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ABSTRACT

In the construction industry, composite structures combining concrete and steel are com-
monly employed in floor systems due to their exceptional performance in compression and
tension. With a growing emphasis on sustainability and Life Cycle Assessment (LCA), this
thesis introduces a novel concept: a modularised floor system consisting of reusable con-
crete deck and composite beam.

This research focuses on analysing the behaviour of an innovative demountable "concrete
to concrete" by FEA. A connection between the composite beam and concrete deck con-
nected by a shear connector (bolt). The goal is to understand the mechanical behaviour of
such connections.

This design differs from cast-in-situ traditional composite floor systems by having a con-
crete deck divided into three separate parts that are connected by bolted shear connectors.
The composite floor consists of composite girders and concrete decks.

A key advantage of this system is the ability to extract the concrete deck from existing floor
systems, offering economic benefits and reducing carbon emissions over its life cycle.

The mechanical performance of the newly designed connection between two concrete seg-
ments (a composite beam and a concrete deck) is examined through a shear and bending
model using Abaqus Software.

The shear model does not represent a real case loading, and it is introduced to gain confi-
dence in the numerical analysis due to the absence of experimental data in this research.
The specimen consists of two concrete blocks being pulled apart. These blocks are con-
nected by a demountable shear connector (bolt) in the middle.

A three-point bending model presents the mechanical behaviour and realistic potential
failure modes of the innovative demountable "concrete to concrete" connection. It consists
of three connected concrete segments. This model reveals failure modes, including crack-
ing at the “re-entrant corners” of the connection points, crushing of concrete at the mid-
plane of the connection and under the bolt nut, and transverse concrete cracking originat-
ing from the bolt hole, refer to Figure 6.26.

To enhance the structural behavior of this modularised floor system, several methods are
investigated. First, adding steel plates at the connections effectively mitigates concrete
crushing at the mid-plane and prevents cracking at the re-entrant corners. Second, re-
locating the connection to zero-bending moment positions results in a notable reduction
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in the three failure modes, improving loading capacity by about 10%.

Furthermore, the environmental impact of this novel design is noteworthy. With the as-
sumption given in this thesis, for an area of 5.67m*8m concrete deck, reusing the newly
designed concrete deck can result in a savings of approximately 4.2 tonnes of CO, emis-
sions per subsequent life cycle. Similarly, reusing concrete decks from existing buildings
can lead to a reduction of around 2.33 tonnes of CO, emissions per life cycle with this size
of the floor.

Based on the assumptions made in this research, the results suggest that the newly de-
signed concrete deck may have a lower loading capacity than traditional concrete slabs.
However, its potential economic and environmental advantages make it a promising topic
for future investigations.

Keywords: demountable, concrete deck, "concrete to concrete" connection, modularised
floor system, bolted shear connector, second cycle of life, life cycle assessment
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INTRODUCTION

Concrete and steel are the most widely used materials in construction, but are also recog-
nised as some of the most environmentally detrimental materials. Steel and concrete, con-
tributing to 7% and 6% of CO2 emissions, respectively, collectively account for 12-13% of
global emissions [40][65].

Over recent decades, the pressing need for a sustainable environment has surged, driving
engineers to seek innovative ways to reusefrecycle structural components and reduce car-
bon emissions. According to Rijksbreed programma Circulaire Economie (2015) "Net Zero
by 2050" [41], the Netherlands has set the target to achieve a balance between greenhouse
gasses emission into the atmosphere and the amount removed by means of natural process
or through technologies.

Floor systems in buildings are often cast in situ. Prefabrication is seen as a more sustain-
able construction process. This concept is not used in concrete floor system and relatively
seldom in composite (steel-concrete) structures.

Within the scope of this thesis research, the fundamental focus will be on designing an in-

novative demountable "concrete to concrete connection", a connection between the steel-

concrete composite beam and concrete deck, and understanding the mechanical behaviour
of such connections. This can be described as a new type of connection which allows a rel-

atively thin concrete deck to be dismounted and reused in the other structures after the first
cycle of life, thus contributing to the circular economy. A similar solution for a so-called

half joint concrete is well-known in concrete structures [5][12][75], but cannot be directly

used in floor system applications.
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1.1. INTRODUCTION

UE to the concrete and steel properties of high resistance against compression and
tension, respectively, they are often used simultaneously to maximize resistance in
elements, as seen in examples like reinforced concrete slabs or composite floor systems.

There are several methods for combining steel and concrete elements together for a
composite floor system, most commonly using permanent connections. The most widely
used shear connectors are the headed studs which are welded to the top flange of the
steel beam and embedded into the concrete slab, see section 2.1. Composite floor sys-
tems are typically not demountable since they are cast at the construction site. Con-
sequently the steel beam and concrete floor can only be disconnected with destructive
methods.

The majority of floor systems are:

- a monolithic concrete floor system, which consists of concrete beams and concrete
decks (reinforced), shown in Figure 1.1 (a), and

- acomposite floor system, which consists of composite beams and concrete slabs/composite
slabs, which can be seen in Figure 1.1(b).

Transversal re-bars and other potential details are not drawn here since this is a simpli-

fied illustration of the floor systems. These two floor systems are based on casting con-
crete in situ, so the beams cannot be disconnected from the slabs with a non-destructive
way.
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Figure 1.1: Two types of cast in situ floor systems often used in buildings

In this thesis, see in Figure 1.1, the following distinction between concrete slab and con-
crete deck is used:

- a concrete slab refers to a monolithic reinforced concrete element;

- a concrete deck is a reinforced concrete element that forms part of a composite floor
structure.

Normally, the (a) monolithic concrete floor system shown in Figure 1.1 cannot be reused
after its first life cycle since it is cast in situ, the structure is often demolished, and the
concrete members possibly could be recycled.

The proposed demountable connector in this research aims to allow for the reuse of
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the monolithic concrete deck of the concrete floor system (shown in Figure 1.1 (a)) and
the composite floor system (shown in Figure 1.1 (b)). By separating the floor system
along the green dashed lines shown, the aforementioned concrete components (decks
and slabs) could eventually be reused instead of recycled. As a side note, reusing of these
elements normally requires a check of the original reinforcement design.

Within the scope of this thesis, reusing the concrete beam from a monolithic concrete
floor system (shown in Figure 1.1 (a)) is not considered, since the beam is the critical
load-bearing component. Reuse of concrete beams requires detailed information and it
is left out of scope for the MSc thesis.

The main goal of this research is to enhance the modularisation of concrete floor systems
and their integration into a circular built environment.

1.2. MOTIVATION

Research shows that the cement production process for concrete causes high amounts
of CO; release, up to 5 to 6% on a global scale, see subsection 2.2.1. To slow down climate
change, reduce air pollutants, and maintain biodiversity, immediate action against gas
emissions should be taken.

Therefore, when the building reaches the end of its service life, it is considered to keep
structural elements as much as possible in the life cycle (second cycle of life and further)
and a feasible solution is needed to perform such reusable action. Even if the elements
are planned to be demolished, strive to take the construction material and reuse/recycle
it as much as possible.

Disconnecting the concrete deck from existing building and combining it with a com-
posite beam prevents the fabrication of a new concrete element, as mentioned in section
1.1.

concrete slab/
composite slab _®

f /ﬂ'anforaamerw mesh

%07 SN s 7
. 1 s i v
J/ | \concrete slab/

reinforcement meslp -
composite slab

shear boltf PE steel beam uted bolts

E—

Figure 1.2: Reusing concrete slab cut from the composite floor system
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See Figure 1.2 above for illustration in case the bolts are used in a prefabricated com-
posite floor system. If bolts are used instead of headed shear studs in the concrete floor
system as shown, the concrete deck can be easily separated from the steel beam, but
bolts should be cut, and the concrete slab can be sawed to appropriate measures. By
doing so, the concrete deck can be reused. Therefore, embedded CO, emissions will be
saved, which will be discussed in section 7.

The concrete elements (concrete deck and steel-concrete composite beam) can be in-
tegrated by adding steel plates at both the top and bottom surfaces of the concrete end
sections, as shown in Figure 1.3. These plates are connected by bolts which go through
the concrete elements. A number of bolts should be determined to facilitate a secure
and effective connection.

y

IEEZd 7 77

heade
shear studs

I f l
reinforcement mesh—V

L - |

demountable concrete deck
PE steel beam heade:

steel plates
shear studs

Figure 1.3: Combined concrete deck and composite beam

In such a way, the concrete deck taken from existing buildings can be connected to a
composite beam. By doing so, the reusable action can be achieved by having a modular
floor system. Of course, proper design of cut concrete slab should be proved either by
FEA or hand calculation methods.

In this thesis, the author prioritised developing a newly designed composite floor sys-
tem, consisting of a composite beam and concrete deck and investigating such a "con-
crete to concrete” connection. For the first stage of investigation, a reliable numerical
model must be developed.

The numerical model is validated by a “simple” loading in shear and by a realistic load-
ing in bending.

For subsequent stages, attention can shift towards re-utilizing the concrete deck, which
has been cut off from an existing floor system, by connecting it to a composite beam,
as shown in Figure 1.3, thereby creating a modularised floor system. This research is an
important step for this type of system, particularly concentrating on the behaviour of the
connections and the load-bearing capacity of such "concrete to concrete" joints.
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1.3. PROBLEM STATEMENT

Most floor systems are built on-site with concrete designed for only one life cycle, lead-
ing to demolition at the end of use. However, introducing a demountable floor system
allows for the prefabrication of both the composite beam and the concrete deck. This
approach enables these components to be reused beyond their initial life cycle.

This thesis centres on a novel composite floor system design, which connects concrete
deck with a composite beam. These two elements are connected using demountable
shear connectors (bolts) at the concrete dapped-end joints, as depicted in Figure 1.4.

It is assumed here that this concrete deck is only bearing load in one direction, which
is the transversal direction, and the composite beam will bear load in the longitudinal
direction.

omposite beam /—demountable demountabl

ite b
H‘/_C I shear connector I shearconnecto?_\‘ composﬂe eam—\b I
iR [ ] ;

N w7 11y

, Vd . |
! demountable—/ \L ! !

heade concrete deck re-entrant”

corner
shear studs PE steel beam tolerance ga

dapped-en

*(reinforcement of the slab is not shown in this figure)

Figure 1.4: Three elements of a composite floor system connected through a demountable shear connector
(bolt)

An increasing number of research studies are being undertaken on demountable condi-
tions [25], and among these, composite floor systems have become a noteworthy subject
of investigation.

It is observed that the majority of existing demountable connection solutions primarily
concentrate on shear connectors placed on steel beams, such as headed shear studs and
bolts, as referenced in [26]. There are studies dedicated to concrete half (dapped-end)
joints, as discussed in section 2.7, but these do not involve the use of shear connectors.
However, very few solutions exist for demountable shear bolt connections between con-
crete elements.

Therefore, it is necessary to investigate the demountable connections between compos-
ite beams and concrete decks and understand the mechanical behaviour of such con-
nections.

A key question is about fundamental aspects such as the shape and dimensions of the
concrete elements.
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It is also necessary to design a correct and adequate arrangement of reinforcement of
the deck, especially at the dapped end to provide adequate tension and compression re-
sistance for concrete decks.

Furthermore, it is important to understand the mechanisms by which connectors can
effectively withstand and transfer shearing and bearing forces.

Lastly, the analysis of loads, stresses and deflection of the concrete decks is performed.

It is important to mention that cutting concrete decks straight line from existing floor
systems will result in a concrete deck used in a smaller span compared to a standard con-
crete system. The concrete deck will not be designed to carry end bending moment re-
sistance and the spans will be designed so the existing reinforcement is sufficient. How-
ever, locally, at the connection around bolts, it will be a challenging question since no
dedicated reinforcement design is available. The design of concrete to the concrete con-
nection between the composited beam and the used concrete slab is left out of the scope
of this thesis.

Research on a short reinforced concrete cantilever is being done on a much larger scale
than the concrete deck in this MSc thesis, for example, for bridges, as discussed in sec-
tion 2.7. The goal of the FE model used in this research is to provide an initial estimate
of the effectiveness of the “thin slab” design.

The reinforcement design done in this research is a modified version of the reinforce-
ment design shown in the literature review in section 2.7. It is challenging to implement
complicated designs from references shown in section 2.7.3, and therefore, a preliminary
study is done within the scope of this thesis.

1.4. RESEARCH OBJECTIVE

The principal research objectives of this thesis are directed towards investigating the fea-
sibility and analysing the failure mechanisms of the proposed demountable "concrete to
concrete" connections in "thin concrete slabs".

Specifically, the research seeks to determine whether such connections can be success-
fully implemented in a demountable floor system and to identify the factors that con-
tribute to their potential failure.

As mentioned before, the demountable "concrete to concrete" connection can vary de-
pending on whether it involves a reused concrete deck from existing buildings or a fully
new floor system design, as shown in Figure 1.3 and Figure 1.4. However, for both floor
systems, the structural elements must be designed with the capability to be reused after
their primary life cycle:

(1) Newly-made demountable connection concrete deck with tailor-made reinforcement.
(2) In the same system consisting of composite beams and concrete decks, the existing
concrete decks can be used. This concrete deck can be cut out of the concrete floor sys-
tem after the first life cycle and connected to a composite beam for reuse.
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The most practical method would be the second approach which can maximise the re-
duction of emissions and also be the most cost-effective solution. Because the modifi-
cations are applied to existing structural elements, instead of newly produced elements,
refer to discussion in section 7.

However, since this demountable method of connections and such a modular floor sys-
tem which consists of prefabricated composite beam and concrete deck, is a novel idea,
hence extensive research should be performed accordingly.

Understanding the mechanical behaviour of the connection between the segments is
important. Therefore, it is decided that the mechanical behaviour of the connection
should be investigated in a newly produced demountable concrete deck with tailor-
made reinforcement.

This way, the fundamental failure modes of the "concrete to concrete” demountable
connection can be determined. This knowledge is interesting even for the “concrete to
concrete” connection in which an existing concrete deck is used.

Therefore, this research will focus on the first alternative mentioned above:
the connection behaviour of the tailor-made demountable concrete decks

To accomplish this objective, several topics are investigated. The main aspects are sum-
marised as follows:
1. Define the shape and dimensions of the demountable connection concrete decks.

2. Propose a tailor-made reinforcement for the concrete decks, especially at the lo-
cation of the connections.

3. Investigate the mechanical behaviour of the demountable connection.
4. Propose possible improvements for the demountable connection.

Additional efforts are necessary for the existing concrete decks to be redesigned into a
demountable floor system. In the concrete floor system, only top and bottom reinforce-
ment mesh exist in most cases. Cutting concrete decks will result in a "bending weak"
connection at the ends.

1.5. RESEARCH METHODOLOGY

This thesis is carried out only by Finite Element Method (FEM), by using Abaqus soft-
ware. A detailed discussion of numerical modelling is in chapter 4. The corresponding
laboratory experiments are proposed for future studies.

The following subsections will describe the methodologies applied in this thesis research.
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1.5.1. LITERATURE REVIEW

A comprehensive literature review will be conducted to gain a deeper understanding of
the current challenge.

This review will provide characteristics of concrete and steel as construction materials,
including their material properties, see section 22 and 2.4.

There will be examples of conventional composite floor systems in section 2.1, with re-
cycle possibilities of concrete after demolishing in section 2.2.2. Also, the background of
essential tasks for reducing gas emissions produced by construction materials are pro-
vided.

Additionally, it will include examinations of relevant research works closely aligned with
the scope of this document, see section 2.5 and 2.6. Examples of half-joint concretes that
have a similar configuration to the proposed model are given in section 2.7.

1.5.2. PRELIMINARY STUDY

Before conducting an in-depth analysis, a simplified preliminary study is conducted us-
ing the finite element method for structural analysis and design software AxisVM [10].

This study aims to compare the difference between a conventional deck and demount-
able deck, such as displacement or flexural moments obtained from the models in sec-
tion 3.2.2. Furthermore, sensitivity analyses are performed in section 3.2.4, to see the
influence of changing the thickness of the deck or changing the spacing of the bolts in
the longitudinal direction.

In this stage, linear elastic analysis is performed.

1.5.3. MECHANICAL BEHAVIOUR OF THE DEMOUNTABLE CONNECTION UN-
DER SHEARING

A "concrete to concrete” connection is very complicated, and the reason for develop-
ing a shear model is to have a step-by-step increase in the level of complexity of the
proposed structure to gain confidence in the numerical modelling rather than being a
realistic loading condition. This is a case relevant for the numerical analysis, since there
are no experiments available for such a floor system.

For this model, two concrete blocks are connected by a shear connector (bolt). Two ends
are pulled away from each other simultaneously in the horizontal direction as shown in
Figure 1.5.
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Figure 1.5: Shear transfer in "concrete to concrete" connection

Figure 1.5 shows the shear transfer in the "concrete to concrete” connection; the size of
the arrows indicates the magnitude of the force. (Noted that the reinforcement is not
shown in this figure).

Section 5.1 aims to discuss how bolts resist shear force and the damage caused by bent
bolts pulling from concrete blocks.

In this stage, plastic non-linear analysis is performed.

1.5.4. DETAILED STUDY OF DEMOUNTABLE CONNECTION UNDER BENDING

After gaining experience and confidence from the shear model, a bending model was
built and analysed. The mechanical behaviour and accompanying failure modes of this
innovative demountable "concrete to concrete connection" under three-point bending
is the most critical aspect for investigation, and thus, chapter 5 is in the main focus of
the thesis research.

After looking at the previous shear model, the concrete deck with a demountable shear
connector can be built and checked with the assigned dimensions, material properties,
and reinforcement plan.

A segment of the transfer of bending moment is shown in Figure 1.6 around the "con-
crete to concrete" connection. (Note that the reinforcement is not shown in this figure).
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Figure 1.6: Bending transfer in "concrete to concrete" connection

The investigation into the behaviour of the connection involves multiple aspects.

1. Section 5.2 details the influence of the edge distance of the bolt hole, which is the dis-
tance between the centre of the shear bolt and the edge of the concrete dapped-end.

2. This study investigates the impact of adding steel plates at the dapped end corners
of a concrete deck on the failure modes of the connection. This topic is explored in sec-
tion 6.1. Additionally, the research examines whether the connection’s position affects its
performance. Specifically, the study analyses if the connection is located in an area ex-
periencing a bending moment or at a position with zero bending moment, as discussed
in section 6.2.

Deflection, load-displacement curves, failure modes, and other aspects are included in
section 5.2. In this stage, non-linear analysis is also performed.

1.5.5. DISCUSSION OF THE RESULTS AND POTENTIAL IMPROVEMENTS IN
THE CONNECTION

After obtaining results from the above-mentioned models in chapter 5, a series of anal-
yses and comparisons can be conducted. Improvements in the failure modes on such
connections can also be developed accordingly. Conclusions, therefore, can be drawn
based on the numerical outputs.



1.5. RESEARCH METHODOLOGY 11

1.5.6. FUTURE STUDIES

The results obtained in the previous chapters through the numerical modelling of the
demountable connector in shear and bending concluded that further investigation is
needed.

The novel demountable floor system design established in this research lays the ground-
work for enabling the reuse of concrete decks which are cut off from existing buildings.

In this last chapter of the thesis, recommendations for further research that will aim at
the improvement of the evaluation of technical performance, as well as the analysis of
the behaviour and details of this demountable connector, are discussed.

Additionally, this chapter explores potential alternative types of demountable "concrete
to concrete" connections, which are further elaborated in section 8.2.2.
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2.1. COMPOSITE FLOOR SYSTEM

D UE to the high resistance of concrete and steel against compression and tension
respectively, they are often used simultaneously to maximize the resistance of ele-
ments, such as in reinforced concrete decks or composite floor systems.

A composite floor system consists of concrete slab sitting on top of a steel beam (cast
in trapezoidal sheet), connected with shear connections, such as headed studs. It com-
bines the advantages of steel in tension and concrete in compression, achieving a cost-
effective floor system solution.

