulation properties, efficient prefabrication, and high

strength and stiffness with lower variability in mechanical properties compared to solid timber.

The push-out experiments assessed the stiffness, strength, and shear behavior of 6 samples of
the demountable shear connection, complemented by the study of numerical models for these
connection samples. Based on the shear behavior results, shear connection sample F was
selected for the bending test. A six-point bending setup with a span length of 10 meters was
prepared, and 3 CCC slabs were designed and tested. One CCC slab was loaded up to the
service load, then demounted, and the concrete layer was removed, allowing separate testing
of the CLT under the same bending setup. This experiment also provided insights into the

feasibility of demounting and reusing the slab.

Overall, the findings of this study can be highlighted as follows.

1. Comparative Environmental Impact Analysis:
e TCC floor system exhibits one-third of GWP and half of the PE demand compared to
the RC floor.
e TCC floor system shows significantly higher environmental benefits in stage D of LCA.

e Full CLT reuse is the most sustainable EoL scenario, with the lowest GWP and PE.
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GWP Comparison between Masonry Concrete and Timber Buildings:

The concrete building emits 77.1% higher GWP than the timber building.
Structural components are primarily responsible for GWP in the concrete building
(61.4%).

For the timber building, insulation and finishing parts contribute significantly (59.3%).

. PE Comparison between Masonry Concrete and Timber Buildings:

The timber building has an overall PE of approximately 15.6% higher than the concrete
building.
Finishing components in the timber building require 211% more PE than in the concrete

building.

. Proposed shear connection and CCC slab Analysis:

Notch length does not significantly influence slab strength.

Excessive increase in notch depth decreases the bending capacity of the slab.

The proposed construction method facilitates prefabrication and installation.

The slab could exhibit a noticeable efficiency of 73% in composite action.

The push-out test configuration for testing notched shear connections must allow
horizontal shear failure in timber.

The strength of the shear connection increases with the timber length in front of the
notch (notch heel length).

Inclined face notches enhance the ductility of the shear connection.

Proposed shear connections by this study match or surpass conventional permanent and
deconstructable ones.

Proposed connections by this study exhibit noticeably higher stiffness than existing
CCC connections.

Reuse increases the stiffness of the proposed shear connections.
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e The proposed floor system is fully demountable before and after failure.

The outlook of the thesis suggests a need for extensive experimental studies to discover various
aspects of the proposed shear connection and the demountable modular CCC floor system. A
key area for exploration is the behavior of the shear connection under cyclic and long-term
loading with varying environmental conditions. This will contribute to a comprehensive

understanding of the connection's performance over time.

Moreover, the bending behavior of the CCC slab demands further investigation. Dynamic
behavior studies for both individual modules and interconnected series are essential. This
involves exploring the influence of varying numbers of shear connections in both the length
and width of the slab and studying the bending behavior of several CCC modules connected
together. Understanding the long-term deformations of such slabs is crucial, as it can

significantly affect reuse potential and bending stiffness.
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&8 Annexes

8.1 Drawings of CCC bending experiment
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CCC slab formwork for concreting
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CCC slabs formwork and reinforcement setup before concreting
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t bending experiment setup
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8.2 Drawings of Push-out experiment
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e Push-out test specimen PO-A CLT cut
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Push-out test specimen PO-C CLT cut
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e Push-out test specimen PO-E CLT cut
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8.3 Drawing of downscaled bending test
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