The idea of a composite floor system is to have compression on top and tension on the
bottom, Therefore, placing a concrete slab on top of the steel beams leverages the resis-
tance advantages of both elements.

In this thesis research, the structure considered is a newly designed concrete deck con-
nected to a composite beam by a demountable shear connector (bolt), achieving a mod-
ularised floor system.

Figure 2.1: New composite floor system ComFlor from Steel & Tube

As mentioned by Giovanni Brambilla et al [13], the most widely used shear connectors
are headed studs, which are welded to the top flange of the steel beam and embedded
into the concrete slab.

Figure 2.2: Welded headed studs applied as shear connectors in profiled decking system (a), hollow core
sections (b) and solid slab with topping (c)
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Although the deconstruction of composite floor system is still problematic, due to the
monolithic behaviour offered by current shear connector practices, numerous researches
efforts are underway. One solutions for a demountable composite floor system is a pre-
cast concrete slab sitting on top of the steel beam, connected using pre-tensioned High-
Strength Friction-Grip (HSFG) bolts, as shown in the Figure below.

Metallic bearing plate

Precast Slab

Pretensioned HS Bolt
Steel Beam

Figure 2.3: Steel concrete composite beam with HSFG bolts.

Research from Giovanni Brambilla et al shows that structures with a demountable com-
posite floor system are the most environmentally friendly solution among all options.
The saving of emissions/resources ware quantified for each impact category. For exam-
ple, the greenhouse gas emissions saving from the demountable system compared to
the conventional systems ware quantified at least 80kg CO,-eq/m2, and the saving of
primary energy resources was estimated at least 800MJ/m2.

However, the focus of this thesis is on the design of an innovative demountable connec-
tion between concrete deck and composite beam and understanding the mechanical
behaviour of such connection.

2.2. CIRCULARITY

2.2.1. EMISSION REDUCTION

ESEARCH shows that the iron and steel industry is one of the largest industrial emit-
ters of CO, accounting for about 7% of global anthropogenic CO, emissions[76].

in addition, concrete also produces a relatively high embodied energy, from excavation,
manufacture, transportation, and even for demolition.

The cement production process releases high amounts of CO,, contributing up to 5 to
6% on global scale. (In Netherlands, the typical cement used is 25% CEMI + 75% GG-
BFS.).

“...CO, emission, global warming and its resultant effect (climate change) are serious
environmental problems that need urgent scientific attention, thereby calling for a re-
duction in CO, emissions in all sectors of human activity, including power generation.
...Also, this chapter revealed that CO, emission does not directly result in climate change.
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Instead, it first depletes the ozone layer, leading to global warming (the greenhouse ef-
fect), then climate change.” —— Kelvin O. Yoro et al. !

It is widely accepted that there is a pressing need to reincorporate concrete waste back
into the production cycle by maximizing its reuse rate in new concrete mixes.

Certain actions can be taken:

— Focusing more on the performance side of the products, instead of the robustness. By
changing size of aggregates, the water-cement ratio, and adding admixtures, the perfor-
mance of the concrete can be manipulated.

— Once the building needs to be taken down, keep elements as much as possible in the
life cycle. Even when the elements need to be demolished, take the materials and re-
use/re-cycle as much as possible.

2.2.2. CIRCULAR ECONOMY

T HE building industry is responsible for major societal impact, with 40% of total en-
ergy use and 30% of the global amount of waste. Moreover, the concrete business is
a major source of excess material.

We aim for circular developments to change from a linear, open-ended economy to a cir-
cular, closed-loop economy where materials retain their value, resources are maintained
and zero landfill is produced.

CIRCULAR Production
ECONOMY

Collection

Distribution

Figure 2.4: Circular economy by European Parliament[61]

Circular building process requirements:
1. No (hardly) use of primary resources
2. Reuse of materials and elements (half products)

3. Recycling of resources (secondary resources)

IParts of this chapter have been published in Chapter 1 - CO emission sources, greenhouse gases, and the
global warming effect page 3-28, (2020) [76].
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4. "Up-cycling": no loss of functional performance
5. No/low emissions of harmful (for health + environment) compounds

According to the 2015 ‘Climate Change Conference’ in Paris [58], targets are set to achieve
a reduction of greenhouse gas emissions by 50% in 2050 and EU should be fully green-
house gas emission-neutral in 2100 (100% renewable energy sources).

Two definitions are explained: reuse and recycle.

— Reusing means using second-hand (half) products for the production of new prod-
ucts/constructions. — Recycling means using the old product as raw materials (sec-
ondary resources) for the production of new (half) products.

Itis important to foam a circularity in the building industry: Circular building means “...
using and reusing buildings, areas and infrastructure without unnecessarily depleting
natural resources, polluting the living environment and affecting ecosystems. Carrying
out construction such that it is economically justifiable and contributes to the welfare of
people and animals. Here and there, now and later.” °.

Design for deconstruction and reuse structures is a cornerstone of the circular economy.
Current practice generally involves demolishing buildings without regard for preserving
the integrity and value of components for reuse. Only by designing buildings for decon-
struction can we make reuse of buildings and building components more commonplace
and commercially viable.

Precast construction offers numerous benefits to different stakeholders of the value chain
in the construction industry.

Bolted connections provide fast and safe assemblies of precast concrete elements and
also allow easier disassembly. In addition, the elements are usually manufactured in fac-
tories where the quality and precision are controlled.

Alternative building solution include the use of renewable materials:

* Renewable materials are substances derived from a living tree, plant, animal or ecosys-
tem which has the ability to regenerate itself. A renewable material can be produced
again and again.

* Biodegradable materials are substances that will decompose in a natural environment.

Taking an example of concrete decks:

The reuse of concrete depends on the quality and remaining life span of the concrete. It

is important to design elements with demountable possibility, for example with bolted

connection. Hence, wet connections should not be used.

With the demount possibility, at the end of first service life, concrete decks can be de-

mounted easily with no or little damage to the deck, which gives the chance to reuse it

in new buildings.

The main focus of this thesis is to design such connection that provides adequate strength

2Parts of this chapter have been published in Transitieagenda Circulaire Bouweconomie, (2050) [59].
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and durability of the reused concrete deck which is connected to a composite beam by a
demountable shear connector (bolt).

In relation to the strength and durability of recycled concrete aggregates, an example
of an experiment taken from Somayeh Lotfi et al 2014 [52] regarding the C2CA Project
shows the difference between concrete aggregate recycled from demolished building
and new aggregate concrete at the end-of-life service.

50 —— ——
1 * v
‘E. 30 / //
B e ——nac
E I|" /'} —o—RAC

o 7 28 9

age

Figure 2.5: Comparison between compressive strength of NAC (blue) and RAC (red) in different ages [52]

In the first demonstration case of the new technology, recycled aggregate was tested in
new concrete (RAC) to investigate the workability, compressive strength and durability
compared to concrete made from natural aggregate (NAC). The RAC showed 30% higher
compressive strength after 7 days.

It is believed that the favorable development of strength of the recycled aggregate is
caused by changes in the surface of the particles as a result of the intensive liberation
process. The results of the freeze-thaw resistance, however, showed that the recycled
concrete performed less well than NAC but fulfilled the requirements for F100 class [52].

Taking the example of steel elements:

The typical recycled rate of steel material is 90%, with the average rate being 95% In the
case of hot-rolled I beams, the rate of recycle can even go up to 99%, according to the
“Recycling and Reuse Survey” in England in 2000.

“..., reclaim and direct reuse significantly reduces potential upstream and downstream
environmental impact. In an earlier study, the authors have shown that increasing the
share of reusing steel decking could decrease the average aggregated embodied Global
Warming Potential (GWP) of steel elements in the construction by 21%.”- Ajayebi et al
[17].
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Designers can take the following considerations to increase the possibility of reuse:

1. Using bolted connections to allow disassembly of structures during deconstruc-
tion.

2. Ensuring easy and permanent access to connections.

3. Using long-span beams, which offer greater flexibility of use and can be reused by
cutting them to new lengths.

Although up until now, it is still a challenge to satisfy both reusability and aesthetic needs
at the same time.

Recycling steel elements after the first service life requires secondary steel-making, pro-
ducing extra energy emission, as well as extra labor cost, which can be downside of recy-
cling steel products.

2.3. LIFE CYCLE ASSESSMENT

L IFE cycle assessment, developed in 1960s, is a wildly used tool for the quantification
of mid- and endpoint impacts (human health, ecosystem health, resources scarcity)
on construction elements and complete built structures.

LCA adheres to the principal standards of the ISO 14040 series. These standards provide
guidance on:

LCA principles and framework (ISO 14040);

LCA requirements and guidelines (ISO 14044).

Cradle-to-gate vs cradle-to-cradle:
An important scoping decision in LCA and embodied carbon studies is determining
which parts of the product life cycle to include.

Studies that assess the environmental impact from the moment the product is being pro-
duced until it leaves the factory are called cradle-to-gate studies.

Meanwhile, studies encompassing the entire life cycle of a product, including produc-
tion, use phase, and end-of-life phase where the product is demolished to be reused and
recycled, are known as ‘cradle-to-cradle’ studies.
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Figure 2.6: LCA steps [49][33]

LCA can be used to calculate the external (environmental) costs of a product through the
following steps:

1. Definition of goal and scope and functional unit of the LCA.

2. Compiling an inventory of relevant energy and material inputs and environmental
releases (outputs) associated with a defined system. Releases can be solid wastes
or emissions to air or water. ‘process tree’ can be made in this step.

3. LCIA (life cycle impact assessment): Evaluating the potential impacts associated
with these inputs and releases, e.g., the global warming impact from CO, and
other greenhouse gas emissions.

4. Interpreting the results of the environmental impact of a product to help make
informed decisions.
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2.4. MATERIAL PROPERTIES

HE stress-strain relationship of concrete, both in compression and tension, is a fun-

damental characteristic defining its structural behavior. Understanding this rela-
tionship is crucial in structural design, enables engineers to predict concrete behavior
under varying loads, thereby facilitating the design of safe and robust structures that can
withstand these loads.

If the ductile property is not considered, the material’s strength increases gradually dur-
ing the plastic phase while stiffness remains constant. However, when a ductile dam-
age model is considered, it is assumed that the material’s strength decreases as damage
increases. Correspondingly, stiffness also diminishes with an increase in the damage
parameter d.. When using Abaqus to simulate a material’s ductile damage model, it is
usually necessary to input the range of the material’s strength degradation, represented
by the displacement at failure. A smaller value for this parameter indicates a more brittle
characteristic, while a larger value signifies a more ductile characteristic.

G ===~~~

@)

(b)

Figure 2.7: Concrete in tension and compression behaviour

2.4.1. CONCRETE IN COMPRESSION

Concrete is predominantly used in compression, making its compressive stress-strain
behaviour a major interest. This is one of the most important material characteristics of
concrete. Many studies experimentally clarified the influence of compressive strength
and other parameters, such as types of coarse aggregate, on the stress-strain curve of
concrete (K. Watanabe et al.)[44].

According to Eurocode 2, concrete strength classification is based on the characteris-
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tic cylinder strength f,x, determined through a compressive test conducted at 28 days
using a compressive testing machine. The classification ranges from lower values to a
maximum of C90/105, varying according to national annexes.

0,4 fem}-

tan & = Ecm

[74

Figure 2.8: Schematic representation of the stress-strain relation for structural analysis according to Eurocode
2

Barbosa et al [11] state that, “In compression, the stress-strain curve for concrete is lin-
early elastic up to about 30 percent of the maximum compressive strength. Above this
point, the stress increases gradually up to the maximum compressive strength. After it
reaches the maximum compressive strength o, the curve descends into a softening re-
gion, and eventually crushing failure occurs at an ultimate strain e.,,”

2.4.2. CONCRETE IN TENSION

The tensile strain capacity of concrete, defined as the material’s ability to withstand de-
formation without cracking, is crucial for minimizing the risk of cracking under service
load conditions.

The tensile strength of the concrete increases over time, peaking at around 28 days of
curing. According to Leonhardt E [50], its tensile strength is related to compressive cylin-
der strength f. and can be computed as formula:

ftm =0.34x i3 2.1

Laboratory data from H. Busch, analysed by Leonhardt. F later on, suggests that it is
possible to adjust the coefficient in this equation to 0.22 and 0.45 to derive the values
representing the 5th and 95th percentiles, respectively, of the tensile strength, f;. The
tensile strength of concrete is slightly higher in flexure.

Another important parameter is the tensile strain, €¢;, when the strain exceeds 0.010
to 0.012 percent, concrete cracks. Notably, tensile strain is independent of concrete
strength[50].
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Figure 2.9: (a) stress transfer through bond; (b) shearing action of curvature [60]

When reinforced concrete cracks, its stiffness decreases but does not drop to zero, as the
uncracked region still carry some tensile stresses and provide stiffness to the overall be-
haviour of the structure. This phenomenon is known as tension stiffening.

According to P. L. Ng et al., tensile stresses in concrete can be induced in two ways:
through the bond between steel re-bars and concrete, which provides stress transfer,
and the shearing action of the uncracked concrete in tension zones.
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Figure 2.10: Tensile stress block [48]

Accurately measuring tensile stresses in cracked concrete is challenging, Several dif-
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ferent tensile stress blocks have been developed by researchers, typically involving a
method of trial and error which that proposes a certain tensile stress block and deter-
mines unknown parameters by fitting curves to load-deflection data obtained from ex-
perimentation.

Figure 2.10 (a) shows the three stress blocks that proposed by Gilbert and Warner. Among
these, the bi-linear descending curve fits experimental results well. It consist of a straight
line with a slope of E. reaching the top f;, then drops vertically to 0.6 f;, and descends
in a straight line to 0.4 f; at 4e., and again in a straight line to 0 at 10¢,,, the changes in
slope indicate the position of reinforcement in each layer.

Figure 2.10 (b) displays the stress block by Carreira and Chu (1986) [14], which consist of
anonlinear ascending part and a gradually descending part. This model was later modi-
fied and improved by Prakhya and Morley (1990), by fitting it with available experimental
results.

Figure 2.10 (c) and (d) show two stress blocks proposed by Damjanic and Owen (1984)
[23], and Schnobrich (1985), both consisting of a linear ascending part and bi-linear/linear
descending part, respectively.

The last tensile stress block (f) in Figure 2.10, outlined in BS 8110 (BSI, 1985) [73], is a
linear ascending curve without a descending branch, indicating that concrete is treated
as a brittle material that fails completely once the stress reaches its strength, without
considering the tension stiffening effect.

(— Stress block before cracking

Stress block afier cracking

Tensile stress

Tensile strain

(a) Distinct stress blocks before and after cracking

Tensile stress

Tensile strain

(b) Proposed combined stress block

Figure 2.11: Tensile stress block proposed by Ng. P. L et al.

fi=a1xf, 2.2)

€ty = A2 X €yt (2.3)
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In Figure 2.11, Ng. P. L et al. proposed a tensile stress block that combines stress-strain
curves of both uncracked and cracked concrete. The values of a; and a, coefficients in
above equations depend on the type of loading and are determined based on numeri-
cal results obtained from FEA. For instance, "for beams subjected to a point load,a; and
ap may be taken as 0.4and 18, respectively, and for beams subjected to a uniformly dis-
tributed load,a; and a, may be taken as 0.5 and 14,respectively” [60].

The stress-strain relationship of concrete in tension is also influenced by fracture en-
ergy, which depends on the strain softening tangent modulus, the peak stress (tensile
strength), and the width of the fracture process zone. One of the first two variables may
alternatively be replaced by the area under the stress-strain diagram [78].

I
y > ek

(a) Dy

Figure 2.12: Tensile stress block: (a) stress-cracking displacement diagram. (b) stress-strain diagram. (c)
stress-cracking strain diagram

It can be demonstrated that the fracture energy of plain concrete G (defined as the area
under the post-cracking stress-displacement curve in Fig. 2.12 (a)), is related to the frac-
ture energy density g (defined as the area under the stress-cracking strain diagram in
Fig. 2.12 (c)), by the following expression:

sz Wex gf (2.4)

Furthermore, since €., = €4, the area under the total stress-strain diagram in Fig. 2.12
(b), Wg, is equivalent to the area under the stress-cracking strain diagram in Fig. 2.12 (c),
8f-

Gf=wex Wy (2.5)

Consequently, using Eq. 2.5, the fracture energy Gy can be related to the area under the
total stress-strain diagram Wy, by considering the width of the crack band zone. This re-
lationship is crucial for generating the complete tensile stress-strain curve for concrete.
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2.4.3. STEEL MATERIAL BEHAVIOUR

The material behaviour of steel is well defined in Eurocode 1993 [34]. Unlike concrete,
steel exhibits greater ductility and is highly effective in handling tensile stresses.
Eurocode 1993-1-5 outlines different types of stress-strain relationships for steel, varying
according to the required accuracy and permissible strain for analysis::

Model

with
yielding
platean

1 tan’(E/10000)
(or similarly small value)

with
strain-
hardening

1 true stress-strain curve

2 stress-strain curve from tests

Figure 2.13: Stress-strain relationship for steel material

Steel materials must satisfy specific ductility requirements, including conditions such as
the ratio of ultimate strength to yield strength, the minimum elongation at failure, and
the ratio of strain at yielding to strain at failure:

& >1.15 (2.6)

y
ef= 15% 2.7
€yz15x€y,, where €,= % (2.8)

Where fy is the ultimate strength and the f), is the yield strength of the steel, ey is the
elongation at failure, €, is the strain at ultimate strength and ¢, is the strain at yield
strength. E is the young modulus of the steel.

The modulus of elasticity and Poisson’s ratio of steel are typically 210GPa and 0.3 respec-
tively. The yield strength varies among materials, and the specific values can be found in
the respective material codes.
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2.5. PEIKKO - CIRCULAR ECONOMY

T HE company Peikko is a leading worldwide provider of slim floor structures, as well
as cutting-edge solutions for wind energy applications and connection technology,
serving both precast and cast-in-situ construction methods[64].

They offer a range of demountable connections that enable the disassembly and reusabil-
ity of bolts, providing flexibility and sustainability in construction, and aiming to enable
circularity without compromising performance. Bolted connections have great poten-
tial in supporting Design for Disassembly.

Peikko conducted a series of experiments on the reliability of demountable connections
on concrete foundation blocks, including on-sites and laboratory tests.

Two types of connections were used: HPM® 16 L Anchor Bolts and COPRA® 16 H An-
choring Couplers[77].

Load [kN] - displacement [mm]
diagram

kN
400

— -

250

200

150 HPM® Anchor Bolt

100
Figure 2.14: HPM® 16 L Anchor Bolts and
COPRA® 16 H Anchoring Couplers 0 10 20 30 mm

Figure 2.15: Load - Displacement of connections
The results indicate that no substantial difference between these two types of connec-
tions. However, it can be suggested that COPRA® 16 H Anchoring Couplers are a more

preferable choice due to the potential risk of damage to HPM® 16 L Anchor Bolts during
the disassembly process.

A summary table 2.1 below shows the comparison of the two types of connections.

Name Demountability | Method of demount | Reusability | Rigid behaviour
HPM® 16 L Anchor Bolts Yes Direct screw out Yes 100-150 kN
COPRA® 16 H Anchoring Couplers | Yes sawing required Yes 100-150 kN

Table 2.1: Comparison between PM® 16 L Anchor Bolts and COPRA® 16 H Anchoring Couplers

There are other types of demountable connections provided by Peikko for installation in
beams, columns, foundations, or even concrete slabs.
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2.6. EXISTED BOLTED SHEAR CONNECTIONS SOLUTIONS

2.6.1. STEEL CONCRETE DEMOUNTABLE CONNECTION

Abdolreza Ataei [7] performed an extensive parametric study on steel-to-concrete de-
mountable connections with 12 push-out tests, to examine how different parameters
influence the behaviour of the connections. He also compared the studied connection
with traditional headed studs.

Analysis was performed by using Abaqus FEM, as shown in Figure 2.16

, employing the concrete damage plasticity (CDP) model with stress-strain relationships
proposed by Carreira and Chu [14] as mentioned earlier in 2.4, in a displacement control
manner. The results obtained from FEM were validated by laboratory tests using both
cyclic loading control and displacement control methods.

z z z

o vt

Figure 2.16: FEM model of the bolted shear connector in question|[7]

After running a series of analyses, it can be concluded that numerical analysis can pre-
dict the behaviour of demountable connections at both local and global levels.

The author compared several parameters of the connections, with the result showing
that:

1. The load capacity increases with bolt size, as well as the slip capacity.

2. The shear load capacity and corresponding slip increases as the bolt grade in-
crease, but the initial stiffness and slip in the slipping stage are not affected.

3. Increasing the pretension of the bolt does not significantly influence the maximum
shear force capacity and corresponding slip.

3Figure 2.16 in this chapter have been published in Journal of Constructional Steel Research, volume 198, title
Modelling of demountable steel-concrete composite connections: Validation of finite element model and
parametric study [7].
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4. With increasing the clearance between connections greatly increases the ductility
of the connection.

5. With a higher grade of concrete, the maximum shear capacity of the connection
increases, but it also becomes more brittle and reduces the maximum slip capacity.

Several equations for bolted shear connectors, proposed by different researchers using
Eurocode EC4 [43] and AISC code [35]. One of the equation proposed by Chen et al [18].
based on both experimental and numerical results is shown as below:

Qu =0.23d"" £229(0.0007 f; +0.53) 2.9)

The equation proposed by the author can be written as equation 2.10, the accuracy of
the results are verified by FEM models.

Qu.rp = 0.6345 A, f, (2.10)

2.6.2. BOLTED SHEAR CONNECTORS VS HEADED STUDS BEHAVIOUR

Dallam [22] observed that high friction grip bolts can exhibit up to double the shear re-
sistance compared to traditional headed studs of the same dimensions.

Similarly, Hawkins [38] conducted experiments finding that bolted shear connectors
without embedded nuts achieve approximately 80% of the shear resistance at only 15%
of the shear stiffness compared to welded headed studs.

M. Pavlovi¢ et al [62] utilized M16 grade 8.8 steel bolts to investigate the use of bolted
shear connectors in prefabricated concrete slabs. Their goal was to understand the dis-
tinctions between these two connection types, including failure modes, to establish de-
sign recommendations.

Laboratory tests show that regardless of the various parameters of the tested specimens,
the size and pattern of concrete failure remained consistent, with no concrete cone push-
out failure or global failure observed.

The numerical results showed that the shear resistance of both connections is approx-
imately the same, but bolted shear connectors have less stiffness at serviceability load
than the headed studs. They also exhibit smaller initial stiffness and earlier non-linearity
compared to the latter.

Figure 2.17 shows the FEM model of bolted shear connector configuration, they de-
scribed thoroughly the damage model used for both steel and concrete materials. *

4Figure 2.17 in this chapter have been published in Journal of Constructional Steel Research, volume 88, title
Bolted shear connectors vs. headed studs behaviour in push-out tests [62].
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&) Complete push-out model. b) Detail-simplified model. ©) Bolt and nut.

Figure 2.17: FEM model geometry and boundary conditions for bolted connector by M.Pavlovi¢ et al[62]

However, full bearing can be achieved after gap closing of the tolerance of the bolt hole,
resulting in increased stiffness at the ultimate loading condition. It is observed to have
95% shear resistance of the welded headed studs.
Furthermore, the ultimate slip of the bolted shear connectors is less than 6mm, classi-
fied as a brittle connection according to EC4 [43].

It is noteworthy that a local confinement effect can be observed in the vicinity of the
shear connector, induced by the pry-out effect from the concrete. This is explained by
the concrete being subjected to a triaxial stress state, resulting in stress levels that exceed
the strength of the concrete itself, as noted by Malecot et al [54].

2.6.3. DEMOUNTABLE SHEAR CONNECTORS UNDER MONOTONIC/REPETITIVE
LOADING

Experiments conducted by W. Wang et al [74] explored the difference between mono-
tonic loading and cyclic loading in the context of demountable shear bolt connections.
The study included various bolt grades with different loads, involving a total of 21 spec-
imens. The experimental setup connected two concrete slabs to a central steel beam
using demountable shear bolt connections.

The results from these 21 specimens demonstrated that bolt fracture through shearing
can be observed at the interface between the concrete and the steel beam. Additionally,
as noted by Abdolreza Ataei et al. [8], an increase in the diameter of the bolt leads to
greater pressure within the bolt hole, which in turn increases the occurrence of concrete
spalling.

Y.J. Zhang et al. [79] also conducted a similar experimental study on the behaviour of de-
mountable shear connectors. They found that high-strength friction grip bolt (HSFGB)
connections have better shear properties than traditional welded headed studs.

Their conclusions include:

1. The diameter of the bolt does not affects the concrete damage area next to the bolt
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hole.

2. The pretension load can increase the load at initial slip as well as the shear stiff-
ness, but it has little effect in increasing shear capacity.

3. Increasing the diameter of the bolt results in higher shear strength, greater stiff-
ness, increased ultimate slip under monotonic loads, and enhanced shear capac-
ity under cyclic loads.

4. Ductility also increases with increasing bolt diameter.

Existing experiments and parametric studies highlight the increasing popularity of de-
mountable shear connectors as a prominent research focus due to their potential for
disassembly and sustainable advantages. Drawing insights from these research method-
ologies, objectives, and findings, this thesis will also concentrate on investigating the
performance of modularised floor system.
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2.7. RESEARCHES AND APPLICATION DONE IN CONCRETE HALF-
JOINT CONNECTION

The proposed concrete to concrete joint has a similar design as the half joint connection
in concrete structural design. Therefore, literature study on this topic is also included.

Half joint concrete (can also be called dapped-end concrete) elements were widely used
because they can be prefabricated and are relatively simple to apply. Many researchers
are now focusing on the design phase of the half-joint connection, particularly on the
cracks development [12][75] and strengthening techniques of the joints [29][67].

As mentioned by Gary Klein et al. [36], "field performance of dapped ends suggests
a need for improved dapped-end reinforcing details, which are not yet standardized
within the precast concrete industry". Thus, they provided a design code for dapped-
ends of pre-stressed concrete, aiming to identify the most effective reinforcement schemes
and develop design guidelines for dapped ends.

2.7.1. BRIDGES WITH GERBER BEAMS

Concrete half joints can also be called as dapped-end or Gerber joints, which is taking
the name of its inventor: Heinrich Gottfried Gerber [39].

Although the geometry of half joints can vary, according to Desnerck et al [27], the height
reduction of it is recommended as 50% or higher, and the length-to-height ratio of the
nib is recommended to be equal or higher to 1. The geometry of a half joint can be seen
in Figure 2.18.

re-entrant corner

Figure 2.18: Geometry of concrete half joint

The application of Gerber beams is advantageous when the joints are located at the zero
bending moment location, allowing minimum bending moment at the joints, resulting
in beneficial static performance, since the Gerber beam can act like simply supported
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beam in a continuous slab system, and reduce the potential damage done to the joint.
However, one disadvantage is the lack of universal rules or standard codes defining the
reinforcement layout of concrete half joints.

The Concorde overpass, see Figure 2.19, built in 1968 and collapsed in 2006, is one of the
examples that highlighting inadequate construction codes of the time. The fundamental
reasons of failure were identified as

1. Absence of shear reinforcement [20] and

2. Inadequately calculated loading conditions (neglecting load contributions from con-
centrated moment and shear from skew supports) [55]

West Expansion joint Expansion joint East

| 44-2 13 ‘ 90’ 13 5] 39-2" |

0.4% slope —>

¢ Autoroute 19

I

West abutment Central span «—— East abutment

Figure 2.19: Elevation view of Concorde overpass [55]

Modern codes emphasize that for Gerber beams, minimum shear reinforcements are
always required, with precise guidelines on anchorage design. For skew bridges, more
limitations regarding load distribution and detailing are required.

Another example of Gerber beam is the Annone Overpass, built in 1962 and collapsed in
2016, during it’s life time, it went though multiple times of repairing work. The failure
was due to degradation of the materials and reduced strength of the joint [28]. However,
lack of attention to controlling the bearing capacity of the overpass also played a signif-
icant role in the collapse, especially as traffic loads had increased dramatically in recent
decades.

From the late 1960s, increasing number of researchers have focused on half joints, Re-
becca Asso notes, that "Strut and tie model is an important method to design and as-
sess regions where the Euler-Bernoulli hypothesis in Timoshenko beam theory is not
fulfilled" [4]. This method also allows for use in discontinuity of half joint geometry.

In 1976, Mattock concluded that [3], following stress flow, the possible crack location
can be identified, and the required amount of steel reinforcement determined based on
moment equilibrium in the crack cross section. In 1983, Liem [68] introduced diago-
nal reinforcement to avoid large cracks at reentrant corners. In 1984, the strut and tie
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method in concrete half-joint design was introduced by Canadian codes.

Tests conducted by Moreno-Martinez and Meli [56] in 2014 showed the diagonal rein-
forcement can reduced crack formation at the reentrant corners. Desnerck et al. [27]
found out that nib reinforcement can affect crack patterns.

2.7.2. RESEARCH ON HALF-JOINT ASSESSMENT OF CONCRETE BRIDGES

Numerical analyses conducted by Rebecca Asso [4] validated that various reinforcement
layout are possible, all of which can be applied to the proposed models. Prestressing re-
inforcement can also increase the ultimate resistance of the dapped-end joint.
Validation was achieved by comparing the load/displacement curves and load/crack
width curve results from ATENA FEM software with tests conducted by Desnerck et al.
According to the Rebecca Asso, the numerical analyses align well with Desnerck et al.
laboratory test. The ATENA 2D post-processing could highlight assumptions made in
the analytical analyses, such as crack location, failure mode, and stirrups’ contribution
in the model trusses.

The author also suggests that future studies are needed in multiple aspects, such as con-
crete protection, re-bar corrosion protection, external prestressing of re-bar elements,
and the influence of joint geometry.

Research in the filed of concrete half joints is ongoing. However, as mentioned in the
Introduction chapter in section 1.3, these studies focus on concrete decks that are much
larger than those in the floor system studied in this thesis. Therefore, only a very sim-
plified solution for the reinforcement layout can be provided in this thesis, offering a
preliminary estimation for such demountable connection designs.

Further investigations on the proper reinforcements design of the concrete half-joint in
floor system are needed. However, this topic can become quite complex and detailed,
which is beyond the scope of a master’s thesis. Therefore, detailed calculations will not
be conducted here.

2.7.3. POSSIBLE REINFORCEMENT LAYOUT FOR LARGER SCALE CONCRETE
DECKS

"A reinforced concrete half-joint beam has a complex geometry that includes both a lo-

cally disturbed nib region and a full depth section. While this configuration simplifies

the design and construction procedures, half joint structures rely on the internal steel

reinforcement to transfer force from the nib into the bulk of the beam." — Desnerck et al
[27].

Four different reinforcement layouts, tested by the group, are shown in Figure 2.20, to
identify the impact of specific reinforcing bars.
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Reference (NS-REF) 3 No U-bar (Ns-NU) X

N

(a) (b)

No Diagnonal (NS-ND) y Reduced Stirrups (NS-RS) s

; 5

N\

(©) (d

Figure 2.20: Reinforcement layouts for the different test scenarios by Desnerck et al[27]

Results indicate that the cracking at the reentrant corner of dapped-end concretes usu-
ally appears at 20-33% of the load capacity with an angle of approximately 40-45 degrees
relative to the longitudinal direction.

Lack of reinforcement at the dapped-end joint results in a reduction of load capacity and
influences the failure modes of the beam.

Proposed by Gary Klein et al. [36], Figure 2.21 shows the reinforcement layout in a
dapped-end concrete beam with critical elements in the load path (numbers 1 through
8) and potential crack locations (letters A through C).

Figure 2.21: Reinforcement layout in dapped-end concrete beam [36]

This paper, developed from extensive three-dimensional non-linear finite element anal-
ysis and full-sized specimen tests, provides reinforcement design calculations for each
potential crack locations, including serviceability and constructibility recommendations.
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Other different reinforcement layouts for dapped-end concrete beams have been ex-

plored. Chen et al. [19] tested four different layouts with the same beam geometry

but different reinforcement ratios. So [46] investigated different reinforcement details

for thin-stemmed PC members using the strut-and-tie model. Nagy-Gyorgy et al. [57]

investigated the effectiveness of strengthening dapped-end reinforced concrete beams
using externally bonded carbon fiber reinforced polymers (CFRPs).

External prestressing strengthening techniques for dapped-end reinforced concrete beams
were investigated by A. Atta and M. Taman [9]. Results showed that the proposed exter-
nal vertical prestressing technique is very promising, with an increase of up to 82% in the
load capacity of the concrete beam compared to the control specimen. However, a new
failure mode was observed with the use of external horizontal strengthening techniques,
leading to compression failure.

Figure 2.22 shows the strengthening techniques proposed by A. Atta and M. Taman.
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Figure 2.22: Configuration of different strengthening techniques [9]

Concluded by A. Atta and M. Taman, the best technique for strengthening concrete beam
with dapped-end joint, considering both the ultimate load capacity and ductility, is us-
ing two external prestressing layers: one at the dapped end and the other at the un-
dapped end with two upper separate rigid plates.



PRELIMINARY STUDY

Before going deep into details, a simplified comparison is made between conventional
deck and demountable connection deck.

This chapter shows in a more global perspective of the difference between two systems. It
helps to better understand why and how to create such demountable system.

Most of the floor system nowadays are conventional continuous concrete decks, meaning
that they cannot be demounted and reused after the first cycle of life. This significantly in-
creases the CO2 emission during extraction and manufacturing process for new material,
also increases the amount of waste material during structure demolish process. It is very
harmful for the environment, and it is not sustainable development.

Therefore, alternative floor system needs to be introduced. With demount possibility, the
larger part of the concrete deck can be taken out by unhinging from the span after the ser-
vice life of the structure, it can be reused in other construction after performing strength
check.

With this method, less raw materials need to be extracted, less concretes need to be pro-
duced, hence sustainable development can be achieved.

In this chapter, you will see several comparisons of these two types of floor system.

36
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3.1. INITIAL PERIMETER AND METHOD USED
3.1.1. INITIAL DATA

The concrete deck is designed for office usage. The concrete class of this deck is taken
as C20/25, thickness used is 200mm, the simplified model is built in FEM software -
AxisVM, having 2 spans, 5.4m each, which makes a total of 10.8m in length. The width of
the span is 8.1m.

10.800 f0a20
5400 =hoo 0650 4100 1300 4100 0650

8100
8100

Figure 3.1: Conventional deck Figure 3.2: Demountable connection deck

The boundary condition for this model is no translation allowed in z direction for 4
edges, nodal supports at half-length of 4 edges are used to restrain model moving in
horizontal plan.

Self-weight and live load are applied to the model.

Demountable connection deck consists of 2 parts, 4.1m demountable part and 1.3m
composite floor part sitting on top of the steel column. They are connected by bolts
spreading along the width, with the spacing of 500mm. 5mm gap between 2 parts is
taken as construction tolerance.

3.1.2. METHOD

By setting up 2 different models, several things can be compared, of which the deflection
of the system is the most important. Then surface internal force mx and my, sensitivity of
the spacing of the bolt will also be analysed. At last, reinforcement pattern and amount
can be calculated according to the results from two models.

In this way, without checking into the details, a global view can be formed to see the
characteristics of the demountable floor system.
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3.2. MODEL SET UP AND RESULT
3.2.1. BEFORE RUNNING

Self-weight of the concrete is 2500kg/m3. Live load of 2.5kN/m2 is applied as office live
load according to Eurocode.

To check if the model contains singularity, uniform mesh size of 0.1m is used to get a
more accurate result.

Simply supported deck is built for both models before going into continuous deck, to see
if the deflection and moment obtained are reasonable.

Figure 3.3: Deflection of conventional deck — simply supported

Deflection of this simply supported deck is 2.295mm, for continuous deck the deflection
should be smaller.

3.2.2. AFTER RUNNING - RESULT

Conventional deck:

2

Figure 3.4: Deflectioninz  Figure 3.5: Flexural moment mx: Figure 3.6: Flexural moment my:
direction around y axis around x axis

Maximum deflection for this model is 1.362mm, which is smaller than simply supported
deck 2.295mm, reasonable.
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Demountable connection deck:

Bolt spacing of 500mm is used for this model, simulated as link element with 5mm gap
between 2 parts. Link element fixed translation in xyz direction, of which the stiffness is
used as default rigid connection given in the software 1E+7kN/m.

-
Figure 3.7: Deflectioninz  Figure 3.8: Flexural moment mx: Figure 3.9: Flexural moment my:

direction around y axis around x axis

Maximum deflection for this model is 2.780mm.

Summary of the obtained data:

Comparison of obtained results for 2 models.

Displacement Flexural moment Torsional moment Reinforcement design moment
eZ [mm] mx [kNm/m] | my [kNm/m] mxy [kNm/m] mxD [kNm/m] myD [kNm/m]
24175 4.813 7.086 24175 6.587
Conventional slab 1.362
-12.679 -5.733 -7.086 -12.716 -5.122
Demountable 5 780 13153 8.909 28 360 30 565 26497
cannection slab ’ 12127 18 352 -28 360 27 084 -32 665

Table 3.1: Comparison of obtained results for 2 models.

Explanation of obtained result:

Moments can be found at corners even though the boundary conditions do not restrain
edges from rotation because of the torsion of the deck.

Figure 3.10: Corner moment mx — demountable connection deck

The reason could be: when uniformly distributed load is applied on the deck, the deck is
trying to bend in both directions in the plane, but the deformation at the corner is fixed
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by the adjacent constrains at edges. Hence torsional moment is induced by uniformly
distributed load.

Therefore, the corner moment obtained in mx and my are logical and should be taken
into account in reinforcement calculation.

The possibility of singularity is also checked by reducing mesh size, result shown mo-
ment at the corner doesn’t go into infinity, which is opposite as the definition of singu-
larity: smaller mesh size causing steeper slope of stress which eventually go into infinity.

Point support at nodes instead of line support is also tried in the model, to see if the
moment at corner changes and because in software how line support works is like many
points supports line up together so unsurprisingly the result shows it does not change
much.

3.2.3. REINFORCEMENT CALCULATION

Reduced reinforcement design method is used by averaging moment to have a more
economical layout. (By securing reinforcement area).

For both decks, concrete cover is 20mm and the reinforcement steel bar used is diameter
pi=8mm, spacings are different of course, calculation shown in annex B.

Conventional deck:
Conventional Slab Reinforcement Plan
Top Reinforcement Bottom Reinforcement
Eﬂ_‘ (r
1 ‘ I
c ‘ C
z 2
g §
T i &
@’ <
Section C-C
t T schedule for slab
I I I B Diameter [Length of one [Total length for
ar mark [Number of bars
[mm] bar [m] each bar [m]
1 27 8 10.76 290.52
2 77 B 8.06 620.62
3 28] 8 2.52 70.53
4 27 8 4.40 118.80|
Jiang Luxi 5614228 > = : gf gk
Reinfocement plan M=1:50 0‘3: ‘13”9[‘:95"‘: 1433%
mass of 1m mj .4
Case Study 2022.10.18 Total mass (k]| 566,14

Figure 3.11: Reinforcement plan - Conventional deck
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Demountable connection:

Demountable Slab Reinforcement Plan

Top Reinforcement Bottom Reinforcement
<. o,
1 ¥
Cc Cc
b k1
E H
i i-
<’ o
e T T :.[ Reinforcement schedule for denountable slab
Barmark |Number of bars Diameter [Length of one |Total length for
[mm] bar [m] each bar [m]
1 33 8 10.76] 355.15]
2| 48 8 8.06 386.88
3| 5| 8 8.06) 40.30
4| 80) 8 1.91 163.12.
5 54| 8 2.29| 123.55)
- - 6| 40 8 3.39 135.60:
Jiang Luxi 5614228 7| 12| 8 8.06 96.72
Reinfocement plan M=1:50 Total length [m] 251552
mass of Tm [kg/m| 0.40.
Case Study 2022.10.18 total mass [kg] 510.07]

Figure 3.12: Reinforcement plan — Demountable connection deck

As shown in the Figure 3.11 and 3.12, the total mass of the reinforcement steel bar for
conventional deck is 56kg more than demountable deck, which was not in expectation,
therefore I double checked the moment diagram, and concluded as below:

For both decks my diagram are similar, because along y direction the boundary condi-
tions are the same, there is no cut neither hinge connection. But for mx, although the
moment in the middle of the decks is similar, but since there is discontinuity in x direc-
tion, therefore along the internal support, the conventional deck is almost double of the
demountable deck. The reasons can be:

1. Demountable deck has less stiffness than conventional deck, therefore the moment is
less.

2. The width of the deck (lever arm) for demountable deck is smaller which also pro-
duced less moment.

Since demountable deck has less moment, the reinforcement amount needed is less as
well, especially for bottom reinforcement. But the shape of the reinforcement is more
complicated than conventional deck.
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3.2.4. SENSITIVITY ANALYSIS

THICKNESS TO DEFLECTION:

With all other data staying the same, bolt spacing of 500mm with default stiffness, the
thickness of the deck is modified to see how deflection changes when increasing or de-
creasing the thickness.

Wodifying the thickness of the slab:
Demountable connection Conventional
Thickness [mm)] Deflection [mm] Thickness [mm)]| Deflection [mm]
170 3.9 170 1.986
180 3.461 180 1.738
190 3.081 190 1.533
200 2763 200 1.362
210 2494 210 1218
220 2.265 220 1.096
230 2.069 230 0.991
240 1.899 240 0.901
250 1.752 250 0.822
260 1.623 260 0.754

Table 3.2: Thickness vs. Deflection.

Deflection influenced by slab thickness

a5
4 3921 —— Demountable cannection
. 3461 Conventional
35
3.081 «oospee Linear (Demountgble connection)
E 3 = T N oo Tinear [Conventiopal]
= - AL 2265
c 25 — i .
'g 5 1.986 e, e
@ 73 R
= 1533 R e
@ 135 LTy,
o 13 T2% 096 =
1 53
0501 9822
05
0
170 180 150 200 210 220 230 240 250 260

Slab thickness [mm]

Figure 3.13: Deflection influenced by deck thickness

As the graph above shown, the deflection is reduced by thickening the deck, but the
changes are getting smaller as the slope gets flatter.

The demountable connection deck is influenced more by thickness compare to conven-
tional deck. by increasing thickness from 170mm to 260mm, the demountable connec-
tion deck deflection drops from 3.921mm to 1.623mm, a total of 2.298mm.

But for conventional deck it drops from 1.986mm to 0.754mm, with a total of 1.232, only
half of the demountable deck.

1623

0.754
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SPACING TO DEFLECTION:

Rigid element:
Rigid element and different diameter of the bolts are used to see how spacing and stiff-
ness influence deflection.

Theoretically speaking, if the bolts are infinitely rigid,

and the spacing of them are very small, the structure
Rigid will act like conventional deck with the same deflec-
: o tion. But in real life the bolts will never be infinitely
=pechg [mn;[]] e En;rgj stiff, not to mention the spacing, therefore the deflec-
100 1.396 tion also will never be the same as continuous con-
180 1.477 ventional deck.
270 1.546
324 1567 . o
205 1608 Shown in Tab 2.3, when bolts are set to rigid element
540 1.674 in AxisVM, meaning they are restrained in all 6 degree
675 1.735 of freedom, with the spacing of 50mm, the deflection
810 1.779 . s .
1350 1963 is 1.384mm, which is very close to conventional deck
1620 2047 of 1.362mm.
2025 2.163 Different spacings of the bolts are tested out, ranging
iggg égg; from 50mm up to 4050mm, which is not realistic, but
) for the sake of comparison, the summary is made on
Table 3.3: Spacing vs. Deflection - the table to the left.
Rigid.

Spacing of 25mm is also analysed, given result of
1.373mm, but the element size is too short which causes issue when meshing the do-
main, and 25mm is also not realistic, therefore the result is not included. Just to show
the two models are getting more and more similar with smaller spacing.

Hinged link element:
Bolt diameter of 10mm, 20mm, 40mm and unrealistic 100mm are used.

Hinged Gdeg/3deg of freedom

Spacing Diameter [mm)] [stiffness [kN/m] Diameter [mm)] [stiffness [kN/m] Diameter [mm] |stiffness [kN/m] Diameter [mm] [stifiness [kh/m]
{mm] 10 8.00E+04 20 3.00E+05 40 1.30E+06 100] §.25E+06

Deflection [mm)] Deflection [mm Deflection [mm)] Deflection [mm
50 1.385 2736 1.386 2.726 1.383 2722 1.383 2.720
100 1421 2.764 1435 2.748 1.430 274 1.396 2739
180 1.519 2.782 1.489 2758 1.480 2.749 1.478 2.746
270 1.607] 2.798 1.563 2.764 1.550 2.752 1.547 2.748
324 1.643 2.808 1.588 2.767 1.571 2.754 1.568 2750
405 1.695 2823 1632 2773 1613 2757 1.609 2752
540 1.787] 2.847 1.708 2782 1.681 2.761 1.675 2.756
675 1.872 2872 1.773 2791 1.744 2.766 1.736 2759
810 1.941 2.898 1.824 2.802 1.790 2772 1.781 2.764
1350 2.218 3.012 2.033 2.853 1.980 2.806 1.966 2.793
1620 2.346 3.083 2129 2.894 2.066 2.838 2.050 2823
2025 2.627 3.181 2.263 2.945 2187 2.875 2.167 2.857
2700 2.853 3.459 2515 3.154 2417 3.065 239 3.041
4050 3.520 3.939 3.057 3.492 2.921 3.362 2.586 3.328

Figure 3.14: Spacing vs. Deflection - link element.

Bolt stiffness is calculated as area of bolt times young’s modulus of bolt over thickness of
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the clamped material.

_Ab*Eb

kp
Ip

(3.1

Since in real life, even though there is only tension and shear in bolt, it will still surfer
from moment because of the decks it is connected are trying to bend. Therefore, fixed in
6 degrees of freedom and hinged in 3 degrees of freedom are both analysed.

When diameter of 100mm is used, the deflection is very similar as rigid element, since
the stiffness of the bolt is very close to default rigid element.

As diameter gets smaller, the deflection gets bigger.

Spacing [mm]
0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400 3600 3800 4000

275 —100

Deflection [mm]

10 hinge
T 20 hinge
- 40 hinge

100 hinge
Bolt spacing versus. Deflection

Figure 3.15: Deflection influenced by spacing

As Figure 3.15 shown, deflection of rigid element and 100mm bolt are very similar that
they are overlapping.

Diameter of 10mm bolt deflection increases the most with increasing the spacing. For
hinged bolt, the deflection stays almost the same until spacing around 810mm, the slopes
become steeper after that. However, for fixed bolt, the deflection increases almost lin-
early with increase of spacing.

MAXIMUM DEFLECTION:

As stated in Eurocode, the maximum deflection of concrete deck is L/250.
In this case, the spans of conventional deck and demountable connection deck are both
5.4m, calculated the maximum deflection is 21.6mm.

The analyses are all within the range of validity, but in real life case, wind load, acciden-
tal load, horizontal deformation and so on should also be taken into consideration. This
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factor may influence the maximum deflection of the deck.

The spacing and stiffness also influence the load in bolts such as tensile force and shear
force, the further the spacing, the bigger the load in bolt, therefore bolts should also be
checked for strength limit state.

Since this model is simplified and it is much more complicated to calculate how much
force and moment each bolt takes, the most favorable spacing and diameter cannot be
chosen by this model.

3.3. CONCLUSION

As shown in this chapter, one can find the difference between the two systems from a
broader perspective. Without delving into the specific intricacies of the connection it-
self, a conclusion can be drawn.

Although the deflection of the demountable deck system is double the deflection of the
conventional deck system, the dead load and required reinforcement amount is less
compare to the latter, this leads to a more economically efficient configuration. Further-
more, a noteworthy attribute of the demountable deck system is its potential for removal
and subsequent reuse after its initial life cycle. This aspect stands as the main focus of
this research investigation.




NUMERICAL MODELS

The previous chapter provides a global overview of the differences between demountable
and traditional concrete decks. Preliminary observations yield a more general under-
standing of the deck with demountable connection.

This understanding highlights the advantages of employing demountable floor system. To
further advance this objective, a comprehensive examination focused on the performance
of the connection between the composite beam and concrete deck is needed.

Consequently, the subsequent phase involves studying the behaviour of the connection
from every perspective.

Two types of analyses are conducted to examine the mechanical behaviour of such con-
nections: one is connection subjected to shear, providing confidence in modelling and the
other one is a connection subjected to bending, which presents the most critical aspect for
investigation.

This chapter summarises the input parameters for analytical models used in subsequent
chapters, such as dimensions, material properties, boundary conditions, interactions and
so forth.

46
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4.1. GEOMETRY
4.1.1. SHEAR MODEL

HE shear model is built as a small specimen in finite element model. This specimen
T consists of two L-shape concrete blocks (similar to half joint in concrete), connected
by a demountable shear connector (bolt) in the middle, which can be unscrewed and
demounted later. The dimensions of these concrete block are 350mm and 250mm for
the longer and shorter edges, and 250mm for both height and width. Figure 4.1 below
illustrates a more direct view of the specimen.

v 2 " 0 r Bolt: M20
1 350 A 25 Bolt hole: M20+2=22mm

ks |
R}

L 308 ) 298 % J—308—+—298—+
) 605 ) o 318—#5+—350 b
k- 605 v

Figure 4.1: top view (top) and cross section (bottom) of the shear model

4.1.2. BENDING MODEL

The bending model is built as a 500 mm wide strip taken from an entire concrete deck in
the finite element model. This section also consists of three L-shaped concrete blocks,
the joints of which are connected by demountable shear connectors at both ends.

The span and depth taken for this model is 3910 mm and 160 mm, respectively. Figure
4.2 below provides a more direct view of the specimen.

F 355 A7 ST 5t 2900 A7 St St 355 -+
{
125 N

250 8] 8]
125 I
Bolt: M20 .
Bolt hole: M20+2=22mm
L] . |
N ] N

\—shear connector H

k 350 k—150—# 2900 b—150—k 350 4

k 355 k 3200 ¥ 355 4

k 3910 4

Figure 4.2: top view (top) and cross section (bottom) of the shear and bearing model
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4.2, MATERIAL PROPERTIES

4.2.1. INTRODUCTION

s discussed in chapter two literature review under the section material properties
2.4, about the steel and concrete material properties, a more detailed parameters
are listed in this section.

Abaqus finite element modelling is utilized for the numerical analysis.

Abaqus/Explicit is a powerful tool for structural analysis, particularly in situations in-
volving dynamic events, impact, and transient loading. Its capabilities in handling non-
linear behaviour and contact interactions make it an essential tool in various industries,
from automotive and aerospace to civil engineering and biomechanics.

Steel materials are assumed to follow plastic non-linear behavior, including steel bolts,
washers (when used), and reinforcement bars, while fracture analysis with damage ma-
terial model such as concrete damage plasticity (CDP) non-linearity for concrete mate-
rial.

4.2.2. STEEL MATERIALS

In this thesis research, the density for steel materials is taken as 7.85E-09 ton/ mm3, ini-
tial modulus of elasticity is E which equals to 210000 MPa, and Poisson’s ratio is 0.3 taken
for steel bolt and other Isotropic steel parts such as washer and re-bars.

Stress-strain relationship
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Figure 4.3: Stress strain relationship for steel materials

Figure 4.3 above shows the stress-strain relationship for different steel materials used in
this research.
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The steel bolt is taken as grade 8.8, M20, with clearance of the bolt hole of 22mm, grade
8.8 denotes that the steel bolt has a yield strength of 640 MPa and an ultimate strength
of 800 MPa, and M20 represents the diameter of the bolt.

The washer, considered as a steel plate with grade S275, possesses a yield strength of 275
MPa and an ultimate strength of 430 MPa, in accordance with Eurocode 3 [34].

For the reinforcement bars, R500 steel material grade is employed, with a yield strength
of 400 MPa and an ultimate strength of 500 MPa at an equivalent strain of 0.1.

The stress strain relationship for steel materials consists of two ascending parts, the first
part is linearly increasing up to the yield strength of the material, after which it transi-
tions into a non-linear increase until failure of the steel.

Since the data required for Abaqus is true stress strain relationships, therefore in the
Figure 4.3 does not clearly show the ultimate strength point nor fracture point of the ma-
terial.

4.2.3. CONCRETE MATERIALS

Initially, concrete grade C20/25 was chosen because the strength requirement for office
building is not as strict as for industrial building. However, considering the potential for
demounting and reuse after the service life of the structure, an higher grade C40/50 of
concrete is chosen at the end.

Concrete is a heterogeneous material that consists of water, cement and aggregates,
which the determination of failure or plastic yielding is determined by pressure model,
as defined by Drucker—Prager yield criterion [30] theory.

Concrete density taken is 2.45E-09 ton/m3, the initial modulus of elasticity E is 35000
MPa, and the Poisson’s ratio is taken as 0.2.

In order to input the compressive and tensile stress strain behaviour of the concrete,
CDP model is employed for the analysis, requiring additional parameters:

1. Dilation angle y measured in the p—q plane at high confining pressure.
2. Flow potential eccentricity €
3. Biaxial/uniaxial ratio of compressive yield stress fyo/ fco

4. Ratio of the second stress invariant on the tensile meridian to the compressive
meridian K,

5. Viscosity parameter for relaxation time of the viscoplastic system p
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These parameters are determined based on empirical studies and Abaqus guidelines, as
shown below in table 4.1:

Parameter | Value Reference

v 40 Ranges from 36° to 40° by Kmiecik B, Kamiriski M.[45]

€ 0.1 Usually 0.1, but can go up to 1, by Labibzadeh, Mojtaba et al.[47] and Abaqus standards [69]
fvo! feo 1.16 Taken from Abaqus standards [69]

K. 0.667 | Ranges from 0.5 to 1, in Abaqus standards [69] the default value of 2/3 is taken

u 0 No viscoplastic regularization is performed

Table 4.1: CDP parameters adopted values and references

The behavior of concrete in compression in Abaqus/explicit CDP model is defined as the
relationship between compressive stress and inelastic strain, while behaviour in tension
is defined by the relationship between tensile stress and cracking strain. Both curves
should represent true stress-strain state, rather than engineering stress-strain state, al-
lowing Abaqus to compute the plastic strain internally. Difference models are explained
in chapter 2.4.

pl _ _in dc o
el =l - —— 4.1
¢ ¢ 1-dcE @D
d;, o
efl = e?k tt (4.2)

" 1-d, E

Equation 4.1 and 4.2 shows the relationship between plastic strain and inelastic/cracking
strain of concrete in terms of damage parameters d. and d; in compression and tension,
respectively. These will be explained later.

True stress-strain relationship can be derived from laboratory results if experiments are
conducted. In this case, with only numerical analysis performed, conversion from engi-
neering to true stress strain curve is necessary.

The inelastic strain and cracking strain are calculated as engineering strain minus the
elastic strain:

ei” =€.— e(i)g (4.3)

ek =¢,—eck (4.4)

Where the elastic strain is stress over modulus of elasticity: (Note that the modulus of
elasticity is the same for concrete in compression or in tension).

; (o
et = E—; 4.5)
ck _ 9c

€6 =g (4.6)
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Figure 4.4 and 4.5 shown below gives an expression on the definition of inelastic strain
and cracking strain in concrete compression hardening and tension stiffening model.
The plasticity model cannot define the descending part of the stress-strain curves, there-
fore, damage model is used instead. Damage material parameters are defined as the re-
duction of initial modulus of elasticity E, with the expression of (1 — d.) Ey, where the d_,
or in case of tension d;, is the artificial damage variable, as shown in figure above.

The damage variable is equal to zero within the strength of the material, it starts in-
creasing after the ultimate strength is reached, d. or d; goes up to 1, meaning the full
degradation of the material stiffness. In Abaqus, it is suggested that the damage variable
does not surpass 0.99, to avoid critical effect on the rate of convergence. The damage
evaluation can also be displacement or fracture energy controlled, in this way, the mesh
dependency due to strain concentration can be omitted [69], but due to the lack of ex-
perimental data, strain controlled damage evaluation is chosen.

The compressive and tensile damage parameters d. and d; can be obtained from mate-
rial tests where cyclic loading is applied, with the following equation':
E;

de=1-— 4.7
¢ Eo 4.7

Where E; is the stiffness of the concrete after each cycle of loading/unloading, and Ej is
the initial stiffness of the concrete as in the modulus of elasticity.

But in the absence of such data, for example in this thesis research, the following equa-
tion can be adapted:

o
de=1-—

(4.8)
Ocu

IMentioned by Dr. Ahmed Elkady in the lecture of ABAQUS Tutorial: Defining Concrete Damage Plasticity
Model + Failure and Element Deletion
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Where o; is the stress at each loading/unloading state and o, is ultimate compressive
stress. This equation works as the same for tensile damage parameter.

There are many different stress-strain relationships for concrete in compression and ten-
sion, mentioned in chapter 2.4, with contributions from different researchers. These
variations primarily arise from differences in methodology, experimental findings, em-
pirical formulations, or a mix of these factors.

Ahmed Elkady [31] has developed practical tools, shown in Figure 4.6 and Figure 4.7, that
enables the generation of stress-strain curves for both steel (left) [53] and concrete (right)
[66]1[15][16][37] by inputting essential material parameters, including yield strength, ul-
timate strength, and strain at ultimate strength, among others.

The goal is to combine these engineering stress-strain relationships with equations 4.1
to 4.8 to derive true stress-strain curves suitable for use in Abaqus. These tools are par-
ticularly beneficial for individuals without access to testing data, which is suitable in this
case that since only numerical analyses are performed.

c o . EN ABAQUS - CDP Generator -
ABAQUS - Steel Generator o e
Material Data Plots
Material Daia Plot
Compression Tension
Tnput Steel Grade (Testdara v [ Smess-Smain ]
[Testdata v | [ browse | ( )
—_— Testdata |_ browse |
E o fou MPz 1 |MPa
. [ felfen 06 12 |mm
oo ] E MPz Nimm
. 0 2 Io 10 |mm
& o * If the valus of any paramsier is unknown.
o a set it equal to sevo and it will be estimated.
* The expressions used to generats ihe
nonlinear modelz are only valid fov novmal
sirength concrete, feu < 100MPa
& Ay material with sovain softening weill
axperience mesh dependancy. Maks sure
thas your modsl mech size is calibrazsd
against fest data v
Generate plastic data -
Generate material data

@ Ahmed Elkady, University of Southampton %2311 (beta) | abont

© Ahmed Elady, Universiy of Southampton V2308 (bets) | abant

Figure 4.6: Abaqus steel generator Figure 4.7: Abaqus concrete CDP generator
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Stress strain curves for concrete in compression and tension:

The stress-strain curves in this research for both concrete in compression and tension
are shown below in Figure 4.8 and Figure 4.10, respectively, accompanying by the dam-
age parameters models in Figure 4.9 and Figure 4.11 as well.

Concrete compression stress strain curve
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Figure 4.8: Concrete compression stress strain curve
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Figure 4.9: Concrete compression damage

The behavior of concrete in compression in Abaqus is defined as a function of compres-
sive stress and inelastic strain. According to Eurocode 2, the stress-strain relationship
for concrete in compression is divided into three segments, with two ascending and one
descending parts.

Initially, it grows linearly up to 0.4 f¢;,, with an initial modulus of elasticity. This region is
referred to as the elastic deformation zone.

Subsequently, it increases non-linearly until reaching the compressive strength f,,, at
the strain of €.1, where the f,, is the mean compressive strength at 28 days, according
to table 3.1 in Eurocode 2 [71]. Compression plasticity curve also starts at this point, for
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the input in Abaqus.

After this point, it follows a sinusoidal decrease in stress until it reaches a strain of 0.01.
In the end, the curve is extended linearly to strain of 0.1, it is so called residual branch,
large value strain of 0.1 is chosen so that it is not to be achieved in the analyses [62].

Concrete tensile stress strain curve
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Figure 4.10: Concrete tension stress strain curve
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Figure 4.11: Concrete tension damage

The behavior of concrete in tension in Abaqus is defined as a function of tensile stress
and cracking strain.

The stress increases linearly until the mean value of axial tensile strength of concrete
fetm, given in table 3.1 in Eurocode 2 [71].

After that point, tension softening appears due to cracking, the stress descends in sinu-
soidal manner according to Carreira and Chu [14] until strain of 0.01. At last, the curve is
extended linearly to reach the strain of 0.1 instead of zero, for the purpose of numerical
stability.
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4.3. BOUNDARY CONDITION AND LOADING

OUNDARY conditions in structures refers to the the restrain or limitations on edges
B or surfaces that affects how it responds to loads or external forces.

It is crucial to apply correct boundary conditions in numerical analyses to accurately
simulate structure’s behaviour.

Before adding boundary condition, two reference points RP are made for the left and
right faces in y-z plane, in the center of the faces, coupling constraints are then added to
the RP and the corresponding faces, with all six degrees of freedom constrained. This ap-
proach avoids stress concentration effects that could arise from directly applying bound-
ary conditions to the faces.

The boundary conditions are applied to the reference points in a displacement-controlled
manner, increasing the stability of the analysis, by avoiding possible convergence issue.

For shear model in Figure 4.12, the boundary conditions on the two RP are fixed, ul, u2
and u3 are restrained in the initial step. For step-1, load is added through displacement
control by pulling both concrete blocks horizontally 3mm in opposite directions. This
means that for the RP on the left face, the boundary condition for step-1 is ul=-3mm,
u2=u3=0, and for the RP in the right face, the boundary condition is ul=3mm, u2=u3=0.
There is also boundary condition of u3=0 added to the four edges along x-axis length to
avoid deformation along -axis, maintaining rather pure shear in the connection.

BC3: u3=0

BC1:
ul=-3mm,
uZ=u3=0

BC2
ul=3mm,
u2=u3=0

Figure 4.12: Boundary condition of shear model

For the bending models, RP are are similarly defined on both faces and restrained in all
six degrees of freedom, making the section act as a continuous beam. As these models
represent a strip taken from a concrete deck, y-symmetric boundary conditions are also
applied to both faces in x-z plane, which is u2=ur1=ur3=0, along the span of the concrete.
In order to reduce computational time, the total span is cut in half, to obtain the same
result, x-symmetric boundary condition is added to the middle of the span, which is
ul=ur2=ur3=0.

There is an additional RP added on the middle of the top surface of the loading plate,
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coupling restrained in all 6 degrees of freedom as well.
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Figure 4.13: Boundary condition of bending model-top view
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Figure 4.14: Boundary condition of bending model-front view

The loading plate here is defined as an infinitely stiff steel plate with dimension of 200mm*250mm*5(
for length, width and height, respectively.

It provides a smoother loading surface for the applied displacement.

Bending is added through the loading plate, after the coupling constraint of the third

RP and the top surface of the loading plate, a negative 10mm displacement is applied to

step-1 in the u3 direction.

e — |

Figure 4.15: Three point bending for bending model

For step-1, dynamic, explicit model is selected with a time period equals to 1. Mass scal-
ing is enabled with a scale of 10 to reduce computational time.

For Abaqus/explicit model, an amplitude tabular for loading is required, and a smooth
step type of amplitude is chosen for both model, with value of 00, 1 1.

Computation time is related to the minimum stable time increment that requires Abaqus
to perform the analysis, larger the time increment, smaller the computational time.
There are multiple ways of increasing minimum stable time increment for running the
analysis. Including, but not limited to increase loading rate or density, mass or time scal-
ing, avoiding small local meshes. Among these, mass scaling is used here.

Equation 4.9 shows the relationship between minimum stable time increment with each
parameters:
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A= Le\/g (4.9)

L° = VVolume 4.10)

Where A; is the minimum stable time increment, L¢ is the characteristic length of ele-
ment, also called the mesh size, p is the density of the element, and E is the modulus of
elasticity.

Looking at the equation 4.9, the most efficient way to increase minimum stable time in-
crement is to increase the characteristic length of the element, but in most of the cases it
cannot be achieved, since fine mesh is required for the area where it is point of interest.
And the value of L° is taken as the minimum element size in the model. The so called
density scaling is to increase p - density of the element, this also increase the minimum
stable time increment, but since it is under the square root, the effect is less noticeable
than changing the element size.

Mass scaling works similar to density scaling, but smarter. With mass scaling function,
the whole model or even a particular set can be scaled by a given factor or a given target
time increment manually.

It is important to know that using mass scaling function might affect the simulation re-
sult and the result is need to be checked. It is important to choose a mass scaling factor
that reduce efficiently the computational time without too much sacrificing of the accu-
racy of the result.
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Figure 4.16: Inertia energy vs. Kinetic energy - whole model

To maintain the accuracy of the results by using mass scaling, it is advised that the ki-
netic energy stays smaller than 5% of inertia energy. Figure 4.16 shows the comparison
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of inertia energy and kinetic energy for bending models.

The chosen mass scaling factor of 10 is being tested against the analysis ran without any
mass scaling, and after comparing the results from both model, it can be concluded that
the difference between the two models is acceptable.

4.4, MESH AND INTERACTION
4.4.1. MIESHING

According to Abaqus recommendation [69], hexahedral C3D8R element type with linear
integration is the most appropriate for Abaqus/explicit analyses.

C3D8R s an 3 dimensional continuum (solid) element type that consists of 8 nodes, with
reduced integration. However, in order to capture more accurate results, small element
sizes are required for this element type.

For Abaqus models, a global element size of 20mm is applied generally, but it can be dif-
fer in different areas. For example, at or near the critical area, the mesh size is smaller.
Several partitions are made to get better control over the element size.

A gradually reduced element length from 10mm to 8mm is applied to the L joint part
of concrete where hole exists, because extra attention needs to be paid at the change of
geometry. Figure 4.17 and Figure 4.18 shows the mesh density for the whole bending
models in front and top views.

Denser mesh elements can be seen near the critical region, such as around bolt hole or
concrete half joint, while for the rest region, global seeding of 20mm is assigned.

Figure 4.17: Element size for bending model - front

Figure 4.18: Element size for bending model - top

Sweep technique with medial axis and minimized mesh transition is used around the
hole, see in Figure 4.19, with element size smaller for inner circles and gradually in-
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creased from 3mm to 6mm towards outer circles.
The element size of the steel bolt is applied as 8mm for both bolt shank and bolt nut, see
in Figure 4.20.

h

=

Figure 4.19: Element size near
the hole in concrete

Figure 4.20: Element size of bolt shank and bolt head

Rebar reinforcements are modeled as wired truss elements, with cross sectional areas
assigned depends on the diameter of the re-bars. The mesh element size assigned for re-
bars are 50mm. Since it is modeled as a wire, no 3D model can be seen for mesh element
for reinforcements.

4.4.2. CONTACT INTERACTION

Contact interaction in Abaqus defines the behavior of different surfaces or bodies when
in contact, separate or interact with each other. There are several types of contact, the
contact type used in these shear models and shear and bending models is the recom-
mended general contact (explicit) from the Abaqus manual.

General contact allows contact between many or all regions of the model with a single
interaction. Surface pairs with different attributes can also be manually selected to as-
sign with different interaction properties.

For this research, tangential behaviour of penalty frictional formulation and normal be-
haviour of hard contact is defined to simulate the contact between each surfaces. "Hard
contact relationship minimizes the penetration of the slave surface into the master sur-
face at the constraint locations and does not allow the transfer of tensile stress across the
interface."”. The definition of friction is the force that resists the sliding or rolling of one
solid object over another, as expressed in equation 4.11:

Fp=uN (4.11)

Where Fris friction, p is friction coefficient and N is normal force.

2Part of this paragraph is cited from Abaqus Analysis User’s Manual, under section 30 Contact Property Mod-
els[69].
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Three interaction properties with different friction coefficients are defined in the models.
For pairs between concrete and concrete, between steel bolt nut/shank and concrete,
and between steel bolt nut and steel washer. Cohesion properties are fairly difficult to
define and it is not the point of interest in this thesis, therefore, cohesion related param-
eters are not included. The contact interaction properties can be seen in table 4.2:

Contact pairs Tangential behaviour | Normal behaviour | Reference
Concrete to concrete Penalty: £ =0.6 Hard contact ACI 318. 11.7.4.3[1]
Steel bolt head/shank to concrete | Penalty: = 0.3 Hard contact Empirical data
Steel bolt head and washer Penalty: p=0.2 Hard contact MIL-HDBK-60[32]

Table 4.2: Contact interaction properties

Since the analyses conducted in this research is mainly focusing on the failure mecha-
nisms of the connection, therefore the modeled is assumed as a perfect structure without
any imperfection, such as the unevenness of the concrete surface and so on.

4.4.3. REINFORCEMENT EMBEDMENT

The "embedment region" constraint technique in Abaqus allows an element or a set of
elements is embedded in "host element". According to Abaqus Manuel, this technique
can be used to model rebar reinforcement.

By defining embedment constraint, the translational degrees of freedom are constrained
to the host element, while rotational degrees of freedom are not constrained by the em-
bedment.

For the reinforcement used in both shear and bending models here, embedment con-
straints are set for re-bars with concrete being the host elements.

4.5, REINFORCEMENT

4.5.1. REINFORCEMENT CALCULATION

Hand calculations according to Eurocode 2 [71] can determine the required amount of
reinforcement for a conventional concrete deck. Additional reinforcement at the nib
section should be tailor-made for demountable "concrete to concrete" connection.

With applied three point bending, the maximum hogging/sagging bending moment can
be calculated as following:

L
Myog =F* ¢ (4.12)

Where My, is the hogging bending moment of the concrete strip, F is the point load in
the middle of the span and L is the length of the span.
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Weather or not compression reinforcement is needed can be calculated by the K factor,
when Kis lesser than 0.155, then compression reinforcements are not required:

|Mhog|
=— 4.13
b+ for 19
d=h,—cover— % (4.14)

Where b is the width of the concrete strip, A, is the height of the concrete and d is the
effective depth of the concrete. Cover means the concrete cover for the reinforcement,
in this analysis, the concrete cover is taken as 20mm.

At the end, the required area of reinforcement can be calculated by:

|Mhog|
A = 4.15
0= T f s (4.15)

Where Aj; req is the required area of reinforcement, fx is the characteristic yield strength
of the steel bars and z if the lever arm of the internal forces in a reinforced concrete which
can be calculated as z = 0.95*d.

Based on the required area and diameter of the reinforcements, the spacing and num-
bers of re-bars can be determined.

For the calculated reinforcement, deflection check also need to be performed by calcu-
lating allowable modified ratio, this ratio shall be larger than the ratio of %.

For one way slab, reinforcements spanning in both longitudinal and transversal direc-
tion is not required, however, the distributional steel, or with another name which is
temperature steel, is still required in transversal direction.
The minimum required area of this distributional steel reinforcement can be calculated
as:

Agmin =0.0013 % b * h (4.16)

The spacing and numbers of required re-bars can be determined with the same method
as earlier.
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4.5.2. REINFORCEMENT LAYOUT

Figure 4.21 shows the reinforcement added to the demountable connection bending
models in longitudinal direction. The diameter and spacing of the re-bars are shown
in the figure.

Hogging moment rebar
p=12mm,/150mm
[ ﬁ ¥

z

Nib section rebar
©=16mm/140mm | I distributional rebar
p=10mm/250mm

p——

L=

= Sagging moment rebar
p=12mm/150mm

Figure 4.21: Reinforcement for bending model - front

In the hogging and sagging bending moment zones of the concrete decks, longitudinal
reinforcement bars are strategically placed. These bars have a diameter of 12mm and are
spaced 150mm apart from each other.

Nib section (L joint of concrete) is reinforced to mitigate potential damage caused by di-
rect shear cracks and reentrant corner cracks. The diameter of the four reinforcement
bars at this location is 16mm with spacing of 140mm, 150mm and 140mm between each
bars, accounts for the presence of the concrete bolt hole in the middle of the section.

Above the longitudinal bottom reinforcement, transversal distributional bars are placed.
These bars have a diameter of 10mm and are spaced 250mm apart, extending along the
entire span of the concrete.

Stirrups are placed to hole the reinforcement bars in position, the diameter for bigger
stirrups at the constant thickness of concrete are 8mm and the diameter for smaller stir-
rups at the half joints are 6mm.

Figure 4.22 shows a three dimensional layout of the reinforcement bars for the concrete
strip modeled in bending.
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Figure 4.22: Reinforcement for bending model - 3D

This reinforcement plan is tailor-made specifically for the concrete with demountable
connection which can be newly crafted from scratch.
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For existing concrete decks that are to be reused after their initial cycle of life, should
be cut into half joint to have a demountable connection. This implies that only rein-
forcement bars in hogging and sagging bending moment location exist, leaving the half
joint vulnerable under loading conditions. Therefore, additional enhancements shall be
applied, such as adding steel plates at the reentrant corners to protect against potential
damage to the connections.

The same reinforcement layout is applied in the shear model, see in Figure 4.23.

‘ hogging moment rebar
@©=10mm/100mm

E—
p=8mm
L | —
Nib section rebar
‘

z
I ‘ Sagging moment rebar
X @=10mm,/100mm

Figure 4.23: Reinforcement for shear model

In the shear model, in the hogging and sagging moment zones, rebars with 10mm diam-
eter and a spacing of 100mm is used.

At the nib section, four 12mm diameter re-bars are used with spacing of 100mm, 160mm
and 100mm, due to the steel bolt in the middle, at the L joint section for both left and
right concrete blocks.

Additionally, a single U-shaped reinforcement is added around the steel bolt to hold con-
crete together near the bolt hole.



RESULTS

The results presented in this chapter are derived from two sets models mentioned earlier:
the shear model of two concrete blocks and the bending model of a modularised floor sys-
tem, which consists of composite beam and concrete decks.

By combining outcomes from both models, the failure mechanisms of the demountable
connection are summarised at the end of this chapter.

64
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5.1. SHEAR MODEL

T HE primary goal of developing a simple shear model is to have a step-by-step in-
crease in the level of complexity of the proposed structure to gain confidence in the
numerical modelling rather than being a realistic loading condition, mentioned in sec-
tion 1.5.3.

Applying displacement control of 3mm by pulling both concrete blocks apart from each
other, results in this concrete block suffer from tensile stress. Considering the concrete’s
tensile strength of 3.5 MPa, the connection is extremely brittle.

To achieve force equilibrium, for the right side concrete, the load is transferred from the
boundary of the concrete, along the span, to the shear connector. This results in the
shear connector resisting a reaction force at the location of one-quarter of the shank.
Due to the 2mm bolt hole clearance and friction between the bolt nut and concrete, the
bolt nut also bears some force. However, since the weight of the bolt nut and the friction
between it and the concrete surface are minimal, this reaction force due to friction is also
very small. The same principle applies to the left side concrete block.

Shearing of the steel bolt causes the shank of the bolt to rotate in a small angle, along with
the bolt nut, resulting in compression stress at the contact location between the steel
nut and the top surface around bolt hole. As the load increases, the stress at this location
increase as well, eventually leading to the crushing of concrete under bolt nut, as shown
in Figure 5.1. Higher stresses are accumulated under the bolt nut, which becomes one
of the failure modes in the bending model.

DAMAGET

S5 555555555

Figure 5.2: top view: Left side Figure 5.3: Total failure of left side
concrete block cracking right after concrete block
failure

Figure 5.1: Von mises stress in bolt
prior to failure

Figure 5.1 illustrates that the maximum stress in the steel bolt prior to concrete failure is
only 133 MPa, far less than the resistance of the steel bolt. This indicates that the critical
aspect of this connection is the concrete elements, according to Figure 5.2 and Figure 5.3.
When the concrete block is pulled, the entire concrete is under tensile stress, while the
steel bolt is under shear. As the concrete tensile strength is much lower than the strength
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of the steel bolt, the rupture of the edge occurs, leading to the total failure of the concrete.

S oy Lo
]

Pure shear failure of steel Shear failure of steel with bending Edge rupture failure Pry out failure

Figure 5.4: Failure mode of connection under shear

As shown in Figure 5.5, the maximum load this connection can resist is 12kN, the load
starts increasing gradually until reaching the displacement of 1mm, where the concrete
begins to contact the steel bolt (due to 2mm clearance in the bolt hole, the concrete and
steel bolt do not touch initially). The force then increase rapidly.

Atadisplacement of 1.5mm, the load stops increasing and drops linearly, where the con-
crete failure happens. Concrete fails at this point without early warning due to its brit-
tleness in tension; once the strength is reached, cracking occurs.

At around 2.1mm of displacement, the load drop becomes flatter. At this point, the ver-
tical crack along the bolt hole has reached the total nib height of the concrete, resulting
in the splitting of the concrete.
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Figure 5.5: Force to displacement curve of shear model

At around 1.8mm of displacement, due to the rotation of the steel bolt, stress concen-
trates at the contact area of concrete and bolt nut, leading to concrete crushing around
the bolt nut, see Figure 5.6. The stress starts dropping prior to this crush due to the
concrete damage plasticity model. With increasing compressive damage at this point,
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the stiffness within the concrete reduces, and crushing occurs when the maximum com-
pressive damage is reached.
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Figure 5.6: Stress to displacement curve at crushing of concrete

From the shear model, it is evident that, instead of steel bolt, the main failure modes of
the connection occur in the concrete:

1. Concrete crushing at the mid plane due to the rotation of the steel bolt, resulting
in the failure of surrounding concrete due to rapture of the edge

2. Concrete crushing under steel bolt nut due to compression stress.
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5.2. BENDING MODEL

I N commercial buildings such as office buildings, high load capacity is typically not
required. The surface load applied to this concrete deck is calculated by summing the
dead load and live load:

kN
w=135*wg+1.5*%w;=1341— (5.1)
m

Where wy represents the sum of the dead load from self weight of concrete deck and the
self weight of partition walls, and w; represents the applied live load in accordance with
human action, as specified in Eurocode 1991-1-1 [70]. Coefficients of 1.35 and 1.5 repre-
sent the safety factor for dead load and live load, respectively.

This research concentrates on the failure mechanism of the connection between the
composite beam and concrete deck; therefore, three-point bending is employed as the
loading scenario instead of applying regular surface loads.

The loading behaviours of the three point bending and uniformly distributed surface
load are different. However, this is not the central interest of this research. Three-point
bending represents the most pessimistic scenario that the deck must withstand. Thus, if
the load capacity is sufficient for a three-point bending case, it will also be adequate for
surface loads.

Several bending models are built and analysed to observe the influence of the aspects
listed below:

1. Length of the span.
2. The distance between the nib edge and middle of the bolt (edge distance).

3. Conventional deck

The term "edge distance" is illustrated in the figure. 5.7 below.

e —

Length of the nib section

Figure 5.7: Edge distance
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5.2.1. BENDING MODEL FOR 3910MM SPAN CONCRETE STRIP

Figure 5.8: Front view of the 3910mm span

Figure 5.9: Top view of the 3910mm span

The first set of models comprises three strips of concrete decks, each with varying edge
distances and dimensions of 3910mm in span, 500mm in width, and 160mm in height.
Assigned edge distances are 70mm, 80mm and 90mm. This connection is located at 8%
of the span of the strip.

Refer to Figure 5.10 for the load to displacement curves of these three models. The results
indicate minimal variance in load capacity among them.

-30000
-25000

-20000

Load [M]

400 0-2dge distance 70

-15000
10000 —— 4000-edge distance 30

~S000 =400 0-=dge distance 50

o -5 -10 -15 -20 -25 =30 -35 -40 -45 -50

Displacement [mm]

Figure 5.10: Load to displacement diagram for 3.91m span

Load capacity of 40.2kN, 40.7kN and 41.6kN can be read from the model, respectively.
The first crack occurs at a displacement of 3mm, with the force increasing linearly up to
this point. After cracking, the model enters the tension stiffening stage, where the rein-
forcing steel within the concrete begins to carry the tensile forces.
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At a displacement of 8mm, local cracks appear in the nib region, as shown in the Figure
5.11. Two failure modes are observed in this part: a shear crack at the reentrant corner
and concrete crushing at the mid plane due to rotation of steel bolt, as mentioned in
section 5.1.

Total failure occurs at approximately 35mm displacement for the 90mm edge distance
model and around 38mm for the 70mm and 80mm models. From this point on, the load
starts to decrease rapidly.

This failure is characterized by rapid load reduction due to multiple cracks forming in
the deck, which significantly reduce concrete stiffness, or when the steel reinforcing bar
begins to yield and deform.

Figure 5.11: Local failure at the nib region for edge distance 70mm

This set of models also demonstrates concrete crushing under washer. Notably, a larger
edge distance, increasing the length of the nib section, leads to a higher bending moment
at the reentrant corner. In addition with shear force from global loading, direct shear
crack and splitting of the concrete occur, as shown in Figure 5.12.
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Figure 5.12: Deform shape at total failure of concrete: edge 90mm (up); edge 70mm (down)
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A limitation of this model set is the height of the concrete deck (160mm), which restricts
the nib section height to 80mm. This makes it challenging to embed sufficient reinforce-
ment bars to resist tension and compression forces, especially in the nib region.
Increasing span of the deck can increase the height of the concrete and load capacity,
but this also increases the weight of the deck.

5.2.2. BENDING MODEL FOR 5670MM SPAN CONCRETE STRIP

_ ]

I

Figure 5.13: Front view of the 5670mm span

L

Figure 5.14: Top view of the 5670mm span

The second set of models, designed with a span of 5670mm, features an increased con-
crete height to 220mm while maintaining a width of 500mm. To reduce computational
time, these models are built with symmetric boundary condition on the rightmost side,
which does not affect the results.
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Figure 5.15: Load to displacement diagram for 5.67m span

Different edge distances are also designed for this set of models, same as previous one,
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70mm, 80mm, and 90mm. This connection is located at 15% of the span.

The load to displacement curves are shown in Figure 5.15. The load capacity varies
slightly with the change in edge distance, which is 48kN, 49kN, and 51kN respectively.

The curves show very similar trend for all three edge distances, except for a total failure
in the concrete with the 90mm edge distance occurring at around 34mm displacement.

This load to displacement curve for concrete deck with 5.67m length also consists of four
stage. The first stage is linear, with no cracking of the concrete deck. The first crack in all
three models occurs at a displacement of 4mm, corresponding to a tensile crack at the
middle of the span due to the maximum load being in the middle in three-point bending.

Beyond this point, the model enters the tension stiffening stage. As previously explained,
this implies that the reinforcing bars begin to carry tensile force after cracking of the con-
crete, gradually increasing the load capacity during this stage.

At approximately 14mm displacement, local cracking appears at the reentrant corner
for models with larger edge distance (80mm and 90mm). Longer nib sections result in
higher bending moments at the reentrant corners, as shown in Figure 5.16 (a). Instead
of cracking at the corner, for edge distance of 70mm, the crack happens at displacement
of 25mm at the hogging moment location of the demountable deck, see Figure 5.16 (b).
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Figure 5.16: Crack at the reentrant corner and hogging moment zone

Around 30mm displacement, there is a rapid drop of force due to concrete crushing un-
der the washer, marking the tension softening stage.

After this point, edge distance of 70mm and 80mm enter another stabilized crack forma-
tion stage.

However, a complete failure is observed for the edge distance of 90mm at displacement
of 34mm. The nib section of the demountable deck part breaks due to the shear force
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and hogging moment from global loading in addition to extra bending moment arise
from the increased length of the nib section. Figure 5.17 illustrates the failure of the
90mm edge distance concrete deck at the connection.
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Figure 5.17: Total failure of the edge distance of 90mm deck

Special attention needs to be paid to the reentrant corners in the half joint connection.
As the corners are subjected to tension and compression, see Figure 5.18, cracking will
occur at these points. While placing reinforcement at the corners may not prevent crack-
ing, it can reduce the crack width, according to American society of concrete contractors
[21]. Compression at reentrant corner leads to crushing of the concrete, while tension at
reentrant corner leads to cracking of the concrete.
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Figure 5.18: Compression and tension at reentrant corners

Compared to the previous set of models of 3910mm span, only an increase in load capac-
ity is observed, with similar failure modes. For the 3910mm set, total failure occurred in
all three models, whereas in 5670mm set, total failure only happened for edge distance
of 90mm connection.

However, The ductility of the 3910mm set seems to be better, the total displacement from
the peakload until the start of failing of the concrete is around 30mm. While for 5670mm

set, the total displacement from peak load until first rapid drop ofload is around 18mm.

But for edge distance of 70mm and 80mm, the second stabilized crack formation zone is
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formed, instead of total failure shown in other cases.
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Figure 5.19: Comparison of 3.91m and 5.67m span concrete deck

For the 5670mm set, shown in Figure 5.15, in the stage of tension stiffening, which is
from the first crack at displacement of 4mm to the rapid drop in load at displacement of
28mm, the load capacity is increased by 20kN, which is 40% of the total load capacity.

While for the 3910mm set, see Figure 5.10, only experiences a 10kN increase in load
capacity from the first crack at displacement of 3mm to maximum at displacement of
8mm, which is 23% of of the total load capacity.

The allowable total deflection requirement stated in Eurocode for the concrete deck is
L/250, where L is the span of the concrete deck. For 5.67m span concrete deck, the al-
lowable deflection is calculated as 23mm, which is much less than the available deflec-
tion shown in the models, indicating that the deflection requirement is adequately met
according to Eurocode.
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5.2.3. BENDING MODEL FOR CONVENTIONAL CONCRETE STRIP WITH 5.67M
SPAN

A i — 1
L

Figure 5.20: Front view of the 5670mm conventional deck

Figure 5.21: Top view of the 5670mm conventional deck

For comparison purposes, a conventional concrete deck strip model with a total span
of 5.67m was built and analyzed. This conventional concrete deck does not include a
demountable connection; it is a simple strip of reinforced concrete that are clamped at
both ends.
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Figure 5.22: Load to displacement curve for continuous deck

Same as other models, the first crack occurs at a displacement of 4mm in the middle of
the span at the sagging bending moment location. The load level achieved at this point
is 40kN.

During the tension stiffening stage, the load increases by 100kN, from 40kN to the maxi-
mum of 140kN.
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Second set of cracks appears at the ends of the concrete deck, which is the hogging bend-
ing moment location. Cracking at both the sagging and hogging bending moment loca-
tion can be mitigated by embedding additional longitudinal reinforcement bars in the
middle and two ends of the concrete deck.

Total failure of this conventional concrete deck occurs at a displacement of 38mm, in the
middle of the deck, due to combined high shear force and bending moment.

Compared to the model with a connection at the zero bending moment location, this
conventional deck shows an 85kN higher load capacity. However, its ductility is much
lower.

The conventional concrete deck experiences total failure at a displacement of 38mm
while no total failure is observed at the applied displacement of 50mm for model with
connection at zero bending moment location.



IMPROVEMENT OF THE
CONNECTION

Based on the previous chapter, five failure modes can be identified:

1. Cracking at the reentrant corners due to large edge distance and stress concentra-
tion.

2. Cracking of demountable concrete at the nib section due to hogging bending mo-
ment.

3. Crushing of concrete at the mid plane around the bolt hole due to movement of
the steel bolt.

4. Cracking in transverse direction in nib section due to failure of concrete around
bolt hole.

5. Crushing of concrete under the washer due to stress concentration from bending
of steel bolt.

Various enhancements to the connection are considered to improve these failure modes.
This chapter will focus on examining how these improvements affect the behavior of the
connection.

The following improvements are considered:

1. Adding steel plates to the connection.
2. Relocating the connection.

3. Combining relocation of the connection with the implementation of steel plates.

7
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6.1. BENDING MODEL FOR 5670MM SPAN CONCRETE STRIP WITH
STEEL PLATE

F4

=

Figure 6.1: Front view of the 5670mm span with steel plate

Figure 6.2: Top view of the 5670mm span with steel plate

Learning from the previous two sets of models, it’s evident that two of the main failure
modes at the connection are crushing of the concrete at the mid plane due to rotation
of the bolt and tensile cracking at the reentrant corner. These failure modes develop
due to stress concentration at the bolt hole in the mid plane where the bolt touches the
concrete, and also stress concentration at the reentrant corners, as shown in Figure 6.3.
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Figure 6.3: Stress concentration at the reentrant corner [6000-80 model]

The stress concentration at the concrete reentrant corners are due to the discontinu-
ity/change of the geometry. As concrete is a brittle material with low tensile strength, it
is challenging to bear tensile stresses at the corners. Figure 6.3 shows that stress at the
corner continues increasing until the first global cracking occurs. After reaching maxi-
mum concrete tensile strength, the stress starts dropping until failure.
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Adding a steel plate allows for stress redistribution over a larger area of the concrete deck,
effectively reducing stress concentration at the critical locations. Additionally, steel plate
is a much more ductile material and effective in handling tensile stress, placing steel
plate at the reentrant corner acts like reinforcement, taking over tensile stress and allow-
ing concrete to manage compressive stresses more efficiently. This enhances the struc-
tural integrity and durability of the concrete deck.

The third set of models built and analysed, is with the same span length of 5670mm and
dimensions of 220mm in height and 500mm in width, includes different edge distances.
The connections of these set of models are also located at 15% of the span.

The load capacity for edge distance of 70mm, 80mm and 90mm are 50.3kN, 51.1kN and
52.1kN, respectively. The load to displacement curves are shown in Figure 6.4 below.
There are no significant difference in trend and load capacity among the three cases.
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Figure 6.4: Load to displacement curves for 5.67m span with steel plate

The first crack occurs globally at the middle of the deck due to three-point bending at
the displacement of 4mm/5mm and around 33kN of load for all models. Up until this
point, it is called elastic stage where no cracks are formed.

After the first crack appears, the models enter the tension stiffening stage. The second
set of cracks occurs at displacement of 22mm for edge distance of 80mm, and 18mm for
the 90mm model, at the tensile location of the nib section of the demountable concrete
deck part, refers to Figure 5.16 (b). The load stops increasing at this point.

However, no such crack is observed at this location for edge distance of 70mm deck,
where the load continues to increase during the tension stiffening stage.

The load drops at the point of concrete crushing under washer for all three models,
occurring at displacement of 25mm for edge distance of 70mm, 30mm for 80mm and
27mm for 90mm.

No total failure of the concrete deck is observed under the applied displacement condi-
tions.

The following figures compare the 5.67m span models with different edge distance of the
nib area, with and without the application of steel plates:
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Figure 6.5: Load capacity of 5.67m span concrete deck with/without steel plate for edge distance 70mm
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Figure 6.6: Load capacity of 5.67m span concrete deck with/without steel plate for edge distance 80mm
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Figure 6.7: Load capacity of 5.67m span concrete deck with/without steel plate for edge distance 90mm

The load capacity for edge distances of 70mm, 80mm, and 90mm without steel plates
is 48kN, 49kN, and 51kN, respectively. When a steel plate is applied, these capacities
slightly increase to 50.3kN, 51.1kN, and 52.1kN, marking increases of 4.5%, 4.1%, and
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2.1% respectively in total load capacity. The modest enhancement, despite the addition
of local strengthening steel plates, is due to global cracking in the middle span, lead-
ing to significant damage to the concrete deck. Enhancements in load capacity could
be achieved by augmenting the deck with additional longitudinal reinforcement bars at
critical locations of hogging and sagging bending moments across the entire deck.

From Figure 6.5 and Figure 6.7, although the steel plates slightly increase maximum load
capacity, the load drops earlier. The increase in load capacity is due to the strengthen-
ing of reentrant corners by the steel plates. The acceleration of load dropping is caused
by the concrete crushing under the bolt washer. For the 90mm edge distance concrete
deck, the total failure is avoided by the implementation of the steel plates, due to the
local strengthening of the connection, preventing the failure shown in Figure 5.17 (b).

See Figure 6.8 and Figure 6.9 below:
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Figure 6.8: S11 of concrete and steel at the reentrant corner-tension
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Figure 6.9: S11 of concrete and steel at the reentrant corner-compression
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Adding steel plate helps with redistributing the concentrated stresses accumulated at the
reentrant corners of concrete. The above figures represent the stresses at the both reen-
trant corner (tension at the bottom concrete corner and compression at the top concrete
corner) of the concrete nib section.

Compared with Figure 6.3, at the tension reentrant corner, the implementation of the
steel plates reduces the maximum tensile stress at this location to 1.1MPa, instead of
to the maximum tensile strength of the concrete which causes cracking at the reentrant
corners.

Instead, with the presence of steel plates, most of the tensile stresses are taken over, as
shown in Figure 6.8. A drop in stress at step time 0.55 is due to the crushing of concrete
under the washer. The steel plate resists 21MPa of tensile stress before the crushing of
concrete.

At the compression part of reentrant corner, the steel plate completely takes over the
compressive stress, reaching a maximum of 68MPa before the concrete under the washer
is crushed.

This demonstrates that the implementation of steel plates can greatly reduce damage at
the reentrant corners, thereby increasing the capacity of the connection.

The concrete crushes under washer happens earlier for connection with steel plates, is
due to the strengthening of the nib section, resulting in an increased load carrying ca-
pacity of the connection. Without tensile cracks at the reentrant corners, more load can
be transferred, leading to higher stress concentration around the concrete bolt hole un-
der the washer.
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Figure 6.10: Stress concentration under washer M=5
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The concrete crushing under washer, as previously mentioned, is a result of stress con-
centration. Excessive compressive stress are generated by tilting of the bolt nut, this
stress is transferred by the washer. When the washer deforms, it pushes the concrete
downwards, exceeding the concrete compression strength, leading to crushing.

Figure 6.10shows the stress concentration under the washer just before crushing, de-
picted in a five times scale for clarity. The stress is higher (indicated by darker color)
closer to the washer and gradually reduces in an oval shape moving away from it.
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Figure 6.11: Stress under washer for 5.67m span edge distance 70mm concrete deck

Figure 6.11 shows the stress in one of the concrete mesh elements under washer. The
stress gradually increases until the step time of 0.425, reaching nearly 70MPa. Due to the
concrete damage plasticity model, the stiffness of this element begins to decay, eventu-
ally crushing happens very soon at step time 0.5.

It is noted that the maximum compressive strength of this concrete is only 48MPa, how-
ever, stress at this point exceeded this limit without failure. This is due to the Drucker-
Prager yield criterion [30], that concrete is an non-homogeneous material and the yield-
ing depends on its pressure level.
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Figure 6.12: Drucker-Prager yield criterion in 2D principal stress space
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Figure 6.12 represents the Drucker-Prager yield criterion in 2D, indicating that even when
the maximum compressive stress in both direction is reached at the same time, the ac-
tual compressive strength can be higher than the set values.

In this particular case, with the load applied in the middle of the deck, the nib section
of the demountable part concrete attempts to rotate clockwise, countered by the washer
providing an anti-clockwise reaction force. In the transversal direction, the surrounding
concrete also restrains the expansion of this part of the concrete, forming a triaxial stress
state.

This triaxial stress state provide compressive stress from all three directions, enhancing
the bearing strength of concrete at this location. Therefore the concrete at this location
only starts to fail at the stress level of 70MPa in this case.

Increasing the thickness or size of the washer can reduce stress concentration by redis-
tributing stresses. However, achieving local confinement state can significantly increase
the compressive strength of concrete, which can even prevent crushing in this region.
In the case shown earlier, the bearing strength of the concrete only increased by 22MPa,
which is from 48MPa to around 70MPa. This increase is attributed to the gap between
the bolt and concrete, known as the clearance in the bolted connection.

Local confinement substantially boosts the bearing strength of the concrete by prevent-
ing expansion in all three directions. Closing the gap between concrete and steel bolt
at the stress concentration area could greatly increase the strength of the concrete. This
could be achieved by injecting fiber-reinforced epoxy resin to fill the gap, but as this is
beyond the scope of this research, it can be tested by future studies.
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6.2. BENDING MODEL FOR 5670MM SPAN CONCRETE STRIP AT
ZERO BENDING LOCATION
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Figure 6.13: Front view of the 5670mm span at zero bending moment location

Figure 6.14: Top view of the 5670mm span at zero bending moment location

Considering the bending and shear force diagrams of a continuous beam fixed at both
ends and subjected to uniformly distributed load or a concentrated load in the middle,
see Figure 6.15 for uniformly distributed load and Figure 6.16 for the concentrated load
in the middle of the span.

The zero bending moment occurs at both ends at around 25% of the span of the con-
crete deck. Also at this point, the shear force is 1/4 of the applied load for uniformly
distributed load and 1/2 of the applied load for concentrated load acting in the middle
of the span.

M, 4
3 Moaont YE
.
Figure 6.16: Beam fixed at both end with concentrated
Figure 6.15: Beam fixed at both end with uniformly load
distributed load

It is wise to choose the location of the connection, the weakest link in this concrete deck,
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at the zero bending moment location. At this position, the connection experiences less
combined bending and shear force than at other positions.

This section is focusing on 5.67m span concrete deck with the connection at the zero
bending moment location, which is at the 25% of the span from both ends.

Figure 6.17 shows the load capacity of 5.67m span for edge distance 80mm concrete
deck, with the connection at the zero bending moment location (orange line) and at
15% of the span from the previous set (blue line).

Load [MN]

e G080

6000-80-zero bending moment

0 -2 -4 5 -3 -0 -12 -4 -15 -8 -20 22 -24 -26 283 -30 -32 -34 35 -3 40 42 -44 45 43 S0
Displacement [mm]

Figure 6.17: Load to displacement curves for 5.67m span edge distance 80mm

First crack in this model also occurs at a displacement of 4mm, at a load level of 45kN.
Compared to the model with a connection not at the zero bending moment location, the
load at the first crack is increased by 10kN. The first crack is induced by global cracking
at the mid span of the concrete deck, similar to the previous models. The load increases
by 18% during the tension stiffening stage.

After the elastic stage, it enters the tension stiffening stage with an increased load level.
The load peaks at 55kN at a displacement of 14mm for this model, due to cracking at the
global hogging bending moment location.

After this point, it enters a stabilized crack formation stage where several cracks form
without reducing the capacity of the concrete deck.

Total failure of the concrete deck is not observed for connection at zero bending moment
location with the applied displacement control.

The primary failure of this concrete deck occurs at the hogging and sagging bending
moment locations, which could be mitigated by adding additional longitudinal tensile
reinforcement.

See in Figure 6.18 for connection located further from the zero bending moment loca-
tion, and Figure 6.19 for connection located at the zero bending moment location. Both
model are from a 5.67m span of concrete deck with an 80mm of edge distance, the load
applied are both with displacement control of 50mm, the figures show the deformed



6.2. BENDING MODEL FOR 5670MM SPAN CONCRETE STRIP AT ZERO BENDING LOCATIO87

shaped of the connection.
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Figure 6.18: Connection located further away from

. . Figure 6.19: Connection located at zero bending
zero bending moment location

moment location

Excessive damage can be observed from the left figure, where the shear force and bend-
ing moment combined exceeds the strength of the connection, leading to local failure
and reducing the overall capacity of the concrete deck.

No such damage is observed for connection located at the zero bending moment loca-
tion, as seen in figure to the right. At this location, only 1/2 of the shear force from con-
centrated load acts, and for uniformly distributed load only 1/4 of shear force is present,
significantly reducing the stresses on the connection.

Furthermore, the absence of bending at this location keeps the mid-plane of the connec-
tion parallel, resulting in minimal tensile and compressive stresses at the reentrant cor-
ners. Due to the minimized force and moment, crushing of concrete under the washer
is also not observed.
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Figure 6.20: Maximum stress in bolt for three different models

Figure 6.20 shows the maximum Von Mises stress in steel bolt. Since the strength of steel
bolt is much higher, failure of bolt is not observed in this connection. However, con-
crete failure can alter the stresses in the steel bolt. For instance, for the edge distance
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80mm concrete deck with or without steel plates, the stress in the bolt drops to zero im-
mediately after the concrete under the washer crushes. For the connection at the zero
bending moment location, without crushing of the steel bolt, the stress in bolt increases
linearly.

The figure also shows that the maximum stress in the bolt is around 400MPa for the for-
mer cases and only 220kN for the latter, caused by the presence of only shear force at
the zero bending moment location. However, at locations further from this position, the
combination of shear force and bending moment induces higher stresses in the connec-
tion, leading to the crushing of the concrete under the washer.
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+0.000e+00

Figure 6.21: Crushing of mid plane of concrete nib section

The change in angle for the increase of stresses in bolt at step time of 0.65 is due to the
contact between the concrete bolt hole and steel bolt at the mid-plane of the concrete
nib section around the bolt hole, inducing concrete crushing at this location due to stress
concentration from the tilting of the steel bolt, see Figure 6.21.

Highly concentrated stresses cannot be avoided here, and concrete is sensitive to con-
centrated stress at the change of geometry, such as the bolt hole in the middle of the nib
section. This leads to crushing of concrete at these positions.

Adding steel plates will be highly effective in connections with stress concentration. As
mentioned in section 6.1, a steel plate can redistribute stresses over a larger area and act
as reinforcement for concrete, in this case, around the bolt hole.
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6.3. BENDING MODEL FOR 5670MM SPAN CONCRETE STRIP AT
ZERO BENDING LOCATION WITH STEEL PLATE

An enhanced version of the concrete deck was built and analysed, with connection lo-
cated at25% of the span, which is the zero bending moment location. Additionally, steel
plates were also implemented in the reentrant corner of the concrete nib section.
Another model, embedded with additional longitudinal reinforcement at the hogging
and sagging bending moment locations, was also analyzed to assess the increase in load
capacity of the concrete deck.

Figure 6.22 shows the load capacity of the aforementioned model, which also has a span
of 5670mm and an edge distance of 80mm.
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Figure 6.22: Load to displacement curve for 5.67m span edge distance 80mm connection with steel plate

Simply adding steel plates to the connection at zero bending model does not signifi-
cantly alter the global behaviour, hence there is no increase of the load capacity. How-
ever, with additional longitudinal reinforcement bar, the first crack delays to a displace-
ment of 10mm, at a load level of 60kN. During the tension stiffening stage, the load in-
creases by 20kN, reaching a maximum load capacity of 80kN, a 25% improvement.

After reaching this maximum load level, the concrete deck enters the stabilized crack
formation zone for the rest of the applied displacement.

No total failure is observed within the total 50mm displacement, either.

Taking a look at the connection, Figure 6.23 and Figure 6.24 represent the tension dam-
age and compression damage at mid-plane of the connection around bolt hole for two
sets of models: one set with connections located at 15% of the span, with and without
steel plates, and another set at the zero bending moment location, with and without steel
plates.

This location is particularly sensitive to damage from the movement of the steel bolt, due
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to stress concentration and the inadequate compressive and tensile strength of concrete.

0.8
0E at 15% location-C
= ——— gt 15% location-steel plate-C
m 0.
-] At 15% location-T
Zos e e r———————————
L | mmm—— At 15% location-steel plate-T
& 0s
g
o 0.4
=
Z 03
o
0.2
0.1 o

0 005 01 015 0% 035 03 035 04 045 05 055 06 065 07 075 08 0B85 08 085 1
Step time [-]

Figure 6.23: Compression and tension damage around bolt hole in mid plane with and without steel plate
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Figure 6.24: Compression and tension damage around bolt hole in mid plane with and without steel plate at
zero bending moment location

For models with connection at 15% of the span, the compressive damage is delayed from
step time 0.375 which is at displacement of 14mm to step time 0.525 which is at displace-
ment of 27mm, with a total of 48% of increase.

Even though tensile damage happened at the same step time, the maximum tensile dam-
age for connections with steel plates is reduced by 20%

The reason why the damage parameter stop increasing before reaching the maximum
level, is the crushing of concrete under washer, which releases the stress that accumu-
lated around the bolt hole.

For models with connection at 25% of the span, a reduce of tensile damage is also ob-
served, with a reduction of 21%. There is no significant difference in compressive dam-
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age for this set of models.

As no crushing of concrete under the washer is observed, the bolt can withstand stresses
from global loading, as seen in Figure 6.20 from earlier. This results in shearing of the
bolt at the mid-plane of the concrete nib section, introducing compression at the con-
tact point between concrete and steel bolt. Consequently, crushing of the concrete oc-
curs once the bearing strength is exceeded.

The Von Mises stress in steel plate at this location reaches 286MPa at step time of 0.657,
where the compressive damage of concrete starts to increase. This 286MPa stress in steel
plate has exceeded its yield strength, this can be one of the explanations for adding steel
plate does not help with compressive damage of concrete at this location.

This could be improved by increasing the yield strength of the steel plate or increasing
the thickness of the steel plate. Such parametric studies can be conducted in future re-
search.
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Figure 6.25: Load to displacement curve: conventional deck vs. demountable deck

Figure 6.25 compares the load to displacement curves for conventional deck and de-
mountable deck.

The maximum load capacities are observed to be 140kN for the conventional deck and
55kN for the demountable deck, indicating that the conventional deck has a 60% higher
load capacity.

However, total failure occurs at a displacement of 38mm for the conventional deck, but
the ductility of the demountable deck is much better with no total failure observed at a
displacement of 50mm, which is the maximum load added in the model.
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6.4. DISCUSSION BASED ON RESULTS OBTAINED FROM NUMER-
ICAL ANALYSES

Chapter 5.1 and chapter 5.2 presents the behaviour of the demountable connection un-
der shearing and bending, respectively.

As mentioned in section 1.5.3, developing shear model is only to gain confidence in the
numerical modelling rather than being a realistic loading condition. Bending model
shows the most critical aspects regarding to failure mechanisms of this innovative de-
mountable "concrete to concrete" connection.

After figuring out the failure mechanisms of the connection, Chapter 6 focusing on find-
ing possible techniques to improve/strengthen the behaviour of such connection.

Based on the analyses presented in the previous two chapters, the following conclusions
can be drawn:

(1) Observed failure modes for proposed modularised floor system:

1. Cracking at the reentrant corners is caused by a large edge distance and stress con-
centration.

2. Cracking of the demountable concrete at the nib section occurs due to the hogging
bending moment.

3. Concrete crushing at the mid-plane around the bolt hole is due to the movement
of the steel bolt.

4. Transverse cracking in the nib section arises from the failure of concrete around
bolt hole.

5. Concrete crushing under the washer results from stress concentration due to the
bending of the steel bolt.

ib section .
o ,/7—7“7 = section A-A
iy

A |
T s _r
\edge distance ‘ O
- "re-entrant” - \—mid-plane
corner
(a) Front view of the nib section (b) Bottom view of the nib section
(section A-A)

Figure 6.26: Front and bottom view of the nib section
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(2) Impact of Edge Distance on Failure Mode:

Lager edge distances provide a longer lever arm for the bending of the nib section, which
increase tensile stress at the reentrant corner, inducing cracking. Conversely, smaller
edge distances in the nib section lead to crushing of the convex edge due to high com-
pressive stresses coming from the bending of the demountable concrete deck.

(3) Benefits of Adding a Steel Plate:

Incorporating a steel plate can greatly mitigate the failure of crushing of concrete around

bolt hole in the mid-plane of the nib section and prevent cracking at the reentrant corner

due to high tensile stress.

The steel plate redistributes stresses over a larger area and, with its higher tensile strength,
can bear tensile stress in place of the concrete, especially at the reentrant corners. Addi-

tionally, it provides extra bearing strength, reinforcing and anchoring the concrete.

(4) Placement of Connection at Zero Bending Moment Location:

Locating the demountable connection at the zero bending moment position greatly as-
sists in reducing failure modes such as cracking at the reentrant corner due to tension
and crushing at the convex corner due to compression.

This placement also lowers the likelihood of concrete crushing under the washer since,
at this location, only half of the shear force for three-point bending (or even less for uni-
formly distributed load which is 1/4 of the total load) is active, thereby minimizing stress
concentration and preventing crushing.

(5) Influence of Steel Plates on Connection Behavior at Zero Bending Moment Loca-
tion:

In the analysed models, implementing steel plates at the zero bending moment location
does not significantly affect the behaviour of the connection. It fails to efficiently reduce
compressive damage around the bolt hole in the mid-plane, this can be due to insuffi-
cient strength class or thickness of the steel plates.

(6) Load Capacity and Ductility of analysed Concrete Deck:

Although the load capacity of the analysed concrete deck is much less than the con-
ventional concrete deck, its ductility is substantially increased. This attribute can be
advantageous in commercial buildings where extreme load capacity is not a primary re-
quirement.

The improved ductility allows the concrete deck to withstand greater deflection before
failure, providing more opportunities for damage inspection and repair.

Recommendation:

For optimal performance, it is recommended that the connection in such modularised
floor system, which consists of concrete deck and composite beam, be positioned at the
zero bending moment location, where the combined effects of bending moment and
shear force are minimized.

However, due to the complexity of structures and the uncertainty of configuration of the
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structures which will be used in subsequent life cycle, achieving this ideal placement of
the connection can be very challenging.

In such instances, employing L-profile steel plates at the nib section of the connection
is advisable. This approach significantly reduces stress concentration and consequent
damage to the reentrant corner of the concrete, as mentioned before.
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S explained in section 2.3, Life Cycle Assessment (LCA) is a widely utilized method-
Aology for quantifying the environmental impacts of construction components and
entire building structures.

A critical factor in this analysis is the amount of CO, embedded in structural elements.

This section aims to highlight the environmental benefits of reusing concrete decks from
existing buildings. It involves a comparison with newly designed floor systems and tra-
ditional non-reusable concrete floor systems, emphasizing the ecological advantages.

Figure 7.1 presents the calculated CO, emissions associated with different concrete decks.
For comprehensive data and calculation methodologies, please refer to Annex C, which
contains detailed calculation spreadsheets.

Shadow prize (Euro) per kg equivalents 0.05
Global
warming
Impact category Unit (GWP100)
Unit kg COZ eq
Concrete C45/55 (CEM I-CEMIN) kg 1.07E-01
Steel reinforcement for concrete kg 1.79E+00
Steel components kg 1.79E+00
For 5 67m span concrete deck:
Existed concrete slab per half meter
Concrete 1659 25 1.66E+02
Steel reinforcement 29 27365 5 24E+0M
sum 219/ kg
For 8m long: 3503 (kg
175.13|Euro
Fully new designed per half meter
Concrete 1559.25 1.66E+02
Steel reinforcement 53.93497 9.66E+01
Steel components 14273 2 56E+00
sUm 266 kg
For 8m long: 4250\ kg
212.51|Euro
Reusing existed concrete slab per half meter
Steel components 40.88486 7. 32E+01
For 8m long: 1172 (kg
58.59|Euro

Figure 7.1: CO2 embedded in different concrete decks

The amount of CO, embedded in construction materials per kilogram, as available in
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existing literature [24], is a key input for these calculations

To determine the embedded CO- in concrete decks, one must first calculate the weight
of the concrete and steel reinforcement, including any steel components like bolts and
plates, if present. This weight is then multiplied by the CO, values for each material.

Assuming each concrete deck has the dimensions of 5.67m by 8m. For existing concrete
decks, the embedded CO, amount is estimated at 3.5 tonnes.

For the newly designed concrete decks, the focus of this thesis, the embedded CO, is
approximately 4.25 tonnes. This 0.75 tonne increase is attributed to the tailor-made re-
inforcement and additional steel components, such as bolts, nuts, and washers required.

Further calculations were conducted for concrete decks cut from existing systems and
connected to composite beams, as discussed in section 1.2 and shown in Figure 1.3. The
inclusion of extra steel plates and shear bolts in this scenario results in an additional 1.17
tonnes embedded CO,.

Reusing concrete decks from existing buildings for subsequent life cycles can lead to
substantial CO, emission reductions. By deducting the additional 1.17 tonnes of CO,
from the steel components required for connecting the concrete deck with a composite
beam, the net CO, locked within the reused concrete deck amounts to 2.33 tonnes.

In other words, reusing a concrete deck from an existing building for a second life cycle
can save around 2.33 tonnes of CO, emissions per deck of size 5.67m by 8m.

CO, emission resulting from re-manufacturing process and transportation are not con-
sidered in this analysis.

For re-manufacturing of the concrete decks, the use of renewable energy is proposed,
which is more environmentally friendly and does not contribute significantly to CO,
emissions.

While CO, emissions from transportation, often significant. In this scenario, it is as-
sumed that the distance between the existing building (from where the concrete deck is
sourced) and the construction site (where the deck is reused) is relatively short.

This assumption leads to the conclusion that the CO, produced during the transporta-
tion process is not substantial.

To optimize environmental benefits, minimizing the distance between the source and
reuse sites is recommended, thereby enhancing the CO, savings from reusing concrete
decks.

Despite the higher embedded CO, content in the newly designed decks compared to tra-
ditional cast in situ concrete decks, their ability to be reused multiple times until failure,
without generating additional CO,, offsets this initial environmental cost. This is under
the assumption that minimal or no extra CO, is produced during the re-manufacture
and transportation processes, as previously mentioned.
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Remarkably, reusing a concrete deck from an existing building for an additional life cycle
can reduce CO, emissions by 67% compared to a new, cast in situ concrete deck.

It is important to note that the calculations and comparisons presented in this chap-
ter are based on the assumption that a reused concrete deck has the same efficiency
with a newly designed concrete deck. However, reusable concrete elements typically
have larger thicknesses, implying that the embedded CO, emissions would be greater
initially calculated. Therefore, the additional CO, emissions saved by reusing concrete
decks from existing buildings should be calculated on a case-by-case basis.

This chapter offers a general estimation of embedded CO- in structural elements, as-
suming negligible additional CO, production during re-manufacture and transporta-
tion.

However, future studies should conduct a more comprehensive analysis of CO, emis-
sions during these stages to fully assess the environmental impact.
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8. CONCLUSION AND FUTURE STUDIES

8.1. CONCLUSION

HIS thesis provides an initial perspective on the modularisation of concrete floor sys-
tems. It does so by exploring the integration of newly designed concrete decks with
composite beams through a demountable shear connector (bolt), facilitating a circular
built environment.

By implementing this innovative "concrete to concrete" demountable connection for
composite floor systems in commercial buildings, such as office buildings, it becomes
feasible to reuse these elements after their initial life cycle. This approach has the poten-

tial to greatly reduce greenhouse gases emissions.

Due to a lack of relevant experiments in literature, this study relied solely on numerical
analyses. Nonetheless, the results can serve as a foundation for future research, offering
a basis for planning experiments. It should be noted that the design of reinforcement
was not the central focus of this research, thus can be further optimized in future studies.

A summary table, presented in Figure 8.1, compares different configurations of the con-
nection for load capacity and failure modes, considering models with an edge distance

of 80mm:
g Load p Cracking at Crushing Crushing at Cracking in Total
capacity reentrant corner | under washer | mid plane transversal failure

LO8 40.7 -20% Vv v v v v
L15 49 0% v v v v

L155 511 4% v v

L25 55 11% v

L255 55 11% v

REF 140 65% v

L0 - connection located at 8% of the span

L15- connection located at 15% of the span
L15S - connection located at 15% of the span with implementation of steel plates
L25- connection located at 25% of the span
L25S - connection located at 25% of the span with implementation of steel plates
REF - conventional concrete deck with no demountable connection

This table contains six different models analysed previously:

Figure 8.1: Summary table for edge distance 80mm concrete strips

L08 analysed in section 5.2.1, L15 analysed in section 5.2.2 and L25 analysed in section
6.2; with implementation of steel plates for models L15S analysed in section 6.1 and L25S
analysed in section 6.3; lastly, REF analysed in section 5.2.3.

Taking L15 (highlighted in blue) as a baseline, adding steel plates increases the load ca-
pacity of the concrete deck by 4%; Shifting this connection to the zero bending moment

location, with or without steel plates (L25S and L25), increases load capacity by 11%;
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However, the capacity of the demountable concrete deck (L15) is only a third of that
of the conventional concrete deck with no demountable connection (REF), with 55kN
and 144kN, respectively, see Figure 6.25. This is due to the non-continuous nature of
the connections in demountable concrete decks, leading to increased deformation and,
consequently, a reduction in stiffness.

Placing the connection at the zero bending moment location is optimal in terms of load
capacity and failure modes. However, due to the complexity of the second life cycle
structure, exact placement at this location is challenging. It is recommended to imple-
ment steel plates at the reentrant corners of the "concrete to concrete" connection to
mitigate potential failure due to sensitivity of the nib section.

Based on the assumptions outlined, reusing concrete decks can lead to significant sav-
ings of CO, emissions, as detailed in chapter 7.

For a 5.67m*8m concrete deck, the newly design deck proposed in this thesis, can save
approximately 4.2 tonnes of CO, emissions per life cycle; For an existing concrete deck
that is cut and reused, saving of around 2.33 tonnes of CO, emissions per life cycle are
achievable with the same area, see in Figure 7.1.

Itis also noted in this chapter that reusable concrete elements typically have larger thick-
nesses, which increases the embedded CO,. This implies that reusing concrete decks
from existing buildings, can result in additional CO, emissions savings. However, this
additional amount should be calculated on a case-by-case basis.

Such considerable reductions demonstrates the potential of circular built environments
through modular floor systems.

8.2. FUTURE STUDIES
8.2.1. OPTIMIZATION

Given that the suggested design of modularised floor system is relatively novel, and it
has not yet been used in practice, further research and improvements are necessary for
re-manufacturing and optimization.

The addition of an L profile steel plate at the half-joint of the concrete deck effectively
reduces or prevents cracking at the reentrant corners and mitigates compressive and
tensile damage around the bolt hole in the mid-plane.

The required strength and thickness of the L profile can be further investigated to deter-
mine their impacts on damage mitigation.

To enhance cost efficiency, the L profile could be applied only at critical locations around
the steel bolt, instead of along the entire transverse direction. However, the influence
due to the discontinuity of L profile shall be examined.

Reducing stress concentration under the washer, and thus mitigating concrete crushing,
could be achieved by using larger or thicker washers, or even a rectangular steel plate in
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place of the washer. However, the benefits of this approach should be weighed against
the additional costs.

8.2.2. ALTERNATIVE DEMOUNTABLE CONNECTIONS
As outlined in the beginning of the thesis, in section 1.2, concrete decks cut from exist-
ing buildings can be reused by connecting them with composite beams. As shown in

Figure 1.3, demountable "concrete to concrete" connection can be achieved by adding
steel plates at both the top and bottom surfaces of the end of the concrete deck.

This solution enables the reuse of concrete decks from existing buildings without in-
creasing CO, emissions. However, the need for additional steel plates and bolts may
need some attention to improve practical appeal.

. /—concrete deck __—steel plate |
'

! \—shear connector !

Figure 8.2: Alternative demountable connection 2(a)

| fconcrete deck /—Concrete screed |
']

! washer \—shear connector !

Figure 8.3: Alternative demountable connection 2(b)

Figure 8.3 presents an alternative version of this demountable "concrete to concrete”
connection. In this design, the bolt nut is embedded into the concrete deck. Reinforce-
ment is not shown in the figures.

The necessity of implementing steel plates at this configuration should be verified through
further numerical analysis or laboratory testing.

There can be multiple alternatives for the concrete deck with demountable connec-
tion, each requiring thorough analysis and testing to understand their mechanical be-
haviours.

Additionally, the practicality of implementing such demountable concrete decks must
be assessed, taking into account the cost of achieving these connections and their dura-
bility across multiple life cycles.
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8.2.3. MODIFYING EXISTING CONCRETE DECKS

This research focuses on constructing demountable concrete decks in a design phase.
Adapting existing conventional concrete decks from concrete floor system together with
composite beam, into a similar dapped-end joint concrete connection requires addi-
tional considerations.

The cutting method of the conventional concrete deck presents challenges. Cutting the
deck in one go is difficult and requires safety precondition at a construction site. In ad-
dition, it requires specialized machinery to create a zigzag cutting pattern, significantly
increasing reuse costs.

As shown in Figure 8.4, the existing conventional deck can be cut in half at the con-
nection location using a concrete cutting saw/blade, however, temporary propping is
required. To achieve an L-shaped joint, a small rectangular concrete strip in the trans-
verse direction can then be cut and removed. Subsequently, a bolt hole is drilled at the
L joints, allowing a steel bolt to connect the two concrete pieces (reinforcement is not
shown in the figure).

This configuration should be compared to that proposed in section 8.2.2, considering
the complexity of cutting/drilling methodologies, mechanical behaviour, durability of
the connection, and economic viability.

[ \ \ I
[ | = | |
\ | \ |

Z‘x\éz.:emporary propping

Figure 8.4: Sawing of a conventional concrete deck requires temporary propping

However, conventional concrete decks typically require only top and bottom reinforce-
ments to address hogging and sagging moments. Modifying these decks into the pro-
posed design requires due attention.

In conclusion, disconnecting a concrete deck from existing buildings and integrating it
with a composite beam using proposed configuration should be feasible.

However, for future studies, comprehensive numerical analyses and laboratory testing
are essential to validate the safety and effectiveness before implementing such modu-
larised floor systems in practice.
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This annex aims to show the material properties for concrete and steel of the applied
elements in Abaqus FEM software, version of Abaqus/CAE 2022.

A.1. CONCRETE MATERIAL

Concrete is modeled with CDP (Concrete damage plasticity) model by implementing
concrete failure, type=strain key attributes. Data of compression and tension damage
are shown above.

9.86562, 0.00501959

** MATERIALS 8.7868, 0.00568374
o 8.00074, 0.00633898
*Material, name="Concrete C40" 7.67541, 0.00666454
7.11412, 0.00731295
*Density 6.86653, 0.00763615
2.4516e-09, 6.63552, 0.00795884
6.01542, 0.0089247
*Elastic 5.82678, 0.0092461
35000., 0.2 4.80841,0.0111711

*Concrete Damaged Plasticity *Concrete Tension Stiffen-

40.,0.1, 1.16, 0.66667, 0. ing

3.5, 0.
*Concrete Compression Hardening 2.47862, 0.000605786
19.18, 0. 1.78793, 0.00121157

28.4758, 5.19e-05
32.3416, 8.73e-05
35.8849, 0.000132511
39.0703, 0.000188622
41.857, 0.00025686
44.1979, 0.00033866
46.0378, 0.000435696
47.9457, 0.000683664
46.9099, 0.00102117
45.0025, 0.00123219
41.9666, 0.00147753
37.6067, 0.00176314
31.6797, 0.00209642
29.5986, 0.00220972
21.2886, 0.00277814
17.0242, 0.00322352
14.4523, 0.00361741
12.7379, 0.00398523
11.5126, 0.00433816
10.5899, 0.00468189

1.33612, 0.00181736
1.04514, 0.00242314
0.856103, 0.00302893
0.728018, 0.00363471
0.63428, 0.0042405
0.558764, 0.00484629
0.492474, 0.00545207
0.430946, 0.00605786
0.37239, 0.00666364

*Concrete Compression

Damage

0.,0.
0.,2.53e-05
0.,8.73e-05
0.,0.000132511
0.,0.000188622
0., 0.00025686
0.,0.00033866
0., 0.000435696
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0.00113088, 0.000683664
0.0227103, 0.00102117
0.0624479, 0.00123219
0.125696, 0.00147753
0.216527,0.00176314
0.340007, 0.00209642
0.383362, 0.00220972
0.556488, 0.00277814
0.645329, 0.00322352
0.698911, 0.00361741
0.734627, 0.00398523
0.760154, 0.00433816
0.779378, 0.00468189
0.794466, 0.00501959
0.816942, 0.00568374
0.833318, 0.00633898
0.840096, 0.00666454
0.851789, 0.00731295
0.856947, 0.00763615
0.86176, 0.00795884
0.874679, 0.0089247
0.878609, 0.0092461
0.899825,0.0111711

*Concrete Tension Damage
0., 0.

0.291824, 0.000605786
0.489163, 0.00121157
0.618251, 0.00181736
0.701387, 0.00242314
0.755399, 0.00302893
0.791995, 0.00363471
0.818777, 0.0042405
0.840353, 0.00484629
0.859293, 0.00545207
0.876873, 0.00605786
0.893603, 0.00666364
0.909586, 0.00726943
0.924739, 0.00787521
0.938922, 0.008481

*Concrete Failure, TYPE=Strain
0.008, 0.0112, 0.94, 0.90



112 A. ANNEX A-INPUT DATA FOR MATERIAL MODELS IN ABAQUS

A.2. STEEL MATERIALS

Section A.2 including material properties of all structural steel elements that are used in
the Abaqus model, such as steel plate, steel bolt, rebars and loading plates.

*Material, name="Loading plate"

*Density
7.85e-09,

*Elastic
210000., 0.3

*Plastic
1000., 0.
1100., 0.01

*Material, name="Reinforcement bar"

*Density
7.85e-09,

*Elastic
210000., 0.3

*Plastic
400., 0.
500.,0.3

*Material, name=Steel
*Density
7.85e-09,

*Elastic
210000., 0.3

*Plastic

640., 0.

642.048, 0.000152
642.442, 0.000252
665.537, 0.006051
688.829,0.011816
712.098, 0.017549
734.571, 0.023248

754.815, 0.028916
771.601, 0.034551
784.984, 0.040155
795.964, 0.045728
805.551, 0.05127
814.398, 0.056781
822.863, 0.062262
831.138, 0.067714
839.319, 0.073135
847.463, 0.078528
855.598, 0.083891
863.742, 0.089226
871.905, 0.094533
880.092, 0.099811
888.31, 0.105062
896.558, 0.110286
901.912, 0.117057
907.455, 0.123729
912.745, 0.1304
917.805, 0.137072
922.657, 0.143744
927.316, 0.150415
931.799, 0.157087
936.12, 0.163758
940.289, 0.17043
944.319, 0.177101
948.219, 0.183773
951.997, 0.190445
955.662, 0.197116
959.219, 0.203788
962.677, 0.210459
966.04, 0.217131
969.313, 0.223802
972.503, 0.230474
975.612, 0.237146
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*Material, name="washer $275"
*Density
7.85e-09,

*Elastic
210000., 0.3

*Plastic

275., 0.

275.378, 6.5e-05
275.614, 0.000165
296.853, 0.009039
318.399, 0.017834
340.038, 0.026553
361.013, 0.035197
379.912, 0.043766
395.498, 0.052263
407.789, 0.060688
417.746, 0.069043
426.352, 0.077328
434.247, 0.085545
441.784, 0.093696
449.15,0.10178
456.443, 0.1098
463.717,0.117756
471.,0.125649
478.309, 0.13348



ANNEX B-REINFORCEMENT
CALCULATION

Hand calculation of reinforcements that are required for conventional concrete slab with
assigned dimensions is shown in this annex B. This calculation is done using PTC Math-
cad Prime 6.0.0.0.
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Material ties:

Concrete class: C40/50

Characteristic compressive strength: fer:=40 N
mm
Design compressive strength: Sfeqi= Ter =26.667 N
Ve mm?
. N
Mean tensile strength:  f,,,,:=3.5 ——
mmz
Elastic modulus: E., =35 GPa
Steel rebar class: B500
e N
Characteristic yield strength: Sy =500 —— Ys:=1.15
) mm?
Design yield strength: fya=——=434.783
s mm
m f th ncr rip:
Thickness of the concrete: h.:=220 mm
Width of the concrete: b:=0.5m
Span of the concrete: L:=56Tm
Applied loadin
. kN kN
Live load: Qive’=3 — W= Qe =3 —
m m
Dead load:
Unit weight of the concrete: ~.:=25 il

3
m

Concrete self weight: wyi="7,+h.=5.5 ﬂz
m

Y.:=1.5
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Partition wall self weight: Gpartition'=1.1 — W= Gpartition=1-1 —
m m
Total dead load on concrete slab: wy=w,+w,=6.6 —
m

Uniformly distributed surface load acting on the slab:

w:=1.35w,+1.5-w;=13.41 ﬂ
m2

Line load acting on this 0.5m strip of the concrete slab:

q:=w-b=6.705 ﬂ
m

For three point bending, the load is applied in the middle of the slab as a manner of point load,

in which it shows the most pessimistic loading scenario, in order to find out the failure
mechanisms of this demountable connection.

Point load: F:=q-L=38.017 kN
Reinforcement calculation:

Main reinforcement:

=26.945 kN -m

Sagging bending moment of the slab: Mmg::F-g

Hogging bending moment of the slab: M= —F-§=—26.945 kN -m

Assumed diameter of the rebar: ¢:=12 mm

Concrete cover: cover:=20 mm

Effective depth of the concrete: d:= hc—cover—%: 194 mm

K capital factor for calculating reinforcement required: K:= . |]:I2h"gj! =0.036
*0 Jek

Arm length of the reinforcement bar:
d

z::%-<1+\/1—3.53-K>:187.665 > 0.95-d=184.3mm  2:=0.95.-d=184.3 mm
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Required area of the reinforcement bar for 0.5m strip:

Required area of the reinforcement bar for 1m unit length:

=336.094 mm>

Ay reqimi=Ayqreq- 2=672.187 mm*

2

: : T 2

Area of single reinforcement bar: Agi= Yo 113.097 mm

Bar size Spacing of bars (mmn)

(mm) 50 75 100 125 150 175 200 250 300
] 566 31 283 226 189 162 142 113 94.3

8 1010 671 503 402 335 287 252 201 168

10 1570 1050 785 628 523 449 393 314 262

12 2260 1510 1130 905 754 640 566 452 an

16 4020 2680 2010 1610 1340 1150 1010 804 670

20 6280 4190 3140 2510 2090 1800 1570 1260 1050

25 9820 6550 4910 3930 3270 2810 2450 1960 1640
32 16100 10700 8040 6430 5360 4600 4020 3220 2680

40 25100 16800 12600 10100 8380 7180 6280 5030 4190

Table C  Cross-sectional area per metre width for various bar spacing (mm’*)

Assumed diameter of the rebar:

Taken spacing between rebars:

Provided area of reinforcement in 1m:

Required number of rebars in 1 meter:

¢=12 mm

Ag proi=T754 mm”®

1m

spacing

Required number of rebars for 0.5m concrete strip:

Checking if compression reinforcements are needed:

0:=0.8

K':=0.6 §—0.18-5> —0.21=0.155

K=0.036

<

Deflection check:

K'=0.155

Actual span-depth ratio:

£:29.227
d

Reference reinforcement ratio: Po=

f ck
MPa

.107°=0.006

spacing:=150 mm

> A =672.187 mm?

s.req.lm

=6.667 — taken as n:=8
n::£:4
2

— dont need any compression reinforcement
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Required tension reinforcement ratio at mid-span to resist the moment due to the design loads:

A
pi= max( b‘”;q ,0.0035) =0.0035
Check: p<py=1

Allowable modified ratio:

Factor to take into account the different structural systems: k=15

According to EC1992-1-1, formula 7.16a is taken:

3
1.5 Mfg Do 7 2
ratio=k+|114|— == | 13.2.4[—* . Po_ 4| |=64.223
p MPa |\ p
L )
3:29.227 < ratio=64.223 v

Distribution steel:
(Secondary reinforcement)

Minimum area of reinforcement : Agnini=0.0013 b+ h. =143 mm>

smin *

(Formular according to BS8110 table 3.25)

Rebar diameter assumed for distributional bars: baisi=10 mm
Taken spacing between rebars: spacing.dis:=250 mm
Provided area of reinforcement in 1m: A pro.dis =314 mm’

Distribution rebar: ¢=10mm/250

(taken from table 7.4N)
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Shear check:

Maximum shear force: V nazi=0.5+F=19.009 kN

Vmaz N
Shear stress at the face of the support: vi= =0.196 ——

b-d mm?
Maximum allowable shear stress: v, =min|0.8- Tox ,5|=5

MPa
Check for shear: v=0.196 < vu=5 \4
Values of vc design concrete shear stress:
(BS8110 Table 3.8)
As.pm _
Veo=100.—=22=0.777 < 3 % Ymi=1.25
b-d
Based on concrete strength of 25N/mm2:
3 *
A 4
0.79-|100. 2oz | (400
b-d d
v = mm N —=0.696 N
Ym mm mm
Modification due to increased characteristic concrete strength:
x
3
Vo=, L;v —0.814 LZ
25. mm
mm

v=0.196 Lz < v,=0.814 Lz Shear check is
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Horizontal reinforcement due to nib flexure:

Shear span measured from the vertical reaction to center of hanger reinforcement:
a:=100 mm

Distance from extreme compression fiber to nib flexural reinforcement:

d, =140 mm
. . F (a
Force in the nib due to flexure: FAS::?- R 13.578 kN
Assumed diameter of the rebars: Grip:=16 mm
. . Gy T 2
Area of single rebar: Ayi=———=201.062 mm
Area required for nib flexural reinforcement: Aslreqzz¥-FAs:41.638 mm”®
0.75+ 4
, A
Number of required rebars: Nyeqi=—=0.563
Ay

Number of applied rebars: Ny =4

The formular for horizontal reinforcement required due to nib flexure is taken from PCI Design
Handbook Eqg. (5-57). This formula is typically used for calculating normal dapped ends in concrete.

However, the concrete under consideration has a hole in the middle of the dapped end, along with
potential additional normal forces arising from external conditions like deflection or earthquakes.

Therefore, the application of four rebars is considered a conservative approach to ensure adequate
reinforcement.
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C. ANNEX C- LCA CALCULATION SPREADSHEETS

Fully new designed

density
reinforcement 7850 kg/m3
diameter [m] area [m*2] length [m] no. weight [kg]
hogging 0.012 0.00011304 1.307 4 463913899
long rebar 0.012 0.00011304 1477 3 3.93190988
longitudinal 0.012 0.00011304 1.313 4 466043573
nib rebar 0.016 0.00020096 0.68 4 429089792
higging short 0.012 0.00011304 0.7 4 252011376
rectangular big 0.008 0.00005024 12 6 2.8395648
rectangular small 0.004 0.00001256 0.984 4 0.38807386
distributional bar 0.0 0.0000785 0.5 12 3.69735
bolt shank 0.02 0.000314 0.22 1 0.542278
bolt nut 0.03 0.0007065 0.0125 2 013865063
washer 0.037 0.000694725 0.003 2 003272155
SUM rebars 2 53.9349699
SUM steel comp  2* 1.42730035
Existed concrete deck
reinforcement
diameter [m] area [m*2] length [m] no. weight [kg]
hogging 0.012 0.00011304 0.7 6 3.78017064
longitudinal 0.012 0.00011304 567 3 15.0940616
rectangular big 0.008 0.00005024 1.2 7 3.3128256
distributional bar 0.0 0.0000785 0.5 23 7.0865875
SuUm 29.2736454
Reusing existed concrete deck
length [m] width [m] height [m] no. density [ka/m3] weight [kg] *2
steel plates 0.26 05 0.01 2 7850 2041 40.82
diameter [m] area [m*2] length [m] no. density [ka/m3] weight [kg]
steel bolts 0.02 0.000314 0.22 2 7850 0.02169112 0.043382
bolt nut 0.03 0.0007065 0.0125 4 7850 0.008319038 0.016638
washer 0.037 0.0006947 0.003 4 7850 0.002421395 0.004843
sum 40.88486
Concrete length [m] width [m]  height [m]  density [ka/m3] kg
567 0.5 0.22 2500 1559.25
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Shadow prize (Euro) per kg equivalents 0.16 0.05 30 0.09 0.03 0.0001 0.06 2 4 9
Global Ozone layer
Abiotic warming depletion Human Fresh water Marine aquatic Terrestrial Photochemical

Impact category Unit depletion (GWP100) (ODP) toxicity aquatic ecotox.  ecotoxicity ecotoxicity oxidation Acidification  Eutrophication

Unit kgSbeq kgCO2eq kg CFC-11eq kg 14-DBeq kgl14-DBeq kgl4-DBeqg kg 14-DBeq kg C2H4 kgSC2eq kgPO4---eq

Concrete C45/55 (CEM I-CEMIll) kg 3.05E-04 1.07E-01 4.88E-09 1.12E-02 2.28E-03 3.80E+00 2.01E-04 8.24E-06 44E-04 4.29E-05

Steel reinforcement for concrete kg 1.54E-02 1.79E+00 7.17E-08 3.81E+00 1.49E+00 1.32E+03 3.18E-02 9.27€-04 7.38E-03 1.34E-03

Steel component: kg 1.54E-02 1.79E+00 7.17E-08 3.81E+00 1.49E+00 1.32E+03 3.18E-02 9.27E-04 7.38E-03 1.34E-03

Existed concrete slab per half meter

Concrete 1559.25 4.75E-01 1.66E+02 7.62E-06 1.75E+01 3.55E+00 5.93E+03 3.13E-01 1.29-02 3.81E-01 6.70E-02

Steel reinforcement 29.27365 4.49E-01 5.24E+01 2.10E-06 1.12E+02 4.35E+01 3.85E+04 9.31E-01 2.71E-02 2.16E-01 3.93E-02
kg sum 1 219 0 129 47 44438 1 0 1 0
For 8m span: 15 3503 0 2066 753 711005 20 1 10 2
Euro: 237 175.13 0.00 185.94 22.60 71.10 1.19 1.28 38.23 15.30

Fully new designed per half meter

Concrete 1559.25 4.75E-01 1.66E+02 7.62E-06 1.75E+01 3.55E+00 5.93E+03 3.13E-01 1.29-02 3.81E-01 6.70E-02

Steel reinforcement 53.93497 8.28E-01 9.66E+01 3.87E-06 2.06E+02 8.02E+01 7.10E+04 1.72E+00 5.00E-02 3.98E-01 7.25E-02

Steel components 14273 2.19E-02 2.56E+00 1.02E-07 5.44E+00 2.12E+00 1.88E+03 4 54E-02 1.32E-03 1.05E-02 1.92E-03
kg sum 1 266 0 229 86 78760 2 0 1 0
For 8m span: 21 4250 0 3658 1374 1260157 33 1 13 2
Euro: 3.39 21251 0.01 329.21 41.23 126.02 1.99 2.05 50.56 20.35

Reusing existed concrete slab per half meter

Steel components 40.88486 6.28E-01 7.32E+01 2.93E-06 1.56E+02 6.08E+01 5.38E+04 1.30E+00 3.79E-02 3.02E-01 5.49E-02
For 8m span [kg] 10 1172 0 2495 973 860604 21 1 5 1
Euro: 1.61 58.59 0.00 224.52 29.19 86.06 1.25 1.21 19.32 791

SUM

513.15

787.32

429.66
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